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Vaidyanathan RamaSarma 

 
(ABSTRACT) 

 
 
First-generation, line-of-sight (LOS) fixed broadband wireless access techniques have 

been around for several years. However, services based on this technology have been 

limited in scope to service areas where transceivers can communicate with their base 

stations, unimpeded by trees, buildings and other obstructions. This limitation has serious 

consequences in that the system can deliver only 50% to 70% coverage within a given 

cell radius, thus affecting earned revenue. Next generation broadband fixed wireless 

access techniques are aimed at achieving a coverage area greater than 90%. To achieve 

this target, these techniques must be based on a point-to-multipoint (PMP) cellular 

architecture with low base station antennas, thus possessing the ability to operate in true 

non-line-of-sight (NLOS) conditions. A possible limiting factor for these systems is link 

degradation due to interference. 

 

This thesis presents a new model to estimate the levels of co-channel interference for 

such systems operating within the 3.5 GHz multichannel multipoint distribution service 

(MMDS) band. The model is site-specific in that it uses statistical building/roof height 

distribution parameters obtained from practically modeling several metropolitan cities in 

the U.S. using geographic information system (GIS) tools. This helps to obtain a realistic 

estimate and helps analyze the tradeoff between cell radius and modulation complexity. 

Together, these allow the system designer to decide on an optimal location for placement 

of customer premises equipment (CPE) within a given cell area. 
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Chapter 1 
 
 
Introduction 
 
 
 
1.1 Background 
 
 
There is tremendous pressure on wireless Internet service providers to offer a suitable 

fixed broadband wireless access (FBWA) service that will meet the challenges of a new 

generation of bandwidth-hungry services and applications that use the Internet. Wireline 

solutions like cable and digital subscriber line (DSL) have nearly reached their practical 

limitations and contemporary fixed broadband wireless solutions are not a compelling 

alternative [1]. 

 

Next generation fixed wireless solutions must address several issues: (1) how to lower the 

base station antenna height and allow service providers to deploy networks based on a 

scalable cellular architecture, (2) how to harness the power of non-line-of-sight (NLOS) 

propagation using multi-carrier modulation techniques like orthogonal frequency division 

multiplexing (OFDM) and, finally, (3) how to bring down the cost of end-user equipment 

to tap the “conservative consumer” market along with small office/home office (SOHO) 

and corporate entities. 
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A key business objective in fixed wireless access networks is to tap the revenue potential 

of purchased spectrum through frequency reuse and maximized capacity, while at the 

same time providing requested bandwidth and quality of service to the subscriber [2]. It is 

in the interest of the wireless system designer to make sure that the performance of the 

system does not contribute towards loss of revenue. One of the main factors limiting the 

performance of point-to-multipoint (PMP) broadband fixed wireless systems is 

interference. Although it is impossible to eliminate the effect of interference, it is 

possible to estimate levels of interference, suggesting troubled areas in the coverage plan, 

which can be dealt with by careful frequency planning and equipment placement. 

 

 

1.2 Problem Statement 
 
 
Co-channel interference is a limiting factor on the performance of NLOS PMP fixed 

broadband wireless systems. Deployment is based on range limitations of NLOS systems. 

At an allowable radius of 5-to10 km, it is possible that any customer premises equipment 

(CPE) would have a line-of-sight (LOS) path to a base station in a different cell, thus, 

causing interference. This interference would limit system capacity. This thesis aims to 

generate a suitable model to estimate levels of co-channel interference within NLOS 

PMP fixed broadband wireless systems operating in the multichannel multipoint 

distribution service (MMDS) band. This model can also predict realistic coverage areas 

based on building/roof height statistics that are incorporated into the interference-

estimation model. These statistics are obtained from an original implementation of a 

building/roof height distribution model using geographic information system (GIS) data 

sets from various cities in the U.S. 
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1.3 Key Assumptions 
 
 
The analysis presented here makes the following assumptions. 

 

• The frequency of operation of the NLOS PMP systems under test is 3.5 GHz 

(MMDS-Europe). 

• Only co-channel interference received at the CPE is considered. 

• Co-channel interference is treated as additive white Gaussian noise (AWGN). 

This assumption is made, because the number of interferers is large. 

• The model uses a two-frequency reuse system. Each base station uses four 90º 

sector antennas.  

• Various interfering base stations are arranged on a square grid with equal cell 

spacing. 

• Interference analysis is done for a single sector of the cell in which the CPE is 

located. 

• The interference-estimation model represents a flat-earth scenario with buildings. 

 

 

1.4 Approach and Original Contributions 
 
 
This thesis presents a unique and novel approach to model the effect of co-channel 

interferers in a NLOS PMP FBWA system. New contributions include results obtained 

from a new and original implementation of a statistical building/roof height distribution 

model using realistic GIS data from various cities in the U.S. These results are then used 

within a flat-earth interference-estimation model. The flat-earth model, along with 

building/roof height distribution statistics, provides results needed for a wireless system 

designer to estimate realistic interference-limited coverage areas. The model is flexible in 

that it allows the designer to simultaneously vary several parameters (radio specifications 

and building/roof height distribution statistics). 
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The building/roof height distribution model uses first principles and statistical knowledge 

of building/roof height and density. The flat-earth model is based on free-space path loss 

calculations for LOS paths and suitable approximations for NLOS paths. The 

building/roof height statistics were obtained from GIS maps using a popular GIS tool 

called ArcView 3.2™. These statistics were used within the interference-estimation 

model, which was built using Matlab. 

 

 

1.5 Document Overview 
 
 
Chapters 2 and 3 are tutorials that describe FBWA systems in detail with emphasis on 

PMP architecture. The information given in these chapters contains most of the 

theoretical aspects that need to be understood to achieve the objectives of this research. 

Readers familiar with FBWA and PMP concepts should start reading this document from 

Chapter 4. Chapters 4 through 8 present original work done by the author. Chapter 4 

describes a statistical approach to determining the presence of LOS/NLOS paths in a 

system using probability theory and statistical knowledge of building/roof height data. 

Chapter 5 uses the statistical results derived in Chapter 4 to model several urban areas in 

the U.S. using GIS software tools. Chapter 6 presents the interference-estimation model 

in detail with an exhaustive description of its working with the aid of algorithms. Chapter 

7 provides a look into the software simulation of the model using Matlab. Chapter 8 

discusses the results obtained from the Matlab simulations and, finally, Chapter 9 

summarizes the thesis by providing conclusions and suggesting future work and 

improvements to the model. 
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Chapter 2 
 
 
Fixed Broadband Wireless Access Systems 
 
 
2.1 Introduction 
 
 
This chapter provides an overview of fixed broadband wireless access technology. It 

describes FBWA service, deployment scenarios, physical layer parameters, NLOS issues 

and working standards, focusing on the sub-5 GHz bands.  

 

2.2 The Case for Fixed Wireless Systems 
 
 
The increasing demand for high-speed Internet access for voice, video and data has 

created a strong business case for last mile broadband access for homes and businesses. 

Over the past two years, the wireless industry has seen the emergence of “Fixed 

Wireless” as a major alternative to DSL and cable, which share the duopoly for providing 

last mile broadband access to users. Unlike DSL and cable, fixed wireless is promising in 

that it allows rapid deployment of new access networks or complementing existing 

networks with new capacity. It allows for higher scalability and higher bit-rate access 

services. Fixed wireless is an ideal choice for terrain-challenged and rural areas, where 

wire-line systems would suffer from high deployment and maintenance costs. Adding 

backup or redundant connections with wire-line systems is difficult and expensive. The 

advantages of using fixed wireless systems can be summarized as follows. 
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• FBWA offers great savings in cost compared to cable or fiber without 

compromising on the quality of service. It costs about $20,000 to build a 

broadband fixed wireless network as opposed to a mammoth $250,000 for a fiber 

last-mile network [9]. 

• New networks can be deployed or existing networks can be scaled in a rapid 

manner in terms of capacity (demand based deployment). 

• It has the ability to offer high bit-rate services to support a variety of applications 

simultaneously viz. high-speed Internet, audio/video conferencing, etc. 

• System can be set up with ease in virtually any location regardless of terrain, 

especially rural areas where cable or fiber is non-existent due to high inherent 

costs. 

• Redundant connections can be set up easily. 

 

Fixed wireless systems are can be realized as both point-to-point (PTP) and PMP 

systems. The choice is based on several factors, one of which is the frequency of 

operation. Several frequency bands are available for use, some of which are unlicensed.  
 

Table 2.1: Spectrum Allocation for Broadband Wireless Access [3] 

Band Center Frequency/Bandwidth Description 

ISM (Unlicensed) 2.4 GHz / 83.5 MHz Broadband fixed and 
mobile access for e.g.. IEEE 
802.11b WLAN, 
Bluetooth, etc. 

MMDS (Licensed) 
 

2.1-2.3 GHz / 200 MHz 
2.5-2.7 GHz / 200 MHz 
(3.5 GHz/7-30 MHz in Europe) 

Originally intended for 
wireless cable, now used for 
data and voice applications 

U-NII (Unlicensed) 5.150-5.250 GHz / 200 MHz Indoor use only 
 5.250-5.350 GHz / 200 MHz Campus applications 
 5.725-5.825 GHz / 100 MHz Local access, 10 miles 
GWCS (Licensed) 4.9 GHz / five 10MHz blocks General Wireless 

Communications Service 
5 GHz 5.150-5.350 GHz / 200 MHz Unlicensed band in Europe 
5 GHz 5.470-5.725 GHz / 255 MHz Unlicensed band in Europe 
LMDS (Licensed) 28-31 GHz / one 300 MHz 

block, 1150 MHz A-band, 150 
MHz B-band 

Broadband fixed wireless 
applications for the last mile
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Figure 2.1 illustrates the range of wireless spectrum available for fixed wireless use and 

Table 2.1 lists their intended use. In general, it can be said that the larger the frequency 

band of operation of a fixed wireless system, the higher the potential network capacity 

[4].  

 

 
Figure 2.1: Wireless spectrum allocation [3], [4]. 

 
 
2.2.1 Economics of Fixed Wireless Systems 
 
The past three years have seen the emergence of markets like Fixed Broadband Wireless 

Access. The future of these is highly uncertain owing to big names in the industry like 
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Teligent, Inc. and Winstar, Inc. announcing their decision to financially reorganize under 

Chapter 11 bankruptcy. For a telecommunications company today, showing earnings 

growth on a quarter-by-quarter basis has a higher precedence than just quickly 

establishing presence in multiple markets. 

 

Initial investment required for a cable-based network (e.g. fiber) is relatively large and 

coverage area is limited. At costs estimated at $50 to $150 per meter [4], laying of a new 

fiber network through the streets of a city (few thousand kilometers of road) is 

unthinkable! Even highly wired cities have only around 100 km of fiber [4]. This builds a 

strong business case for fixed wireless networks. The investment profiles of fixed 

wireless systems and fiber-based systems are illustrated in Figure 2.2. 

 

 
Figure 2.2: Comparative investment profiles of wireless and wireline networks [4]. 

 
 

Operating cost is another metric for economic analysis. This analysis requires careful 

application of accounting procedures and is not covered in this section. The interested 

reader may refer to [4] and [5] for more information. Some of the factors that affect 

economic viability of fixed wireless networks are as follows [4], [6]. 

 
• The costs involved in purchasing radio spectrum are high. 
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• The range of the radio system (especially in higher frequencies) is limited by 

climatic variations. 

• Efforts and inherent costs involved in planning and preparation of radio links, 

especially in performing LOS checks for high frequency fixed wireless systems 

are high. 

 
 
2.2.2 Point-to-Point (PTP) Radio Systems 
 
Point-to-point fixed wireless systems can be used effectively to carry very high-speed 

access lines or trunks from public telecommunication network operators to subscribers. 

Higher frequencies (>20 GHz) are generally applicable only to PTP links. This is because 

at these frequencies, range is a limitation. The system is also plagued by other problems. 

 
• The signal at higher frequencies is subject to attenuation in the atmosphere. 

Weather, particularly rain, leads to signal fading. The signal also suffers 

attenuation due to foliage. 

 
• The radio frequency (RF) bands allotted to PTP system usage (>20 GHz) are not 

able to propagate easily through obstacles or diffract around them. This makes 

LOS necessary between the transmitter and receiver. The need for a LOS system 

and the skill associated with verifying LOS during installation makes the system 

expensive. However, once deployed, the system is capable of realizing high 

bandwidth communications. 

 

These issues lead to the popularity of PMP radio systems, which operate within the sub-5 

GHz bands.  

 
 
2.2.3 Point-to-Multipoint (PMP) Radio Systems 
 
Point-to-multipoint radio systems are the focus of this thesis. These systems are more 

suitable for deployment of broadband wireless access, especially in an urban setting, 
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where most of the time finding a LOS path from a transmitter to the receiver is 

improbable owing to the variation in terrain, building clutter, etc. Currently, PMP 

systems have broken the LOS barrier and can operate within a NLOS environment with 

the same fidelity as it would in a LOS environment (see Section 2.4.2.2). This has 

sparked a keen interest within the broadband wireless market to adopt such systems.  

 

 
 

Figure 2.3: Growth of fixed wireless systems in the past two years [7]. 
 
 

Figure 2.3 shows the growth of PMP fixed wireless systems over the past two years. It 

can be seen that in the 3.5 GHz band (which is of interest to us in this thesis), market 

revenue had shot up nearly 300% in the fourth quarter of the year 2000. However, recent 

slowdown in the economy has sent the curve plunging back to its original value. 

 
 
2.2.4 Multi-channel Multipoint Distribution Service (MMDS) 
 
To maintain reasonably low RF costs as well as good penetration of the radio signals, 

mass-market FBWA systems typically use the sub-5 GHz bands. The one that interests us 

is the so-called MMDS band. MMDS defines a band of frequencies in North America as 

shown in Figure 2.1 and 3.5 GHz worldwide (not shown in the figure). In the 3.5 GHz 
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band, the spectrum tends to be contiguous and arranged in a duplex pair with the upper 

frequency used for the downlink and the lower frequency used for the uplink. Typical 

bandwidth allocations range from 7-30 MHz [8]. Using the MMDS spectrum tends to be 

less expensive than deploying higher frequency band systems like LMDS because a 

single base station can serve upto a 35-mile radius. MMDS frequencies have long 

propagation distances and are only mildly affected by weather conditions such as rain. 

Signals at these frequencies, however, are subject to multipath fading. Currently, this can 

be mitigated using techniques such as OFDM (See Section 3.4.2.1 for an in-depth 

description of OFDM). 

 

Residential and SOHO customers represent a strong target audience for MMDS services, 

which can offer rates of 2 Mbps for a mere $50 per-month subscription fee [9]. Figure 2.4 

shows the projected growth of the MMDS market. 

 

 
 

Figure 2.4: MMDS service deployment projections [9]. 
 

This thesis focuses on NLOS PMP systems within the 3.5 GHz MMDS frequency band. 

 
 
2.2.5 Why Not 3G? 
 
Third generation (3G) cellular systems that are being developed for mobile applications 

provide the quality of service (QoS) necessary for a mobile environment. 3G code 
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division multiple access (CDMA) technologies for the fixed broadband segment are far 

from being a reality. As the applications demand higher data rates, for example in 

streaming audio and video, customers that use existing wireline access systems like DSL, 

cable and fiber, will not be satisfied with the low data rates supported by CDMA systems 

in a fixed wireless environment. 

 

The costs involved in deploying a 3G fixed wireless system are also high. The reason for 

this is the large number of base stations that have to be installed to support CDMA 

services for a fixed wireless system. According to [5] and [10], 15 base stations would be 

required in the Chicago Metro area to provide fixed broadband wireless services using 

vectored OFDM (VOFDM), whereas, nearly 1,208 base stations would be needed for a 

CDMA 3G system to serve the same geographic area. 

 
 
 
2.3 RF Network Layout and Fixed Wireless 

Deployment 
 
 
Wireless service providers are often faced with the challenge of deploying a network that 

manages the tradeoffs between capacity, coverage, cost and time-to-market (see Figure 

2.5). To achieve such goals, service providers require solutions that offer good flexibility 

in RF planning, engineering and deployment.  

 
 
2.3.1 RF Network Layout 
 
There are three different approaches to RF network layout, single super-cell layout, 

clustered mini-cell layout and the integrated multi-cell layout [11], [12], [13]. 
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Figure 2.5: Tradeoff between capacity, coverage and cost [14]. 

 

2.3.1.1 Single Super-cell Layout 

In a single super-cell layout, a single base transceiver station (BTS) serves a large area 

with a radius of 20-30 kilometers. The BTS height is typically in excess of 1000 ft. and a 

high gain directional rooftop CPE antenna is needed to ensure a LOS path between the 

transmitter and receiver. This single cell layout is not scalable and frequency reuse is 

possible by sectorization. A super-cell configuration can be deployed rapidly using 

available bandwidth to penetrate the market with a relatively low initial capital outlay, 

especially where providing the customer with coverage quickly is key. Hence, 

deployment speed is traded against low capacity. A typical customer base for a single 

super-cell with a large coverage trace is a town or a small city that does not have high-

rise buildings that might generate blind spots. This is illustrated in Figure 2.6 (a). Unlike 

a network supporting mobile users, where all cells need to be ready and operational 

before the service can be launched, the single super-cell configuration can be put into 

service rather quickly and revenue may be earned as soon as the first cell is complete. 
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                  (a)                (b) 

Figure 2.6: (a) Single super-cell layout and (b) clustered mini-cell layout [11]. 
 

2.3.1.2 Clustered Mini-cell Layout 

A mini-cell is a layout that provides service to small densely populated areas having a 

radius of 1-5 kilometers. The height of the BTS tower is usually around 20-40 ft. This 

layout is used where high capacity is desired, for example metropolitan cities. This offers 

more capacity than a single super-cell layout using the same amount of spectrum. Figure 

2.6 (b) shows a cluster of mini-cells. The mini-cell layout enables scalability due to a 

great deal of spectrum reuse. 

 

Mini-cell layouts are suitable for places where zoning jurisdictions impose tower height 

restrictions and/or where scarcity of spectrum forces frequency reuse to achieve desired 

capacity [11].  

 

2.3.1.3 Integrated Multi-cell Layout 

The integrated multi-cell layout approach combines the coverage benefits of the super-

cell layout and the capacity improvements due to the mini-cell layout. Initial coverage is 

provided using the super-cell layout. This ensures rapid deployment and, thus, market 

share is captured. As the customer base expands, the mini-cell layout is brought in place 

and capacity is increased in desired locations using existing spectrum. 
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Figure 2.7: (a) Integrated super and mini-cells and (b) integrated multi-cells [11]. 
 

Figure 2.7 (a) shows mini-cells in one or more sectors of the super-cell, where customer 

density is high. For example, if the service provider has been allocated a frequency pair 

of 30 MHz each for uplink and downlink, assuming a channel bandwidth of 1.75 MHz, 

there would be 17 frequency pairs that could be used. The service provider can then use, 

say, 5 frequency pairs for the super-cell layout and the rest for the mini-cell layout. When 

there is a need to obtain more capacity, the frequency pairs assigned to the super-cell 

layout could be re-allocated to the mini-cell layout.  

 

Initial deployment could also start with a cluster of mini-cells where customer density 

that requires high capacity is forecast initially and super-cells could be added to places 

that require less capacity. This is illustrated in Figure 2.7 (b).  

 

 

2.4 Challenges in Fixed Wireless Systems 
 
 
2.4.1 The Wireless Channel 
 
The following are the physical layer issues that need to be taken into consideration when 

designing a fixed wireless system. Most of these are applicable, in general, for any given 

wireless link regardless of it being fixed or mobile. The wireless channel is characterized 

by path loss, multipath delay spread, fading and spectral efficiency. 
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2.4.1.1 Path Loss 

The international telecommunication union radiocommunication sector (ITU-R) 

recommendation PN.525 provides an expression for calculating the free space path loss 

[58] and [59]: 
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where, λ is the wavelength in meters, and d is the path length in meters. 
 
Alternatively, 
   P ( ) dfdBL 1010 log20log2044.92 ++=       (2.2) 
 
where, f is the frequency in GHz and d is the path length in kilometers. 
 
 
This model is used later in Chapter 6 to compute the received power levels at the CPE 

from the base station. 

 

2.4.1.2 Multipath Delay Spread 

Multipath is composed of a primary signal and duplicate echoed images caused by 

signals that reflect from obstacles that are usually between the transmitter and receiver. 

Figure 2.8 shows a typical multipath scenario in which the receiver not only sees the 

primary signal, but also secondary signals (echoes of the primary signal displaced in time 

and phase), which reflect from nearby buildings and obstacles, causing inter-symbol 

interference (ISI) at the receiver.  

 

The distance traveled by the primary signal is always less than that of the multipath 

components. The time between the first received signal and the last echoed signal is 

called delay spread. Tolerance to delay spread is an essential transmission requirement. 

ISI occurs when the delay spread of a channel exceeds the symbol time. This hinders the 

performance of the system by limiting the symbol rate, which in turn affects the capacity 

of the system. The amount of delay spread in fixed wireless channels depends strongly on 

antenna characteristics [15]. A common measure of multipath delay spread is the root 
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mean square (RMS) delay spread. For a reliable communication without using adaptive 

equalization or other anti-multipath techniques, the transmitted data rate should be much 

smaller than the inverse of the RMS delay spread (called coherence bandwidth). A large 

delay spread, as in NLOS channels, implies small coherence bandwidth that can distort 

the signal due to frequency selective fading. Some systems overcome ISI and multipath 

by using equalization schemes. However, equalization adds to processor burden and 

complicated system design with additional algorithms, such as beamforming. 

Experimental results in [16] show RMS delay spreads for directional antennas in 

suburban environments of approximately 75 ns. The same for omnidirectional antennas is 

around 175 ns.  

 

 

 
 

Figure 2.8: Multipath reception. 
 

This difference is because echoes at longer delays tend to arrive at angles farther from the 

direct path and are, thus, more attenuated by the side-lobes in the case of directional 

antennas. The fade rates in fixed wireless environments are between 0.1 and 2 Hz [15]. 

More on the theory of multipath propagation and fading can be found in [17]. A summary 

of RMS delay spread characteristics for LOS and NLOS locations is shown in Table 2.2.  

This table gives the minimum, maximum and the mean RMS delay spread values 

representing multipath characteristics in the MMDS (2.5 GHz) frequency band. 
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Table 2.2: Summary of Delay Spread Characteristics in the MMDS (2.5 GHz) Band [18] 

RMS Delay Spread (µs) Visibility Receive 
antenna type Min. Max. Mean 

Directional 0.02 0.04 0.02 LOS 
Omnidirectional 0.02 2.39 0.13 
Directional 0.02 5.26 0.14 NLOS 
Omnidirectional 0.02 7.06 0.37 

 

 

2.4.1.3 K-Factor 

K-Factor measures the ratio of average energy in the fixed component (LOS) to the 

average energy in the scatter components. The complex path gain of a narrow band radio 

channel is composed of a fixed component and a fluctuating component (scatter 

component). The former is due to the LOS path between the transmitter and receiver and 

the latter is due to multipath. If the scatter component has a complex Gaussian 

distribution, the time-varying magnitude of the complex gain will have a Ricean 

distribution. The Ricean K-Factor is the key parameter of this distribution [19], [20]. 

 

A high K-Factor is indicative of LOS conditions, while a zero or low K-Factor indicates a 

NLOS domain. According to the Greenstein-Erceg model of [19] and [20], the K-Factor 

distribution is found to be log-normal and its median can be modeled as a function of 

distance, season, antenna height and antenna beamwidth. [21] gives an exact expression 

for the K-Factor. K-Factor has a significant impact on system design and performance of 

a wireless network. It can be categorized as indicated in Table 2.3. 

 

Table 2.3: K-Factor Classification 

K-Factor Environment 
> 15 dB Clear LOS between transmitter and 

receiver 
5-15 dB Near-LOS, received signal power is Ricean 

distributed 
< 5 dB NLOS, received signal power is Rayleigh 

distributed 
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2.4.1.4 Spectral Efficiency 

The spectral efficiency of a wireless network is measured in bits per second per hertz per 

cell (BHC). Aggressive frequency reuse planning and use of higher-order modulation 

schemes can improve spectrum efficiency. However, co-channel interference (CCI) is a 

direct consequence of frequency reuse in a multi-cellular environment. Treating CCI as 

AWGN, the Shannon formula for the theoretical limit on BHC can be written as [15]: 
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where, K is the spatial reuse factor, L is the angle reuse factor, m is an overhead factor 

accounting for excess bandwidth and frequency guard bands, and C/(N+I), is the carrier-

to-interference-plus-noise ratio. In general, an optimum tradeoff between K, L and 

(C/N+I) depends on various factors, such as target bit rate, propagation conditions, C/N, 

antenna sidelobes and diversity schemes. Fixed broadband wireless access requirements 

are in the range of BHC = 2-2.5, which implies that FBWA needs a significant increase in 

BHC [15]. 

  

2.4.1.5 Other Issues 

Coverage and reliability are two other issues that a FBWA system needs to address. 

Coverage is defined as the cell-size (denoted usually by its radius) for which the system 

can deliver reliable service to its subscribers. Reliability constraints are of two types [12 

and 13]. 

 
• Coverage reliability is a certain prescribed percentage, say 90% of cell locations 

that must be served with minimum required link reliability constraints. 

• Link reliability refers to the maximum outage probability (usual between 1 and 

0.999). Service providers rate their system based on the “number of 9s” of 

availability that they can provide. 

 

  - 19 -



2.4.2 Non-Line-of-Sight Issues 
 

2.4.2.1 Introduction 

It is widely considered that robust NLOS communication in broadband wireless systems 

operating below 6 GHz enables performance comparable to DSL and cable. Achieving 

this is a matter of utilizing advanced signal propagation techniques. NLOS systems have 

generated much recent interest because only recently have researchers managed to 

measure system performance in NLOS environments. First generation wireless systems 

were based on optical line-of-sight transmission and required very high antennas to clear 

sources of obstruction and multipath and to achieve higher serviceable cell radii. Second 

generation systems operate with antennas with much lower height. Hence, they are 

subject to interference and multipath fading. 
 

2.4.2.2 Defining Line-of-Sight 

An optical line of sight exists if an imaginary straight line can be drawn connecting the 

antennas on either side of the link. A clear line of sight exists when no physical objects 

obstruct viewing one antenna from the location of the other antenna.  
 

2.4.2.3  Radio Line-of-Sight and the Fresnel zone 

Radio line-of-sight is similar to optical line-of-sight, but not quite same. If the energy 

radiated out of a directional antenna were to be mapped, it would be represented by what 

is called Fresnel zone. This is an ellipsoid centered on the LOS path as in Figure 2.9.  

 

 
Figure 2.9: Fresnel zone. 
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A radio clear line of sight exists if a defined area around the optical line of sight (first 

Fresnel zone) is clear of obstacles. This Fresnel clearance depends on the operating 

frequency and the distance of any obstruction between the transmitter and receiver sites. 

A radio line-of-sight should allow a minimum of 60% of the first Fresnel zone to be 

visible to the receiver.  

 

2.4.2.4 LOS Challenges 

The architecture of a LOS-based system consists of a central base station positioned in 

the center of the cell, typically having a high power transmitter placed on a tall broadcast 

tower. Although it is possible to cover a radius of nearly 20 miles with this solution, 

significant shadow areas result wherein signals are blocked by terrain. These shadow 

areas could even include 30% or more of the targeted service area. The intolerance to 

blocking due to foliage and multipath interference is a drawback of LOS-based systems, 

as each subscriber antenna needs to have an unobstructed view of the base station. The 

use of just one base station to cover a large area also quickly uses up the entire spectrum, 

thus limiting capacity and scalability. 

 

In addition, LOS systems require rooftop installation of the CPE, which means a lot of 

expensive “truck-rolls” [22]. A “truck roll” means that a technician from the service 

provider must visit each individual end-user to install and precisely “point” the antenna 

towards the base station. With a broadband service offering expected to generate 

thousands and thousands of users, this represents a tremendous cost.  

 

2.4.2.5 Defining Non-Line-of-Sight 

Both LOS and NLOS systems are governed by propagation characteristics of their 

environment, path loss and RF system link budget. However, a NLOS system is one in 

which the CPE can work even if it does not have a LOS path to its home base station. 

Thus, more customers can receive service because the requirement for a direct, 

unobstructed view of the base station is not necessary. Effectively, it is a system that 
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delivers broadband data to its users in a four or five-mile cell radius and reaches 95% of 

prospective subscribers within the service area. 

 

 
Figure 2.10: Blind spots due to large obstructions [14] 

 

In practical base station installations, natural obstructions and man-made objects create 

shadowing and RF dead zones that cannot be served by LOS links. Figure 2.10 shows 

how a single large building creates a huge blind spot behind it that cannot be served by 

the base station. To add to existing problems, zoning laws and building roof-height 

permissions prevent the operators from erecting taller towers. For example, in the San 

Francisco Bay area, the maximum PCS tower height allowed is 42 feet and in Seattle, 

WA, the height restriction is 35 feet [1].  

 

At the CPE end, zoning laws and aesthetics restrict the plausible mounting locations and 

CPE height. The result is a reduced coverage trail (see Figure 2.11) where the serviceable 

area is reduced. Even if there were no such restrictions on antenna height, LOS systems 

do not provide efficient means to use valuable spectrum. Very high antennas mean 

inefficient frequency reuse and, hence, wireless systems need to be built out and not up. 
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Figure 2.11: Comparative service areas [1]. 

 

In a cellular NLOS system, the service area is divided into various “cells”, each having 

its own base station. This helps service providers to add services on an “as needed” basis. 

This system allows the CPE to be customer-installable and can be mounted on the side of 

the house and not necessarily on the rooftop. Expensive “truck-rolls” are, thus, eliminated 

[1]. The cellular architecture allows for extensive spectrum reuse, increasing capacity in 

each cell. 

 

In a NLOS link, a signal reaches the receiver after being scattered/refracted or diffracted 

by buildings and other obstacles in its path. This signal consists of various components 

from the direct path, multiple reflected paths, scattered energy and diffracted propagation. 

Taking advantage of these different signal components having varying delay spreads is 

crucial for providing NLOS coverage. However, a system that relies on merely increasing 

the power to pass through obstacles is not NLOS technology. 

 

 

2.4.3 Requirements for NLOS-FBWA 
 
To overcome the challenges of NLOS described mentioned above, fixed broadband 

wireless systems must show acceptable performance that are governed by several figures 

of merit that are listed in Table 2.4. 
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Table 2.4: Typical NLOS-FWA Requirements [12 and 13] 

Figure of merit Requirement 

Aggregate rates 6 Mb/s 

Spectral efficiency ≈ 2 b/s/Hz/BTS 

Coverage 6 mi rooftop, 3 mi wall, 2 mi indoor 

Latency Comparable to DSL 

Link reliability 0.999 

 

NLOS system operation depends on signal strength and resistance to multipath fading. 

We will see in Section 3.4.2.1 that OFDM is a prospective solution for NLOS systems. 

Next generation systems should maximize the signal strength relative to interference and 

noise (SINR) and, at the same time, reduce the requirement for fade margin [23]. From a 

service provider’s perspective, it is essential to strike a tradeoff between signal 

propagation characteristics, spectral efficiency and cost. [12], [13] and [23] give a brief 

outline about various methods to improve the link budget viz. narrow sectorization, 

adaptive modulation, forward error correction (FEC), spatial diversity and adaptive 

beamforming. Section 3.4.2.1 also discusses harnessing multipath in NLOS links to 

provide better reception through Cisco System’s VOFDM technology. 

 

 

2.5 Standards for BWA and IEEE 802.16 
 
 
We have seen that FBWA has become the best way in some cases to meet exponential 

demands for high-bandwidth Internet connections, which encompasses integrated video, 

voice and data services. We have also seen that FBWA is more promising than traditional 

cable networks or DSL in terms of deployment ease and cost, ease in scalability and 

maintenance. However, the reach of FBWA has been limited mainly because there is a 

lack of a universally accepted standard. Standards are important for both developed 

countries and developing countries. 
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The IEEE 802.16 WirelessMAN™ standard was initiated by the institute of electrical and 

electronics engineers standards association (IEEE-SA) to make FBWA more widely 

acceptable [24]. The standard describes the air interface for wireless metropolitan area 

networks. The standard was published on April 8, 2002 after a two-year standardization 

process involving contributions from hundreds of engineers and industry leaders. The 

standard is specific to ‘first/last-mile’ connection in metropolitan area networks. The first 

of the standards document focuses on the efficient use of bandwidth between 10 and 66 

GHz. It is estimated that the document specific to sub-10 GHz bands (licensed and 

unlicensed) will be published by the end of the year 2002. More information on the 

standard can be obtained from [24]. 

 

Other broadband wireless standards groups include broadband wireless internet forum 

(BWIF), the Wireless DSL Consortium, the OFDM Forum, Hyperaccess, broadband 

radio access network (BRAN), IEEE 802.11a/b and ITU-R. 

 

 

2.6 Summary 
 
 
Despite the current slump in the economy, there is a demand for broadband Internet 

access. Projected delays in the deployment of 3G high-speed wireless networks and the 

failure of wired solutions (DSL and cable modem) has sparked keen interest in last mile 

broadband wireless solutions like FBWA. Last mile broadband wireless solutions like 

LMDS are plagued with concerns viz. rain-fade, range limitations and difficulty in 

antenna alignment. To meet low deployment costs and good penetration of radio signals, 

the fixed wireless industry has started to explore the sub-5 GHz bands, such as MMDS 

positioned at 2.5-2.7 GHz in the United States and at 3.5 GHz internationally and the 

license-exempt Industrial Science and Medical (ISM) band positioned at 2.4 GHz. 

 

This chapter provided an introduction to fixed broadband wireless access systems. These 

systems provide cost-effective solutions for high-speed Internet access along with other 

inherent high-bandwidth consuming applications like video/audio/data conferencing. The 
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economic feasibility of such systems was discussed along with possible shortcomings. 

The chapter then discussed issues that need to be considered while deploying a fixed 

broadband wireless system, some of which involve physical layer parameters of a 

wireless channel. Various deployment scenarios were discussed and their merits and 

demerits were analyzed.  

 

The chapter provided an in-depth look into non-line-of-sight issues that need to be 

addressed to achieve a 90% or more coverage area, since this thesis focuses on NLOS 

PMP fixed broadband wireless systems and co-channel interference estimation within 

them. The chapter concluded with a brief discussion of the standard that has been 

developed recently to provide a universally acceptable set of guidelines for coexistence of 

fixed broadband wireless access systems. The next chapter focuses on PMP radio 

systems. 
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Chapter 3 
 

 

Point-to-Multipoint Radio Systems 
 

 

3.1 Introduction 
 
 
The aim of this chapter is to familiarize the reader with the concept of point-to-multipoint 

radio systems, especially the aspects that are relevant to system-level design of fixed 

broadband wireless networks. While it is by no means an exhaustive treatment, the 

presentation should familiarize the reader with many of the physical issues. The chapter 

begins with a general description of a PMP system. It then introduces specific 

components (antenna systems) and then discusses airlink management schemes for PMP 

systems, wherein topics such as modulation, multiple access, duplexing etc. are 

described. The concept of OFDM and its proliferation within the broadband wireless 

industry is also presented. 

 

3.2 System Description 
 
 
Point-to-multipoint systems consist of a base station (BS) and various subscriber stations 

(SS). Transmission occurs in two directions, upstream (from SS to BS) and downstream 

(from BS to SS) with varying capacities, making it asymmetric, unlike most point-to-

point systems. In the downstream direction, the same signal is broadcast to all the 
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subscriber stations in a given sector of the cell. Since the BS has to cover a large area 

within a sector, a wide-angle antenna is used. Figure 3.1 shows a typical PMP system in 

which four sectors are used with a reuse of two frequencies (marked by different colors).  

 

 
Figure 3.1: Point-to-multipoint radio system. 

 

For this example, the BS broadcasts information to different users in all four sectors 

using four 90° antennas. Each antenna has a beamwidth (shown in black) that covers a 

whole sector. A single 360° (omnidirectional) antenna could be used to serve all users, 

but sectorization increases capacity by reusing frequencies. Modulation in the 

downstream direction and multiple access schemes in the upstream direction should be 

such that subscriber stations receive information only intended for them without 

interference from other subscribers or base stations. In the upstream direction, multiple 

access schemes (discussed in Section 3.4.3) help share the finite spectrum among all 

users. Also, it can be noticed in Figure 3.1 that the SS antenna has a highly directional 

antenna with narrower beamwidth compared to that of a BS. This helps in reducing 

interference. 
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3.3 Antennas for PMP Systems 
 
 
This section describes antennas that are used in PMP systems. Antenna parameters that 

are of interest to the system designer are defined and various types of antennas that find 

use in PMP systems are described. 

 

3.3.1 Antenna Parameters 

3.3.1.1 Radiation Pattern 

The radiation pattern of an antenna is a plot of the far-field radiation from the antenna. It 

is a graphical depiction of the relative field strength transmitted from or received by the 

antenna per solid angle, or its radiation intensity U (watts per unit solid angle) [25]. This 

is determined by multiplying the power density at a specific distance by the square of the 

distance r (in meters), where the power density (which varies with direction) S (watts/m2) 

is given by the magnitude of the time-averaged Poynting vector [26]: 

 

                      (3.1) SrU 2=

For example, in the case of an isotropic antenna (an antenna with a spherical pattern, 

which is the same in all directions, that radiates from the antenna), if the total power 

radiated by it is PT, then the power is radiated over a sphere of radius R, and so the 

radiated power density in any given direction is [25]: 

( ) ( )
2

2

4
,,)/(
R

pgSgmwattsS TT
IT π

φθ
φθ ==                              (3.2) 

 

where ( )φθ ,Tg is the transmitting antenna gain (expressed as a ratio) in a direction 

indicated by the spherical coordinate angles ( )φθ , . 

 

Two different types of antenna patterns are generally discussed. One is the isotropic 

antenna in that the power is radiated equally in all directions. The other is a directional 

antenna. Although the former is hypothetical, it serves as good reference for comparison. 
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A more practical solution is the omnidirectional antenna, whose radiation pattern is 

constant in the horizontal direction, but might vary vertically. An example of such an 

antenna is the Hertzian dipole antenna illustrated in Figure 3.2. 

 
Figure 3.2: Two-dimensional radiation pattern of a Hertzian dipole antenna [26]. 

 

The Hertzian dipole antenna is clearly an omnidirectional antenna in the xy-plane. In 

three dimensions, the radiation pattern of a horizontally omnidirectional antenna looks 

like a doughnut (see Figure 3.3). 

 
Figure 3.3: Three-dimensional radiation pattern of a Hertzian dipole antenna [27]. 

 

The two-dimensional radiation pattern for a generic directional antenna is shown in 

Figure 3.4. Directional antennas concentrate their energy into a cone called a beam. The 

main lobe of the pattern resembles a searchlight and represents the direction (also called 

the bore sight direction) in which the radiated power is concentrated. The back lobe is 

diametrically opposite to the main lobe and there are several side lobes where undesired 

transmission takes place. A desirable antenna pattern would be such that the gain is 
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maximized, while suppressing unwanted sidelobes and the back lobe. The sidelobes are 

separated by nulls where no radiation occurs. For a Hertzian dipole, the nulls occur in the 

z-axis.  

 

 
Figure 3.4: Two-dimensional radiation pattern of a generic directional antenna [26]. 

 

The half-power beamwidth (HPBW) or, simply, beamwidth is the angle subtended by 

half-power points on the main lobe where the gain is one half the maximum value (see 

Figure 3.4) [26]. 

 

A three-dimensional representation of a directional antenna pattern is shown in Figure 

3.5. This is a biquad antenna used in wireless local area networks (WLAN) showing only 

the azimuth plot. The elevation plot is essentially identical [27]. 

 

 
Figure 3.5: Three-dimensional radiation pattern of a directional antenna [27]. 
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The patterns are usually presented in polar or rectilinear form with a decibel (dB) scale. 

Patterns are normalized to the maximum graph value, 0 dB, and a directivity is given for 

the antenna. 

 

3.3.1.2 Directivity 

The directivity D of an antenna, describes the directional properties of an antenna. It is 

defined by  

      (3.3)   
 

 
                 =  

Radiation inte 
Directivity is commonly e

will become dBi. 

 

3.3.1.3 Beamwidth and 

The directivity of an anten

the energy radiated is conc

beamwidths of an antenna 

formula 

where  and  are the°
HPθ °

HPφ

 

3.3.1.4 Power Gain 

The power gain or simply,

radio energy in a specific d

 

       Radiation intensity of an antenna in direction (θ,φ)
 D (θ,φ) =
 Mean radiation intensity in all directions 

     (3.4)  
       Radiation intensity of an antenna in direction (θ,φ)

nsity of isotropic antenna radiating same total power 

xpressed in decibels. However, from Equation 3.4, the units 

Directivity 

na increases as the beamwidth is made smaller. This is because 

entrated into a smaller solid angle. From [26], the half-power 

in the θ and φ directions can be related to its directivity by the 

°°≈
HPHP

D
φθ
000,41

         (3.5) 

 half-power beamwidths in degrees. 

 antenna gain is a measure of the ability of an antenna to focus 

irection. It is defined as the ratio of the signal strength of the 
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antenna along its bore sight direction to the signal strength that would be transmitted 

along the same direction if an isotropic antenna were used instead. This is expressed in 

units of dBi to emphasize the use of an isotropic antenna as a reference. The higher the 

gain value, the longer and thinner the antenna pattern becomes. The gain is essentially a 

measure of the efficiency of directivity of an ideal antenna and a maximum value for it 

obtained practically is given below. 

 
 

 
Antenna Gain in dBi = 

(radiated signal strength in Watt/m2 at a given distance along the antenna 
bore sight direction)   10log10 

 radiated signal strength in Watt/m2 of an isotropic antenna at the same distance  

   (3.6) 

Thus, from [28], in the direction (θ,φ), the gain is mathematically represented as 

( ) ( )
( )π

φθ
4/

/,
inP

ddPG Ω
=                                          (3.7)  

where, Pin  is the total input power and dP is the increment of the radiated output power 

in solid angle dΩ. The gain is always maximum at the bore sight direction. 

 

3.3.1.5 Friis Formula 

When the transmitter and receiver have a clear unobstructed line-of-sight path between 

them, the free space propagation model is used to predict the received signal strength at a 

given distance from the transmitter. The free space model suggests that the received 

signal power decays as a function of the square of the transmitter-receiver (T-R) 

separation distance [17]. This is expressed as 

 

( )
( ) Ld

GGP
dP rtt

r 22

2

4π
λ

=          (3.8) 

 

where, Pt is the transmitted power, Pr(d) is the received power, Gt is the transmitter 

antenna gain, Gr is the receiver antenna gain, d is the T-R separation in meters, L is the 

system loss factor not related to propagation ( )1≥L , and λ is the wavelength in meters. 
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The gain of an antenna is related to its effective aperture, Ae, by 

2

4
λ
π eA

G =        (3.9) 

where, Ae is related to the physical size of the antenna. 

 

 

3.3.2 Base Station and Subscriber Antennas 
 
 

A base station antenna of a PMP system usually has a lower gain than the subscriber 

antenna. This is because the base station antenna needs to transmit and receive from a 

large number of users spread across a sector of the cell that it covers. An omnidirectional 

antenna (see Figures 3.2 and 3.3) is the simplest of the types that are available for use as a 

base station antenna. Section 3.3.1.1 dealt with one such antenna, the Hertzian dipole. 

Note that the magnitude of the field depends on the length of the antenna. The most 

commonly used dipole is the half-wave dipole (L = 0.5λ), which has significant 

directivity, high efficiency and a relatively compact size. The gain of a half-wave dipole 

is 1.64, or 2.15 dBi. Since the half-wave dipole antenna can be easily controlled and 

realized when compared to the isotropic antenna, antenna manufacturers quote antenna 

gains and directivities with reference to a half-wave dipole [26]. Detailed information on 

dipole antennas can be found in [26], [29] and [30]. 

 

As discussed earlier, sector antennas are often used instead of omnidirectional antennas. 

Figure 3.6 illustrates the radiation pattern generated by a 90° sector base station horn 

antenna. This type of sector antenna is designed to radiate at relatively constant signal 

strength across a 90° sector (45° on either side of the bore sight). A subscriber antenna 

(parabolic reflector) would generate a radiation pattern as shown in Figure 3.7. 

Applications that demand high-gain, narrow beam antennas are not served well by dipole 

antennas. However, this is solved by use of arrays of dipole antennas, also called phased 

array antennas or planar antennas, which can focus the receiving or transmitting power 

in a given direction [31]. 
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Figure 3.6: Radiation pattern of a PMP base station antenna [32]. 
 
 

 
 

Figure 3.7: Radiation pattern of a PMP subscriber antenna [32]. 
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3.3.2.1 Antenna Arrays 

The maximum directivity that could be achieved using a single dipole antenna is limited 

to that which could be achieved using a dipole with a little over one wavelength             

(L ≈ 1.5λ) [26]. However, certain applications might have higher demands. One solution 

is to use antenna arrays. An antenna array is made of small dipole-like antenna elements 

arranged in the form of an array. Each individual element has an omnidirectional 

transceiving characteristic. By adding the signals received by all elements in the array, 

the effective signal strength received from a specific direction is increased. A simple 

array consists of two half-wave dipoles separated by a distance d. Both dipoles are fed by 

the same transmitter, but the signal into antenna B is shifted by an angle ϕ as shown in 

Figure 3.8(a). Figure 3.8 (b) shows different radiation patterns.  

 

 
Figure 3.8: (a) A two dipole array and (b) radiation pattern with d = λ/4 [31]. 

 

When the two antennas have zero phase difference (ϕ = 0), the radiation pattern is a 

broadsided structure. When ϕ = 90, the structure looks like a heart (pattern in Figure 

3.8)[31]. This is also seen in Figure 3.6 (red dashed line). Several manufacturers have 

begin to design smaller and less obtrusive antennas, for example antenna arrays, in view 

of restrictions placed by local authorities on mounting large antennas on the outside 

facades of buildings. 
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3.3.2.2 Horn Antennas 

As the name suggests, a horn antenna is physically shaped like a horn. Horn antennas are 

highly suitable for high frequencies (several gigahertz), where a waveguide is the 

standard feed method. They consist of a waveguide whose ends are opened out to form a 

megaphone like structure [26 and 31]. Horn antennas can be rectangular (see Figure 3.9) 

or shaped like a cone. The ratio of the horn length to the size of its mouth gives the 

directivity. Horn antennas are also used as feeds for parabolic antennas. The radiation 

pattern of a horn antenna as used in the base station of a PMP system is illustrated in 

Figure 3.6. 

 

 
Figure 3.9: A rectangular horn antenna [26]. 

 

3.3.2.3 Parabolic Reflectors 

Reflector antennas rely on the concept of image theory in that, if an antenna carrying 

current is placed adjacent to a perfectly conducting plane, then the system in totality 

represents the same fields above the plane as though an image of the antenna were 

present below the plane (see Figure 3.10) [26 and 29]. 

 

 
Figure 3.10: Image theory [26]. 
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As seen in Figure 3.10, the image carries an equal magnitude of current as the actual 

antenna, but in the opposite direction, and is located at an equal distance from the plane 

as the actual antenna. This theory comes as a direct consequence of Snell’s Law of 

Reflection. 

 

Long-distance radio communications require antennas with high gain. Such gains are 

difficult to obtain using single antennas as described so far. Reflector systems are the 

most widely used high-gain systems. The parabolic reflector (dish) antenna extends the 

concept of reflector antennas to curved planes. This type of antenna is used in point-to-

point systems. Hence, this finds use as a SS antenna where good focusing ability coupled 

with high gain is essential. It is essentially a metal parabolic dish illuminated by a source 

located at its focal point. As shown in Figure 3.11, the paraboloid directs all incoming 

waves that are perpendicular to its axis to the focal point. Similarly, all radiation from its 

focal point is reflected along parallel paths. 

 

 
Figure 3.11: A parabolic reflector antenna [26]. 

 

The feed for a parabolic reflector antenna is usually a horn antenna. The gain of a 

parabolic reflector antenna can be increased by enlarging the size of the dish. This is to 

facilitate long haul point-to-point links. 
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3.4 Airlink Management in PMP systems 
 

To make their application more simple, reliable and competitive, PMP systems employ a 

number of advanced technologies. A key factor that each manufacturer considers is 

airlink management. It is the means by which the radio spectrum is made available to the 

users. Some of the key airlink management schemes that are well established worldwide 

are described below. 

 

3.4.1 Modulation Schemes 
 
Modulation is the process of converting a signal to make it suitable for transmission over 

a radio medium. Modulation is done within the transmitting device prior to signal 

transmission and information is imprinted onto the carrier frequency. At the receiving 

end, the carrier signal is demodulated to recover the original signal. Modulation may be 

done by varying the amplitude, phase or frequency of a carrier signal in accordance with 

the amplitude of the modulating (information) signal.  

 

To achieve transmission at higher bit rates, one has to either modulate the carrier at a 

higher bit rate (equal to the bit rate of the modulating signal) or use higher-level 

modulation. The rate at which the carrier signal is modulated is known as baud rate 

(some authors call it symbol rate). The impropriety of modulating a high bit rate signal at 

an equally high baud rate is the higher baud rate itself [4]. The difficulty lies in designing 

a radio modem capable of handling fast line changes. Also, the baud rate is limited by the 

available bandwidth of the channel. 

 

High-level modulation schemes are an alternative in that the baud rate is lower than the 

bit rate of the modulating signal. PMP systems commonly use higher-level modulation 

(multi-level transmission) schemes like quaternary phase shift keying (QPSK) and 

quadrature amplitude modulation (QAM).  The lower baud rate is possible by encoding a 

number of consecutive bits from the modulating signal and representing them as a single 

signal state. Figure 3.12 illustrates this concept. Four different phases of the signal are 
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used to represent four different combinations of two bits. This is called 4-PSK or QPSK. 

The modem designed according to this concept will have a lower baud rate than the bit 

rate of the data transmitted using each signal phase representing two consecutive bits 

rather than just one. The advantage is that the receiver would have twice the time to 

detect and interpret the data represented by the change in the signal phases.  

 

 
Figure 3.12: Multi-level transmission (QPSK). 

 

The other higher modulation scheme used in PMP systems is QAM. QAM is depicted by 

using modem constellation diagrams. Figure 3.13 (a) shows a modem constellation 

diagram consisting of four states (dots) where each state is represented by a relative phase 

and amplitude pair. The distance from the origin to each of the states represents the 

amplitude of the signal and the angle subtended between the X-axis and the line segment 

joining the origin and each of the states represents the phase of the signal of that state 

relative to the signal state at a preceding instant of time.  

 

QAM uses a hybrid of phase (quadrature) and amplitude modulation and, hence, the 

name. Figure 3.13 (b) illustrates 16-QAM where four levels of amplitude are combined 

with four levels of phase, each spaced out evenly in the ‘I’ and ‘Q’ coordinates. This 

approach can be extended to form 64-QAM, 256-QAM or higher. 
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Figure 3.13: (a) A modem constellation diagram and (b) constellation pattern for 

16 QAM. 
 

 

Modulation schemes used in typical PMP systems are QPSK, 16-QAM and 64-QAM. In 

LOS systems, higher modulation schemes perform well, as there is little or no multipath 

fading. However, when NLOS PMP systems are considered, as in this thesis, these 

schemes suffer inherent drawbacks in that a larger C/I ratio is required along with 

receiver sensitivity for demodulation according to a specified fidelity. The typical 

difference in receiver sensitivity between QPSK and 64-QAM the difference is around 14 

dB and between QPSK and 16-QAM is about 7 dB. Table 3.1 compares the C/N and 

Eb/N0 required for a selection of QPSK and QAM schemes to yield a bit error rate (BER) 

of 10-6. 

 

Table 3.1: Comparison of Various Digital Modulation Schemes (BER = 106) [33] 

Modulation C/N Ratio (dB) Eb/N0 (dB) 

QPSK 13.6 10.6 

16-QAM 20.5 14.5 

64-QAM 26.6 18.8 
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Table 3.1 also shows that as the order of modulation increases, larger values of C/N and 

Eb/N0 are required to sustain a given BER. Hence, QPSK leads to a greater coverage area 

than other modulation schemes. However, we have seen that the higher the order, the 

higher the capacity. Thus, tradeoff exists between capacity and coverage. This is 

illustrated in Figure 3.14.  

 

 
 

Figure 3.14: Tradeoff between capacity and coverage [34]. 
 
In Figure 3.14, the total coverage area of the cell is represented by A. R represents the 

radius of the circular area covered by each of the modulation schemes. The innermost 

circle represents the maximum area that can be covered by 64-QAM, which is 

approximately 25% of the total area. The inner-ring represents the area serviceable by 16-

QAM and QPSK, but not 64-QAM. This is also around 25% of the total area. The outer 

ring represents the area serviced by QPSK alone, which is about 50% of the total area. 

 

 

3.4.2 Multicarrier Modulation Systems 
 
So far, we have seen the proliferation of single carrier modulation schemes for fixed 

wireless applications. However, serious interest is now being shown towards multicarrier 

modulation (MCM). Reasons to support this move depend on the transmission medium 
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and have changed over the years with advances in signal processing techniques. The two 

most crucial ones are (1) that an MCM signal can be processed in a receiver without the 

enhancement of noise or ISI (Inter-Symbol Interference) caused by linear equalization of 

a single carrier signal, and (2) that the long symbol time used in MCM produces a greater 

immunity towards impulse noise and fast fades [35]. MCM is a transport scheme in 

which the data to be transmitted is first divided into several parallel bitstreams, each of 

which has a much lower bit rate. Each bitstream is used to modulate a separate carrier 

signal. Figure 3.15 shows the structure of an MCM system. 

 

 
Figure 3.15: Structure of a multicarrier modulation system [35]. 

 

The input signal is broken down into various sub-channels, where each sub-channel 

handles a component of the signal in a manner that optimizes the conditions of the sub-

channel. At the receiver end, a system of demodulators decodes the components before 

they are re-assembled to form the original signal. MCM schemes allow more flexibility in 

handling individual channels. Each channel could be encoded with a coding scheme 

according to a specified signal-to-noise ratio (SNR) for the channel.  

 

Using MCM provides better immunity to multipath. This is because, since only part of 

the data resides on any single sub-channel, multipath fading affecting the channel would 

only destroy a few of the sub-channels. The lost sub-channels could be retrieved using 

suitable equalization techniques. However, this is not possible using a single carrier 
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system. Of the various MCM systems available for use, OFDM is the most commonly 

proposed scheme for use in PMP broadband fixed wireless systems. PMP systems whose 

datasheets were the basis for the simulations in this research have used OFDM as their 

multicarrier modulation technique. 

 

3.4.2.1 Orthogonal Frequency Division Multiplexing  

OFDM is an MCM system wherein, the sub-carriers are chosen such that they are 

orthogonal to (independent of) each other, meaning guard bands (see Section 3.4.3) are 

required between a set of sub-carriers and not necessarily between each sub-carrier as in 

frequency division multiplexing (FDM).  

 

OFDM Generation 

 
From Figure 3.16 (a), it can be seen that non-overlapping sub-carriers are used in FDM. 

If the data rate of the signal is R bps, then FDM would require twice as much bandwidth 

as required by R bps to transmit the multicarrier modulated signal. However, by 

separating the sub-carriers in multiples of 1/NT, the sub-carriers overlap and the same 

bandwidth as the original signal is needed to transmit the modulated signal as seen in 

Figure 3.16 (b). This ensures efficient use of the frequency band – in contrast to FDM. 

Adjacent carrier separation of 1/NT guarantees orthogonality between the sub-carriers. 

Figure 3.17 (a) shows the spectrum of an individual sub-carrier. An OFDM signal, 

multiplexed in the individual spectra with a frequency spacing equal to the transmission 

speed of each sub-carrier is shown in Figure 3.17 (b). Essentially, at the center frequency 

of each sub-carrier (indicated by arrows), there is no crosstalk from other channels [36]. 

Strictly speaking, OFDM is not a modulation scheme; it is a method of generating and 

modulating several carriers concurrently, each with a small part of the given data stream. 
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Figure 3.16: Spectrum of (a) FDM and (b) OFDM [3 and 36]. 

 

 

 
Figure 3.17: Spectra of (a) OFDM sub-carrier and (b) OFDM signal [3]. 

 

The actual modulation scheme used is QPSK, 16-QAM or 64-QAM in typical PMP 

systems. If di are the complex QAM symbols, Ns is the number of sub-carriers, T the 

symbol duration, and fc carrier frequency, then, according to [36], an OFDM symbol 

starting at t = ts can be represented as 
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OFDM Implementation 

 
In OFDM systems, the transmitters generate both the carrier and the modulating signal 

simultaneously using digital circuits [31]. The simplest implementation of an FDM 

system is to employ N independent transmitter/receiver pairs, which is generally avoided 

for practical reasons like cost and complexity [37]. Weinstein [38] suggested the use of 

digital implementation of sub-carrier modems based on discrete fourier transform (DFT). 

DFT and a more efficient variant, the fast fourier transform (FFT) are used for baseband 

OFDM modulation/demodulation process (see Figure 3.18).  

 

From Figure 3.18, it can be seen that the modulation/demodulation process is not carried 

out on a sub-carrier-by-sub-carrier basis, but is done in a single FFT or inverse fast 

fourier transform (IFFT) step. Since the harmonically related and modulated sub-carriers 

can be thought of as the spectrum of the signal to be transmitted, the IFFT is used instead 

of the FFT to convert the signal into time domain for transmission over the channel. [35], 

[36] and [39] which describe the operation of OFDM modems in detail. 
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Figure 3.18: Basic OFDM system [31]. 

 
 
OFDM Advantages and Disadvantages: 
 
The following are various advantages of using OFDM. 
 

• OFDM handles narrowband noise well. 

• Reception can improve if spatial diversity is used [40]. 

• Processing scales with increases in bandwidth. 

 

OFDM has the following disadvantages. 
 

• OFDM can be more complex to implement than conventional single-carrier 

schemes.  

• The high peak-to-average power ratio is an obstacle when OFDM is used, as this 

requires a great deal of linearity in amplifiers. Non-linearity in amplifiers causes 

ISI and inter channel interference (ICI). If the amplifiers are non-linear and are 

not operated with proper output back off (OBO), the clipping distortion may 

cause degradation of the signal [41]. 

  - 47 -



• Synchronization errors cause problems by destroying orthogonality and induce 

interference. This, however, is predominant only in the uplink. 
 

3.4.2.2 OFDM Variants for Broadband Fixed Wireless Access 

Ever since the industry began exploring possibilities of using OFDM, several variants 

evolved, most being initiatives by various companies. Some of the variants that are being 

used for BFWA are wideband OFDM (W-OFDM) and vectored OFDM (VOFDM). 

 

W-OFDM  

 
W-OFDM is a variant of OFDM in which the spacing between the carriers is made large 

enough so that frequency errors have negligible impact on the performance of the system. 

W-OFDM was proposed and patented by Wi-LAN, Inc. [42], which claims that W-

OFDM is the only viable approach to broadband communications.  

 

Wi-LAN proposed introducing a randomizing phase to the data before feeding it to the 

FFT. This randomizing phase removes any sinusoid or pulse relationships in the input to 

the FFT, reducing dynamic range demands on the amplifiers [40]. Simulations for this 

thesis have used system specifications from Wi-LAN’s BWS 3000 System. More 

information on this product can be found at [43]. W-OFDM has the following advantages 

over OFDM: 

 

• W-OFDM allows better power amplifier efficiency. 

• W-OFDM is immune to carrier offset. 

• W-OFDM enhances cost effectiveness since processing is done in one step and, 

hence, can be integrated into a single chip. 

 

VOFDM 

 
Cisco Systems has developed a variant of OFDM called vectored OFDM. As mentioned 

earlier, using spatial diversity increases a wireless system’s immunity to multipath, 
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interference and noise both upstream and downstream in a PMP system. VOFDM 

improves coverage by overcoming LOS barriers through spatial diversity (see Figure 

3.19) [41].  

 

 
Figure 3.19: Maximum ratio combining of spatially separated OFDM signals [41]. 

 
 

VOFDM posts a 2:1 improvement in the coverage area over QAM [41]. Through 

VOFDM, multiple signals can be delivered on a single antenna or received on multiple 

antennas. For effective diversity operation, antenna spacing must be at least ten times the 

wavelength.  Typically, a second antenna adds nearly 3 dB improvement in LOS and 10 

dB in NLOS environments [41]. Figure 3.20 shows the increase in SNR with VOFDM as 

opposed to uncoded 4-QAM. 

 

On the customer premises end, a dual antenna could be used to capture signals having 

different path lengths and combine them to achieve maximum SNR. By combining 

relatively weak reflected signals, the system delivers an output to the user that is almost 

equal to the quality achieved with a direct LOS system. The CPE of Cisco’s VOFDM- 

based system, Cisco WT-2750, is always in the listening mode [41 and 44]. It constantly 

demodulated all signals that the antenna receives and transmits only when the base 

  - 49 -



station allocates a specific time slot. This way the downstream is continuous, whereas the 

upstream is always in the burst mode. This works effectively in high delay spread and 

time varying environments [44]. Another variant of OFDM proposed by Flarion 

Technologies, a Lucent/Bell Labs spin-off, is called Flash-OFDM [45]. Flash-OFDM is 

suited for the mobile environment.  

 
Figure 3.20:  SNR gain for antenna diversity [41]. 

 

New generation BWA systems employ techniques like transmit diversity and adaptive 

beamforming to increase capacity in high data-rate systems. Factors such as path-loss, 

delay spread, and fading restrict transmission rates over fixed wireless links. Moreover, 

systems operating in an urban setting are subject to more fading and multipath and, thus, 

are forced to operate at lower transmission rates. Transmitter diversity, which has proven 

to combat fading efficiently in mobile wireless systems, can also efficiently do so within 

fixed wireless systems [46].  

 

Probably the best improvement in link performance is achieved by using adaptive 

beamforming techniques rather than sectorized/ominidirectional antennas. Beamforming 

relies on the principle of focusing maximum possible signal power on one particular cell, 

region or user as the need arises. By directing beams to specific users, significant gain 

  - 50 -



is achieved and a larger coverage area results. In this process, multiple antenna arrays 

inputs are combined to create beams towards each user while nulls are positioned towards 

interfering signals [23]. 

 

Figure 3.21 shows a comparison between different broadband access technologies that 

incorporate the various schemes mentioned above. 

 
Figure 3.21: Comparison of broadband wireless technologies [47]. 

 
 
 

3.4.3 Multiple Access Schemes 
 

In a PMP system, a number of remote stations share common radio spectrum. The 

efficient sharing of radio spectrum is essential to provide high capacity to each 

subscriber, by simultaneously allocating the finite bandwidth among all. In a PMP 

system, the same radio signal is broadcast to each of the subscribers in a given sector of a 

cell in the downstream direction and each subscriber decodes only part of the radio signal 

intended for it. However, in the upstream direction, the channel bandwidth has to be 

shared between multiple users. Hence, a multiple access scheme is used to assure that the 
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remote stations do not simultaneously transmit on the same frequency. Three multiple 

access schemes have been in use, frequency division multiple access (FDMA), time 

division multiple access (TDMA) and CDMA. Of these, FDMA and TDMA are the most 

commonly used in broadband PMP systems. 

 

3.4.3.1 Frequency Division Multiple Access 

In FDMA, finite bandwidth of the given spectrum is divided into separate channels and 

each channel leased to a different active remote station for its transmission for a given 

period. For this duration, no two stations can transmit on the same channel. The 

allocation of different channels to each of the subscriber units is either permanent as in 

pre-assigned multiple access (PAMA) or on-demand demand assigned multiple access 

(DAMA), for efficient use of the spectrum when one or more stations are inactive. Figure 

3.22 illustrates FDMA. Allocating channels through DAMA allows sharing according to 

specific calling patterns or traffic profiles. However, FDMA, when applied to bursty 

traffic, wastes bandwidth. Also, tight filtering is necessary to avoid adjacent channel 

interference. 

 
Figure 3.22: The principle of FDMA [4 and 17]. 
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3.4.3.2 Time Division Multiple Access 

In TDMA, each subscriber station uses the entire available bandwidth for a given time 

slot. The base station transmits on a single frequency and the subscriber stations only 

select information relevant to their timeslot. This is illustrated in Figure 3.23.  

 

 
Figure 3.23: The principle of TDMA [4 and 17]. 

 

Like FDMA systems, TDMA systems can be realized as either PAMA or DAMA. Since 

information is sent in bursts, high synchronization overhead is required. Receivers need 

to be synchronized for each data burst. In addition, guard slots are necessary to separate 

users. This results in TDMA systems having larger overheads as compared to FDMA.  

 
 
3.4.4 Duplexing Schemes 
 

Duplexing schemes are needed to manage upstream and downstream traffic flows. Two 

techniques, frequency division Duplexing (FDD) and time division Duplexing (TDD), are 

commonly used. The criterion that allows one to select either of the two is bound by the 

nature of the traffic to be carried and the type of environment in which the system 

operates [48 and 49]. 
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3.4.4.1 Frequency Division Duplexing 

In FDD, traffic flow occurs in two separate frequency channels, uplink and downlink. 

Usually spectrum assignments (continuous and non-contiguous) for PMP are done in 

blocks by regulatory authorities. Service providers subdivide these blocks into channels 

of equal bandwidth shared equally between uplinks and downlinks. Pairs (uplink and 

downlink) having the same frequency separation are kept together. This arrangement is 

illustrated in Figure 3.24. In this figure, the BS transmits to the SS on channel 1 (d1) 

using a TDM scheme. Each SS filters its data according to the timeslot it has been 

assigned and talks to the BS using channel 1 (u1). Each channel is usually of the same 

size offering the user, dedicated bandwidth. Hence, FDD systems are more suitable for 

symmetric traffic. FDD systems offer better protection from interference because of 

separation in uplink and downlink frequencies. 

 

 
Figure 3.24: FDD arrangement for contiguous (top) and non-contiguous (bottom) 

spectrum assignments for PMP systems. 
 

3.4.4.2 Time Division Duplexing 

In TDD, both uplink and downlink traffic are carried on the same channel. Using TDMA, 

channels are distributed to the BS and the SS based on the demand in both directions. 

TDD is illustrated in Figure 3.25. Since the system changes with time, channels are 

assigned irrespective of the direction (uplink/downlink). Hence, TDD systems are more 

suitable for bursty traffic.  
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Figure 3.25: TDD (top) and corresponding FDD plan (bottom). 

 

Table 3.2 provides a comparison between FDD and TDD. 

 

Table 3.2: A Comparison of FDD and TDD [50] 

Comparison Metric FDD TDD 

Suitable Traffic Type Symmetric. Bursty. 
 
Interference Mitigation 

Good interference suppression 
because of separate uplink and 
downlink channels. 

More susceptible to 
interference and result in 
poorer frequency reuse. 

Coverage (keeping all other 
factors equal) 

FDD systems have a 25% 
coverage advantage over 
TDD. 

TDD systems pay a 3dB 
penalty on Eb/N0 due to higher 
symbol rate on the channel. 
This is a penalty on the range. 

Guard Time Not an issue because of an 
unshared downlink. 

Loss of capacity from guard 
time due to channel 
turnaround time. 

 

 

 

3.5 Summary 
 

This chapter discussed a variety of features of PMP systems. Section 3.3 dealt with 

antenna systems for PMP applications. Selected parameters were defined and their 

significance was delineated. Different types of antennas used for PMP applications were 

explained briefly. Array antennas are finding more popularity because of their compact 

size and aesthetic appearance. Section 3.4 focused on airlink management schemes for 

PMP systems. Most PMP manufacturers use 16/64 QAM as the modulation scheme as it 
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helps pack more bits per symbol and, hence, improves data transfer speeds. Table 3.1 

compared the tradeoff between increased data rate and complexity between different 

modulation schemes.  

 

A primer on multicarrier modulation schemes was included to facilitate better 

understanding on the concept of OFDM. OFDM is the likely chosen technique for next 

generation wireless systems. Variants of OFDM were touched upon.  

 

The chapter concluded with a description of multiple access schemes (TDMA and 

FDMA) and duplexing schemes (TDD and FDD) as applied to PMP systems. A 

comparison between each of the techniques was presented to indicate the dependence of 

each of these schemes on the nature of the application. 
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Chapter 4 

 

 
Visibility Estimation Models 
 
 
4.1 Introduction  
 
 
PMP systems are the preferred means of modern fixed wireless communications. This is 

largely due to their ability to provide high capacity, easy scalability and self-installation 

along with fairly inexpensive equipment. Planning PMP networks requires knowledge of 

urban environmental features like building density, spatial distribution of building 

heights, terrain variation, and foliage. It is necessary to include these factors within the 

design criteria. One of the crucial design factors is LOS estimation for radio wave 

propagation. This is essential in determining a realistic coverage area for the system. 

 

Coverage Area 
 
The term “coverage area” refers to the potential area (homes, offices or other 

installations) that is to be covered by one or more base stations. Propagation models have 

been in use to generate maps of large urban and suburban regions showing troubled areas 

where coverage is likely to be low. It has been found that traditional propagation models 

alone do not provide a realistic estimate of the coverage area [53]. One can assess the true 

coverage area by knowing the percentage of buildings that are covered. Building non-

uniformity and variation in terrain height can result in shadowing of many individuals 

buildings. Any deployment planning would typically involve two major tasks: 
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1) calculating the percentage of are of buildings covered, and  

2) managing the tradeoff between buildings covered and the transmitter height. 

 

This chapter discusses models that help in choosing optimal transmitter and receiver 

positions using information on building density distribution for an urban area under study 

where prospective subscribers are located. A simple model that provides a statistical 

approximation to conventional ray tracing methods is discussed in detail.  

 
 
4.2 Ray Tracing Models 
 
 
There are many prediction tools that use high-resolution imaging and complex ray tracing 

software to generate a coverage area plot for a given site. High-resolution imaging helps 

build three-dimensional (3D) models for a specific area, which not only yields 

information on spatial location of buildings and other installations, but also includes 

distribution of building heights, vegetation and terrain. GIS tools like ESRI’s 

(Environmental Systems Research Institute) ArcView 3.2 help in viewing these 3D 

models. This will be discussed in Section 5.2. More information on 3D imaging can be 

found at [51]. Figure 4.1 shows a 3D orthographic view of downtown Rosslyn, VA. The 

green dot represents the transmitter, shooting out rays to different receiver locations. This 

screen shot was taken using Wireless InSite™, a site-specific radio wave propagation 

software tool designed by Remcom, Inc [52]. 3D rendering software was used for ray 

tracing.  

 

To determine whether or not a prospective building site has LOS to the base station, a 

series of CPE points on the building are generated by vertically sampling the 3D data at 

certain intervals (say 2-3 m) on a (x-y) grid. 
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Figure 4.1: 3D plot showing ray tracing [52]. 

 

If the highest point on the x-y grid represents a rooftop, then that point is selected and a 

suitable increment of, say, 1 m (antenna height) is added to it and the ray trace is started 

from that point. This process is repeated for all locations and the best antenna location for 

each building is determined. Choosing the best receiver position for each building 

presents an optimistic view for coverage. It is not possible to be specific in terms of exact 

receiver placement unless detailed information on each building is obtained. The 

coverage graphs from using this method essentially represent potential and not realistic 

coverage [53]. [53] provides more information on ray tracing and specific results 

concerning transmitter and receiver height dependence. This is, however, beyond the 

scope of this thesis.  

 

We will now discuss a simple statistical model for coverage area that reproduces results 

obtained from ray trace simulations. The town that was modeled in [53] was Malvern, 

UK, a fairly rural area. The results from the Malvern dataset are discussed in Section 

5.3.1 and compared with results for various cities in the U.S viz. Nashville (TN), 
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Charlotte (NC), Columbus (OH), Chandler (AZ), Cincinnati (OH), Milwaukee (WI) and 

Hartford (CT).  

 

 

4.3 Statistical Models for Visibility Estimation 
 
 
Traditional estimates of coverage area are achieved using prediction tools that use high-

resolution data and by ray tracing. However, the results of ray trace simulations can be 

reproduced using a model for coverage that is based on first principles and a statistical 

knowledge of building data.  

 

Two such models viz. CRABS (Cellular Radio Access for Broadband Services) [53], 

developed at RAL (Rutherford Appleton Laboratory), UK and PLEXTEK (developed by 

Plextek Limited) [54] were considered as suitable alternatives to ray tracing methods. 

Initial scrutiny revealed that the CRABS model was better suited for this research. The 

remainder of this section will focus only on the CRABS model. 

 

4.3.1 CRABS Model  
 

An urban environment can be characterized by two basic parameters viz. building density 

and height distribution [55]. Both these parameters can be obtained from high resolution 

GIS maps, which allow us to distinguish one building from the other. From a statistical 

point of view, it is found that the distribution of building heights can be approximated by 

a Rayleigh distribution [55]. Theory included within this model and experimental results 

described in Section 5.3, validate this claim. This model uses building density along with 

the height distribution to compute LOS probabilities. This model is based on the 

observation that, for a given path length, the probability that a LOS path exists between 

the transmitter and receiver is given by combining the probabilities at each building that 

the building height is lower than that of the ray joining the two points. This is illustrated 

in Figure 4.2. 
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Figure 4.2: Clearance of height of LOS ray from obstacles. 

 
 

4.3.1.1 Theory 

As mentioned, we are interested in computing the probabilities of LOS at each building. 

Hence, we compute the height of the ray (hlos) each building. This is given by: 
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where, rlos is the distance between the transmitter and the first obstacle. 

 

Assuming that the buildings between the transmitter and receiver are evenly spaced, the 

probability that a LOS ray exists is given by: 

 

∏
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where, br represents the number of buildings within path length, rrx (see Equation 4.5). 
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The LOS coverage computation (described later) algorithm uses the following three 

parameters that are obtained from statistical data of building heights. 

 

α - Ratio of land area covered by buildings to the total land area 

β - Building density (buildings/km2) 

γ - A parameter for adjusting the building height distribution 

 

Although α and β might seem similar, they are quite distinct (see Figure 4.3). 4.3 (a) 

shows the area covered with a number of buildings whereas 4.3 (b) shows a single large 

building. The number of ray interactions is more in a) than in b), although the total 

building area is the same in both cases. Hence, the parameter β is introduced. It would be 

possible to get away with a lot of small buildings than a single large one. 

 

  

                   
 

Figure 4.3: (a) Various small buildings and (b) single large building. 
 
 
Parameters α and β are found easily from GIS map of the area of interest. To find γ, 

building heights from the GIS dataset are collected into bins of 1m and the best fit 

Rayleigh distribution is obtained.   
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The Rayleigh probability distribution with height h that defines parameter γ is given 
by: 

)(hP

         ( ) hehP
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4.3.1.2 LOS Computation Algorithm 

 
Key Assumptions 

 
• Buildings are arranged on a regular grid in the area that is being modeled. 

• The model doesn’t consider the dimensions of a building in predicting the number 

of buildings that would obstruct the LOS ray unlike the model described in the 

PLEXTEK report. 

• Buildings are evenly spaced between the transmitter and receiver. 

 

Given α, β and γ, the LOS probability is calculated as follows: 

 

Since the buildings are arranged on a regular grid, a ray of path length 1 km would pass 

through β  buildings. From the definition of α, for a fraction of land area that is 

covered by buildings, the number of buildings that would pass through a 1 km path would 

be 

 
    βα=b           (4.4) 
 

For a path length , number of buildings would be rxr

 
)( brfloorb rxr ⋅=                    (4.5)  

 
where, the “floor” function is used to ensure that integer number of terms are included in 

Equation 2.2. Now that the buildings are spaced evenly between the transmitter and 

receiver, the individual distances from the transmitter is given by 
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The height at each building at a distance from the transmitter, which would obstruct 

the LOS ray, is found by substituting with in (4.1) and is given by 

id
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The probability that a building is smaller than height h is given by i
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The integral then simplifies to  
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The probability of LOS for a given range is found out by iterating (4.8) over (4.5).  rxr
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Having obtained a result for determining the probability of LOS for a given T-R 

(Transmitter-Receiver) separation, it is possible to produce a coverage area plot. This is 

not being used for this thesis and further information on it can be found in [53]. Our 

interest in using a statistical model for coverage area estimation stops at arriving with a 

list of probabilities of LOS for every T-R pair. These probability values are then 

incorporated into the self-interference estimation model, which is described in Chapter 6. 
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4.3.2 CSELT Model 
 
 
It should be noted that the CRABS model generates LOS probabilities based on building 

density and height distribution. However, it is possible to achieve this with information 

on building density alone [55]. This is suggested by CSELT (Telecom Italia Lab), Italy. 

According to CSELT, it is possible to correlate building height to building density using 

exponential regression. This is better explained using Figure 4.4. 

 
Figure 4.4: Scatter plot of building heights vs. q parameter [55]. 

 

Figure 4.4 shows the scatter plot of building heights obtained from a data set in Rome, 

Italy versus the q parameter and the curve obtained with an exponential regression 

(shown as a solid line). This regression line has to be modified in order to accommodate a 

null value for building height corresponding to zero building density. This is done using 

the equation given below which represents the modified exponential regression curve 

[55]: 
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where aq=1.876, bq=0.248 (for Rome), Ped is the building density and q is related to the 

mean building height by the following relation [55]: 

2
πqmeanvalue =                  (4.11) 

Thus, it is possible to develop visibility estimation using building density alone. For more 

detailed explanation with suitable plots see [55]. 

 

 

4.4 Summary 
 
 
Statistical models listed above have succeeded in reproducing results obtained from 

conventional ray trace simulations. These models can be implemented with ease and take 

very less time to execute on a computer. The CRABS model presents a way to compute 

LOS probability values for a given path length along with other statistical parameters for 

a given site.  

 

Section 4.3.1.1 presents a detailed description of the theory behind the model. The 

chapter also talks about a similar model (CSELT), but varying in certain aspects. The 

next chapter focuses on using the CRABS model to generate α, β and γ parameters for 

realistic GIS data obtained from various cities in the U.S. 
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Chapter 5 
 

 
GIS Modeling 
 
 
5.1 Introduction 
 
 
This chapter focuses on the GIS modeling that was done in order to implement the 

statistical model for predicting coverage area, as discussed in the previous chapter. A 

brief outline if provided on ArcView™ 3.2, a software tool that was used to process GIS 

data. The chapter includes the modeling of a data set from Nashville, TN, as an example 

and results obtained from other data sets from different cities were presented. However, 

detailed information on the modeling activity on each data set has been provided in 

Appendix A.1. Also, to validate the results obtained from the modeling exercise, they are 

compared with [53]. This chapter should be read with reference to the previous chapter, 

as they are inter-linked.  

 

5.2 GIS Data 
 
 
To apply the statistical model for coverage area estimation, it is essential to obtain GIS 

plots for various areas that we wish to model. For this thesis, the following cities in the 

U.S were chosen: Nashville (TN), Charlotte (NC), Columbus (OH), Chandler (AZ), 

Cincinnati (OH), Milwaukee (WI) and Hartford (CT). Various data sets were collected 

for each city and only some of these were used in the modeling activity (See Table 5.1).  
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The rationale behind this was two fold: 

 

• The statistical model described in Chapter 4 is strictly site-specific. The more 

variation in the data sets we have (i.e. change in α, β, and γ parameters), the better 

will be our understanding of how well the results could be interpreted. 

 

• Some of the data sets that were obtained initially were not sufficient for the model 

to work properly. For example, one of the data sets obtained for Charlotte, NC 

had only 11 buildings in a 1.25 km2 plot, with the tallest and shortest buildings 

measuring 9m and 1m respectively. This data set produced erroneous results, 

which will be illustrated later in the chapter. 

 

Each data set that was obtained was a 2D rendering of aerial photography conducted in 

the area. The GIS data was chosen not only to provide spatial arrangement of different 

buildings but also list building and terrain heights as well. According to ray trace 

simulations done by [53], coverage increases by 1-2 % for each meter of base station 

mast height increase and 3 to 4 % for each meter of CPE mast height increase. This 

would mean that minor variations in terrain height could alter coverage area predictions 

substantially. Thus, combining the statistical properties of the model with a database of 

terrain variation would help in refining our results. The following section describes in 

detail, the GIS modeling work done in order to process the raw data in each of the plots 

to generate several parameters that are required to build the statistical model (see Section 

4.3.1.1) for estimating the coverage area.  

 

 

5.2.1 Processing of Raw GIS data 
 
GIS plots were obtained as “shape” files. These files could be read using ArcExplorer™ 

2.0.800. ArcExplorer™ is made by ESRI (Environmental Systems Research Institute), 

the makers of ARC/INFO, the leading geographic information system (GIS) software. 

However, ArcExplorer™ helps only in viewing GIS data but doesn’t allow us to process 
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information within the shape files. ArcView™ 3.2 is another software tool by ESRI that 

helps us tweak GIS data to suit our requirements. The following section gives a brief 

outline about the tool itself and includes several screen shots that give an idea as to how 

GIS data for all the data sets were processed. 

 

5.2.1.1 ArcView 3.2™ 

ArcView™ 3.2 is a powerful, easy-to-use GIS tool that gives us the power to visualize, 

explore, query and analyze data spatially. Two specific features within the tool were used 

for processing GIS data: 

 

Views 

With ArcView™, geographic data is represented through interactive maps called views.  

 

Tables 

Data obtained from GIS plots e.g. building and terrain heights can be viewed in a tabular 

form. Click on features on a view, and their records highlight in the table showing you 

their attributes.  Select records in the table and the features they represent highlight on the 

view. ArcView™ tables also have a full range of features for obtaining summary 

statistics, sorting and querying. These tables can also be loaded and viewed using other 

database applications for e.g. as a Microsoft Excel™ worksheet. 

 

 

5.3 Modeling Example 
 
 
Each data set was composed of two different ‘.shp’ (shape) files. One representing the 

foot-print of various buildings in the area and the other representing the top-print. Each 

file yielded height information. For e.g. the foot-prints included the elevation of the 

building with respect to mean sea level and the top-prints gave the height of the roof of 

the building above mean sea level. Both these files were then loaded as tables and the 

building height could be deduced by subtracting the top-prints from the foot-prints. 
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Figures 5.1 and 5.2 show GIS plots of a Nashville (TN) in the form of foot-prints and 

top-prints respectively. Each of these plots cover an area of 17.89 km2. 

 

 

 
 

Figure 5.1: Nashville GIS plot (foot-prints). 
 
 

Comparing Figures 5.1 and 5.2, it can be noticed that not all buildings have both foot-

prints and top-prints. This is because the data collected was insufficient. We therefore 

ignore those buildings for our calculations. Some of the data sets had very few top-prints 

although they had considerable amount of foot-prints. These data sets were discarded. 
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Figure 5.2: Nashville GIS plot (top-prints). 

 

Figure 5.3 shows a screen shot of what the GIS tool looks like. The screen has three 

prominent windows. The bottom-left window helps in viewing the GIS files. Note that 

both the files (foot-prints and top-prints) are superimposed on each other (shown in 

violet). The window on the right is the output screen when the GIS data is processed to 

generate building heights with the built-up area for each of the buildings. 
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Figure 5.3: Screen shot of GIS data processing using ArcView™ 3.2. 

 

In order to use the GIS data for the statistical coverage area estimation model, the three 

parameters viz. α, β and γ need to be found. For example, according to the GIS data for 

Nashville, TN,  

 

No. of buildings = 460 

Area of the plot = 17.89 km2 

Total built-up area of all buildings = 1.258 km2 

 

From section 4.3.1.1, 

α = 2

2

89.17
258.

km
km1  = 0.07 

β = 289.17
460

km
buildings  = 25.712 (Buildings/km2) 
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To calculate γ, a roof height histogram was generated using the table of building heights 

that was obtained using the GIS data. Figure 5.4 illustrates the distribution of height points for 

the Nashville data set. The heights were collected into bins of 1m and the best-fit Rayleigh 

distribution obtained was also shown. The Rayleigh fit is made to the cumulative distribution. 

The Rayleigh probability distribution  

( ) hehP

h

2

2 2

2

γ

γ
−

=         (5.1) 

 

 
 

Figure 5.4: Roof height distribution for the Nashville, TN data set. 
 
 

For the Nashville data set, the model parameters averaged over the region were:  
 

α = 0.071, β = 25.7127, γ = 2.2 (from Figure 5.4) 
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5.3.1 Comparison with CRABS 
 
Figure 5.5 illustrates the results that the CRABS model had obtained for the Malvern, UK 

data set. The figure shows the distribution of height points for all rooftops in the Malvern 

dataset. Heights were collected into bins of 0.25 m and the best fir Rayleigh distribution 

was obtained. These results were compared with those obtained using conventional ray-

tracing simulations and were found to be acceptable. Taking this as a standard, it was 

decided to compare with it, the results obtained in our model. 

 

 
Figure 5.5: Roof height distribution for the Malvern, UK data set [53]. 

 
 

The parameters obtained for this data set were: 
 

α = 0.11, β = 750, γ = 7.63 
 
 

From Figure 5.4 and 5.5, the Rayleigh distribution is found to be a good approximation to 

the building height distribution generated from the GIS data. According to [55], a data set 

from Rome, Italy, also suggested a Rayleigh approximation for the building height 

distribution. Having verified our results, we now go ahead and model other data sets that 
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we have obtained. Rayleigh fits and GIS plots for each desirable data set are included in 

the Appendix A.1. Tables 5.2 and 5.3 summarize the results obtained for each data set. 

 

5.3.2 Roof Height Distribution Statistics 
 

Table 5.1: Building/Roof Height Distribution Statistics – I  

 

Building Heights 
Highest Lowest Average 

Data Set No. of 
Buildings 

Area 
of Plot

Tot. Area 
of 
Buildings 
(km2) (m) (m) (m) 

Nashville 460 17.89 1.258 119 1 7.98 
       
Charlotte       
#4 144 1.44 0.132 138 1 24.28 
       
Cincinnati       
#1 184 1.35 0.113 82 1 14.65 
#2 89 1.23 0.022 20 1 4.84 
#3 57 1.04 0.024 35 2 6.57 
#4 56 1.15 0.029 21 1 5.16 
       
Columbus       
#1 102 1.17 0.067 47 1 11.36 
#2 77 1.07 0.010 13 1 4.59 
#4 129 1.22 0.094 158 1 21.68 
       
Hartford       
#3 31 1.2 0.075 12 1 4.58 
       
Milwaukee       
#1 100 1.2 0.105 18 1 4.41 
#2 68 1.14 0.036 35 1 6.63 
#4 71 1.02 0.057 110 1 7.87 

 
 
Table 5.2 shows only those data sets that provided with acceptable information. The 

reason why certain data sets were discarded has been discussed in Section 5.2. The table 

also lists building height information that would help us choose approximate site-specific 

transmitter and receiver heights, which are compiled in Table 5.3. Typically a 2m 
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increment was added to the roof height to obtain transmitter and receiver heights for each 

building. Probably smaller installations like doghouses were also included in the data sets 

and this would explain the 1m lowest building height values! 

 

Table 5.2: Building/Roof Height Distribution Statistics – II 

 Data Set α β 
(Bldg. 
/km2) 

γ Transmitter 
Height 
(Approx.) 
(m) 

Receiver 
Height 
(Approx.) 
(m) 
 

Nashville 0.0703 25.712 2.2 121 10 
      
Charlotte      
#4 0.0922 100 7.226 140 26.3 
      
Cincinnati      
#1 0.0839 136.296 6.1 84 16.7 
#2 0.0182 72.357 3.033 22 6.9 
#3 0.0233 54.807 3.054 37 8.6 
#4 0.0257 48.695 3.24 23 6.1 
      
Columbus      
#1 0.0577 87.179 4.387 49 13.5 
#2 0.0100 71.962 2.993 6.6 
#4 0.0772 105.737 6.161 160 23.7 
      
Hartford      
#3 0.0633 25.833 3.128 14 6.6 
      
Milwaukee      
#1 0.0876 83.333 3.545 20 6.6 
#2 0.0321 59.649 3.505 37 8.6 
#4 0.0560 69.607 2.701 112 10 

15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3 consolidates the model parameters averaged over each region for all cities. 

These parameters will be used in generating an interference-limited coverage area 

estimation model for PMP systems. This will be described in Chapter 6. Even though 

most of the data sets generated comfortable Rayleigh fits for the building height 

distribution, it however cannot be generalized.  
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5.4 Summary 
 
 
Visibility estimation (realistic coverage area) for an urban radio-link system is highly 

dependent on urban environment features such as building density, terrain variation and 

foliage density. Even with the development of NLOS systems for PMP applications, it is 

in the interest of the service provider to model the realistic serviceable area accounting 

for environmental features listed above. 

 

GIS tools help in generating a realistic two or three-dimensional image of the area that 

one wishes to model by including environmental features that might be of interest to a 

wireless system designer. Often, it is not possible to physically reach a site and calculate 

parameters relating to visibility estimation. In such cases, it helps to work with readily 

available GIS plots (with varying levels of information) and to use ray-tracing software 

that was discussed in Section 4.2. 

 

With statistical models for generating coverage area estimates gaining popularity, it 

would be helpful to see how they perform when realistic GIS data is applied to them. 

This chapter shows how these two entities are related. The chapter, along with theory 

from Chapter 4, has provided a realistic example of visibility estimation calculation for 

Nashville TN. The results obtained were verified with that obtained from standard 

documents like [53].  
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Chapter 6 
 
 

Self-Interference Estimation Model (SIEM) 
 
 
6.1 Introduction 
 
 
Interference is an important limiting factor in the performance of PMP systems. 

Interference levels are greater in urban areas where the RF noise floor is greater due to 

the presence of many base stations and subscribers [17]. Interference can thus be a direct 

consequence of increasing capacity on the network. Not much can be done to curb such 

interference, but simulation models can be developed that allow us to predict its extent 

and plan the deployment of the system accordingly. This chapter focuses on building 

such models. 
 

6.2 Interference Within FBWA systems 
 
 
This section describes interference that can be expected within FBWA systems. 
 

6.2.1 Types of Interference  
 
There are two main types of interference that must be considered while planning a 

wireless network: 

1) co-channel interference, and 

2) adjacent channel interference. 
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6.2.1.1 Co-channel Interference 

PMP systems based on cellular architecture rely on frequency reuse to increase capacity. 

Hence, in a given coverage area, there are many cells (co-channel cells) that use the same 

frequency but are spaced apart. Interference between signals from these cells is termed 

co-channel interference. Simply increasing the transmitted power will not help mitigate 

the effects of co-channel interference. Instead, careful separation of co-channel cells 

should be ensured to allow isolation due to propagation. 

 

 
Figure 6.1: Co-channel interference between a subscriber station and other co-channel 

cells [17]. 
 
 

Co-channel interference is a function of the radius of the cell (R), and the distance to the 

center of the nearest co-channel cell (D) (see Figure 6.1).  

If the number of co-channel interfering cells is i0, the signal to interference ratio (S/I) can 

be represented as [17]: 
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where, S is the signal power from the home base station and Ii is the interference power 

from the ith co-channel interfering base station. This is assuming that the interferers are 

statistically independent and their powers linearly added. This ratio must be maintained 

so as to demodulate the signal with acceptable fidelity in the presence of co-channel 

interferers. The interference modeling activity done within this thesis deals with co-

channel interference alone. 

 

6.2.1.2 Adjacent Channel Interference 

Adjacent channel interference occurs due to the signals that are adjacent in frequency to 

the desired signal. This is largely due to imperfect filtering mechanisms. By using good 

filtering techniques along with maintaining a large enough frequency separation between 

each channel in a cell, this type of interference can be reduced. The ability of a receiver 

to receive the desired signal despite the interference is defined as adjacent channel 

discrimination of the receiver. However, this type of interference is beyond the scope of 

this thesis. 

 

 
6.2.2 Interpretation of Interference 
 
For any given interference scenario, the linear sum of all interfering powers from 

prospective co-channel interferers can be found. The resulting interference power can be 

treated as AWGN and added to the thermal noise floor of the receiver. This is justified as 

follows [56]. 

• The sum of ‘n’ independent random variables is a Gaussian especially since each 

variable (thermal noise) is Gaussian. 

• FBWA signals (usually highly filtered QAM signals) are Gaussian-like. 

• A Gaussian assumption of summing interference powers linearly is conservative. 
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• Computation using Gaussian variables is relatively simple. 

 

Thus, the interference model (see Section 6.3) will treat total additive interference power 

as equivalent to AWGN. 

 

6.2.3 Sources of Interference 
 
This section illustrates the possible sources/paths of interference that an FBWA system 

may encounter. Interference is analyzed taking into consideration the interference at the 

CPE alone [56].  

 

6.2.3.1 Interference at the CPE 

Figure 6.2 shows the possible sources of interference at the CPE, which has a highly 

directional antenna.  

 

 
Figure 6.2: Sources of interference at the CPE. 

 
The CPE and its home base station are shown in green. Interfering base stations and 

CPEs are shown in red and black respectively.  

Case A illustrates the interference picked up by the side lobe or back lobe of the CPE 

from a different base station. This situation is common as base stations radiate over large 

areas and no matter how the CPE is oriented, it is capable of picking up interfering 

signals (through a LOS path) from the base station. Case B shows CPE-base station 

interference. Case C represents CPE-CPE interference. Careful regulation in power can 

  - 81 -



help mitigate this problem. Case D is similar to Case A in that the interference is picked 

up from a neighboring CPE.  

 

Out of the above-mentioned possibilities, only Cases A and B will be considered in this 

thesis. A typical scenario that will be modeled is shown in Figure 6.3. 

 

 
Figure 6.3: An example of a base station-CPE interference scenario. 

 
 

The CPE talks to its home base station (shown in green) using a directional antenna. This 

either happens through a LOS or a NLOS (assuming sufficient building clutter) path.  A 

situation wherein, the CPE has a NLOS path to its home base station, but has a LOS path 

to an interfering base station is of interest to us. Section 8.4 will give the reader an idea as 

to how often this occurs (based on simulation results).  

 
 

6.3 Self-Interference Estimation Model 
 
 
6.3.1 Introduction 
 
This section, and the rest of this chapter deal with the self-interference estimation model 

(SIEM) in detail. Having chosen the interference scenarios that we wish to model, we go 
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ahead and build a framework for the SIEM, which will help us in estimating levels of 

acceptable interference within a suitable NLOS PMP system (see Section 6.3.3) that will 

be modeled. A couple of techniques are used to estimate the self-interference: 

 

• Worst-case analysis (Flat-earth model) 

• Interference area method using monte-carlo simulations (adding suitable roof-

height distribution) 

 

Results for each of the above is described. However, the most appropriate method is the 

interference area method using monte-carlo simulations with inclusion of roof-height 

distribution statistics. This is obvious in that it gives a realistic idea of interference levels 

for a site-specific system. To start with, a worst-case analysis is done to estimate the 

complexity of the model and also for it to serve as a threshold to compare against it, the 

results obtained through monte-carlo simulations. 

 

6.3.1.1 Worst-case Analysis 

This method treats the model to represent a flat-earth system devoid of any buildings. 

This eliminates the need of NLOS computations. Since it is assumed that all paths are 

LOS-based, interference calculations would represent a worst-case scenario. These 

calculations will be based on realistic values for system parameters and ignoring 

additional radio path terrain losses. 

 

6.3.1.2 Interference Area Method 

Assessing interference area using the worst-case method is of limited use. Planning on 

the basis of the worst-case model would be highly unrealistic. In a given coverage area, 

certain spots would receive more interference than others. The interference area could be 

interpreted as being proportional to the coverage area wherein interference is above a 

chosen threshold. This usually depends on the minimum C/I required for a given 

modulation scheme so that the signal could be demodulated with specified fidelity.  
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The interference area can be found by running a monte-carlo simulation wherein, a large 

number of CPEs are randomly positioned. Monte-carlo simulations provide a means of 

assessing the probability of occurrence of a range of interference levels at CPE locations, 

which are victims of interference [57]. For each point where the interference level is 

greater than the chosen threshold, a mark can be made on the diagram and after sufficient 

number of trials a contour plot can be arrived at suggesting areas of high/low interference 

with their numerical values. More details will be presented as we progress through the 

rest of the chapter. 

 

 

6.3.2 SIEM Deliverables 
 
The core results of the interference-estimation model are the following four graphs 

representing a single sector, wherein, 

 

CLos = Carrier power at the CPE, given free space path loss (inverse square law). 

CReq = Required carrier power necessary to close the link with the desired fidelity 

in the presence of interferers. 

 CMin = Specified minimum receiver sensitivity for given BER. 

 

The graphs described below will be plotted with respect to the effect of interference plus 

noise. 

 

1. Link Margin without Interference (M = CLos – CMin) – This graph would be a 

specification derived link margin that represents the difference between the actual 

LOS carrier power and the minimum carrier power specified by the manufacturer.  

In essence, this link margin is the amount of shadowing loss that a location can 

undergo and still have the specified performance.  The link margin at the edge of 

the cell (MMin) will be used to form the graph described in d). 
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2. Link Margin with Interference (MI = CLos – CReq) – This graph would be similar to 

a), but would include interference from nearby base stations.  Any areas of the 

graph with values less than zero would be unserviceable at the specified 

performance level. 

 

3. Link Degradation due to Interference (M – MI = CReq – CMin) – This graph is the 

difference between a) and b) and shows the impact of interference over regions of 

the sector. 

 

4. Revised link margin with Interference  (MI – MMin) - This graph shows the link 

margin with interference taking into account the assumed minimum required link 

margin at the edge of the cell. 

 

This could be achieved by the following tasks. 

 

1. Finding NLOS PMP systems that are in the market and using their data sheets to 

obtain radio specifications to be included in the model. 

 

2. Determining the impact of location and the number of Interferers. 

 

3. From the data sheets we would know:  Noise power (N), Modulation Type, Cell 

Radius, Transmit Power, Antenna Gains etc. We then calculate Required Carrier 

Power (CReq), LOS carrier power (CLos) and Sum of Interference Power (I). CReq 

would be found by noting the specified BER and calculated noise and interference 

power. 

 

4. Take into account antenna patterns. 

 

5. Applying building height distribution statistics (discussed in Chapters 4 and 5) to 

the model. 
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6.3.3 NLOS PMP Systems – A Survey 
 
Since the focus of this thesis is on NLOS PMP Systems, it was essential to start with 

surveying what the present-day industry had to offer. Radio specifications were obtained 

for OFDM-based systems operating in the 2.4/3.5 GHz bands. Seven major companies 

Wi-LAN, Inc., BeamReach Networks, Cisco Systems, Alvarion, Inc., Nextnet Wireless, 

Netro Corp. and PipingHot Networks were chosen for the survey. The purpose of 

carrying out the survey was two fold. 

 

• To get familiar with the current trends in NLOS PMP systems based on OFDM 

technology. 

• To choose an appropriate system, whose radio specifications would be used in the 

interference-estimation model, which is described in Section 6.4. 

 

After looking at all the products that were surveyed, it was decided to model our system 

based on the radio specifications of Wi-LAN’s BWS 3000 series (broadband fixed 

wireless access systems for point-to-multipoint, powered by patented W-OFDM NLOS 

technology). The product has the following features that are of interest [43]. 

 

• High throughput (16 Mbps) within a channel size of 7 MHz allows efficient 

frequency reuse. 

• Patented W-OFDM technology (also see Section 3.4.2.1). 

• Upto 15 km cell radius is achievable. This allows more customers per cell site. 

• Broadband capacity of 96 Mbps per cell using only 21 MHz of the spectrum. This 

would mean that the base station system supports 2 Mbps to 48 customers per 

base station in 2x21 MHz channels in a 15 km cell radius. Thus, the real-world 

achievable throughput in Mbits/MHz/km2 based on cellular deployment would be 

equal to 0.004 Mbits/MHz/ km2. This however, is assuming that a single base 

station covers the whole cell.  

 

Table 6.1 shows the radio specifications of the BWS 3000 [43]: 
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Table 6.1: Radio Specifications of the Wi-LAN BWS 3000 

Product Name BWS 3000 (Access Point) BWS 3000 (CPE) 

RF Technology W-OFDM W-OFDM 

Modulation Scheme 16 QAM 16 QAM 

Frequency Range 

(Tx./Rx.)(GHz) 

3.5/3.4 – 3.56/3.46 

3.54/3.44 – 3.6/3.5 

3.4/3.5 – 3.46/3.56 

3.44/3.54 – 3.5/3.6 

Channel Bandwidth 

(MHz) 

10 10 

Transmitted Power 

(Avg.) (dBm) 

22 20 

Received Power (Avg.) 

(dBm) (BER 1E-06) 

-79 -77 

Duplexing Scheme FDD FDD 

Wireless Data Rate 

(Raw/Effective) (Mbps) 

32/22 @ 14 MHz 

16/11 @ 7 MHz 

32/22 @ 14 MHz 

16/11 @ 7 MHz 

Antenna Gain (dBi) 17 17 

Range (km) 15 15 

 

 

 
6.3.4 SIEM Backbone 
 
This model is built to suit a network of 16 hypothetical base stations equally spaced on a 

4x4 grid (see Figure 6.4). Each of the base stations has four 90° sectors with two 

frequency channels available for use represented by the two colors.  
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Base Station
Victim CPE 

Figure 6.4: System deployment scenario. 
 
 
The model analyzes the effect of co-channel interference from all 15 base stations to a 

victim CPE (on which the effect of interfering base stations is being studied) located in 

the bottom-left corner of the figure. In this case, the CPE antenna points toward its home 

base station but also sees 15 other base stations that contribute to a fair amount of 

interference.  

 

6.3.4.1 Backbone Design 

In order to generate a 4x4 grid of 16 equally spaced base stations (4x4 matrix) the 

following logic is used and implemented within the Matlab code. Each base station is 

positioned within the matrix as a point with specific coordinates. The whole 4x4 matrix is 

superimposed over a Cartesian coordinate system. For this, the spatial arrangement of the 
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base stations is done using two different matrices (a and b), to store values of x and y 

coordinates. These are shown below: 
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where, r represents the radius of the cell and (x, y) is the CPE coordinates. Now, if S were 

the matrix that represents the base stations spatially, it would have the following 

coordinates for each base station within the matrix: 
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Now, values within [S] can be re-written in terms of [a] and [b]. For e.g.  
 

S(0,0) =  S(a(4,1),b(4,1)) 

S(1,1) =  S(a(3,2),b(3,2)) 

S(2,2) =  S(a(2,3),b(2,3)) 

S(3,3) =  S(a(1,4),b(1,4))                        (6.4) 

 

and so on. 

 

The distance matrix D, which stores the values of distance of each base station with 

respect to the CPE coordinates, can then be computed using Equations (6.2) through 

(6.4). The elements of D, using Pythagorean Theorem would be: 
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This distance matrix will be used to compute the path loss between the LOS link between 

each interfering base station and the CPE. Also, the path length between each base station 

and the CPE will be used within the roof-height distribution model to calculate the 

probability of LOS/NLOS. 
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6.3.5 Antenna Patterns 
 
The key to understanding the extent of co-channel interference in PMP systems is 

performance of the CPE and base station antennas. Individual antenna patterns will 

determine the amount of interference. The backlobe and sidelobe performance of the 

antenna contributes a lot to the interference magnitude. In a spectrum-limited 

environment, frequency re-use is inevitable. To obtain an optimal frequency plan (e.g. a 

2-frequency re-use as shown in Figure 6.5), antenna patterns of the CPE and the base 

station should be known.  

 

 
Figure 6.5: System deployment scenario with antenna radiation patterns 

 
From Figure 6.5, it can be seen that antenna patterns change in orientation with respect to 

the CPE in every other row that they are placed. Also, the slope of the LOS path from 

each interfering base station to the CPE changes.   

 

Figure 6.6 illustrates the normalized gain values for a simulated sector antenna radiation 

pattern of the base station. The polar plot of the same is shown in Figure 3.6. This is a 

typical horn antenna. PMP antennas come in a variety of beamwidths. This base station 

antenna uses a 90º beamwidth corresponding to four sectors. The nominal gain for a 90º 
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antenna is around 16 dBi.  The radiation pattern for the CPE antenna is shown in Figure 

6.7 

 
Figure 6.6: Sector antenna radiation pattern for a base station [32] 

 

[  
Figure 6.7: CPE antenna radiation pattern [32]  
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6.3.6 Antenna Pattern Orientation 
 
It is the gain of each base station antenna that is of interest to us. As mentioned above, 

since each base station has a unique LOS path to the CPE, it would have a unique gain 

(transmit and receive) value as well. To calculate the precise gain of each interfering base 

station, it is essential to compute the various orientations of the base stations with respect 

to the CPE. This has to be incorporated into the simulation code, and hence, has to be a 

result that could be applicable for any random CPE point, having only the CPE 

coordinates as the variable. 

 

Figure 6.8 shows the various orientation angles of each base station antenna pattern with 

respect to randomly varying CPE coordinates, which need to be considered for estimating 

an exact value for transmitted antenna gains for each of the base station antennas. It is 

also necessary to compute the received gain at the CPE from all interfering base stations. 

Figure 6.8 shows a zoomed-in version of the four base stations in the bottom-left corner 

of Figure 6.5.  

 

6.3.6.1 Antenna Orientation – I 

The figure shows antenna patterns for the CPE as well as the base station that is being 

examined. The co-channel frequency is shown in chrome yellow. Hence, base stations 

operating in the sectors (colored yellow) are not being considered (see Section 6.2.3.1). 

The darker and lighter shades of the antenna pattern for the base station represents the 

two separate antennas operating in diametrically opposite sectors. The lighter shade of 

gray represents the front lobe of the CPE antenna (see legend within Figure 6.8). The 

dotted line represents the bore sight direction for the antennas, and the line segment 

joining the interfering base station and the CPE, is shown in dots and dashes. The angle 

between the horizontal and the bore sight direction is 45º. 

 

The aim is to find suitable expressions for various angles that are taken into consideration 

for each base station-CPE location pair. The definition of each angle is given as follows: 
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Figure 6.8: Schematic representing orientation angles for each base station antenna 
pattern in the 2nd and 4th row of the 4x4 grid (Figure 6.5) with respect to the CPE. 
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α = the slope of the line segment joining the CPE-location and its home base station. 

 

β = the angle between the bore sight direction for antenna 1 (dark gray) of the interfering 

base station, and the horizontal. 

 

θ = the angle between the horizontal and the line segment joining the interfering base 

station, and the CPE-location. 

 

∆ = the angle between the bore sight direction of antenna 2 (light gray) of the interfering 

base station, and, the line segment joining the interfering base station antenna and the 

CPE (shown in dots and dashes). 

 

γ = the angle between the line segment joining the CPE and the interfering base station, 

and, the bore sight direction of the CPE antenna. 

 

The expressions for each of the angles with respect to Figure 6.8 are computed as 

follows. 

 

Assume, 

 
(x0,y0) = coordinates of the home base station 

(x1,y1) = CPE coordinates 

(x2,y2) = coordinates of the interfering base station 
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oo 135180 −=−=∆ θβ            (6.9) 

 
αθγ −=                     (6.10) 

 

6.3.6.2 Antenna Orientation – II 

Figure 6.9 shows the zoomed-in version of the six base stations in the bottom-left corner 

of Figure 6.5. It can be noticed that the antennas are now shifted by 90º with respect to 

those in Figure 6.8. This change in arrangement is due to the 2-frequency reuse plan.  

 

The expressions for orientation angles change and are computed as follows: 

 

θ, α, and γ are found to be same as Equations (6.6), (6.7) and (6.10) respectively. 

 
o135+= θβ        (6.11) 

 
oo 4590 −=−=∆ θβ             (6.12) 

 

6.3.6.3 Significance of α, β, γ, θ, and ∆ 

The main objective in determining the angles (Equations (6.6) through (6.12)) is to 

calculate precise gain values for each antenna pattern for change in orientation of the 

interfering base station and the CPE. β and ∆ would generate transmit gain values (from 

Figure 6.6) for base station antennas 1 and 2. γ would generate receive gain values for the 

CPE (from Figure 6.7). θ and α are used to compute the above-mentioned angles. 

 

The formulation of Equations (6.6) through (6.12) is such that it could be applied to any 

CPE coordinate. This is because for a monte-carlo simulation, thousands of random CPE 

coordinates are generated and it would be necessary to generate an expression for these 

angles that would need the CPE coordinate as the only variable. This will be revisited in 

Section 6.3.7. 
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Figure 6.9: Schematic representing orientation angles for each base station antenna 
pattern in the 1st and 3rd row of the 4x4 grid (Figure 6.5) with respect to the CPE. 
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6.3.7 Flat-earth Model 
 
As mentioned earlier, the SIEM will be broken down into two phases. First, the SIEM 

will be applied to a flat-earth system. This would mean excluding terrain/building height 

variations within the model. Also, each radio path would be LOS only. Antenna radiation 

patterns will be included and transmit and receive gains will be calculated based on 

Figures 6.8 and 6.9. Section 6.3.9 discusses the effect of earth’s curvature on the model. 

 

6.3.7.1  Algorithm 

The algorithm to compute the total interference power from all the interfering base 

stations and generating necessary graphs (see Section 6.3.2), is described below. 

 
Step 1:For a given CPE coordinate use Equations (6.6) through (6.12) to find gain values 

transmit and receive gains. 

 

Step 2:Using the distance matrix (Equation (6.5)); compute path loss (Equations 2.2, and 

2.2) for each T-R (base station-CPE) separation. 

 

Step 3:Calculate interference power for each T-R separation using the following 

expression: 

          (6.13)  ( ) ∑
=

=
15

1
10log10

i
iI PdBP

 

where, PI(dB) is the total interference power summed from all 15 base stations 

linearly. 
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where, Pi is the interference power from each base station, Gβ is the transmit gain of base 

station antenna (1) (see Figure 6.8), G∆ is the transmit gain of base station antenna (2) 

(see Figure 6.8), Pt is the transmit power of the base station antenna (in our case, from 

Table 6.1 it is 22 dBm), PL is the free-space path loss, and Gγ is the receive gain at the 

CPE.  

 

The gain values are represented using subscripts to indicate the angles within Figures 6.8 

and 6.9 which are responsible for their calculation. Since interference is seen from both 

the base station antennas in the same frequency, their gains are linearly added in Equation 

(6.13). 

 

Step 4: Calculate carrier power given free space path loss at the CPE using the following 

expression: 

( ) αGG
P
PdBC t

L

t
LOS **log10 10 








=        (6.15) 

 

where, CLOS represents the carrier power at the CPE, Gt is the transmit gain, and 

Gα is the receive gain. 

 

Step 5: Link margin without interference (M) = CLOS – CMin (Minimum receiver 

sensitivity) (from Table 6.1).           

(6.16)      

 

Step 6:  Noise =     CLOS 

       C/I Threshold for a given modulation scheme    (6.17) 

     

Step 7: Calculate the required carrier power necessary to close the link with the desired 

fidelity in the presence of interferers using the following expression: 

 

  CReq= (Noise + Total interference power)*C/I     (6.18) 
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Step 8: Link margin with interference (MI) = CLOS – CReq      (6.19)  

 

Step 9: Link degradation = CReq– CMin         

(6.20)  

 

Step 10: Revised Link margin  = MI – MMin          (6.21) 

Where, MMin is the link margin without interference at the edge of the cell. 

 

Step 11: Iterate steps 1 through 10 for each random CPE coordinate. 

 

 

6.3.8 Interference Area Model 
 
Having done simulations using the flat-earth model, we now incorporate the building 

height distribution model, to obtain a realistic model that would be helpful. The 

building/roof height distribution model explained in Chapters 4 and 5 provide us with a 

site-specific probability of LOS value for a given path length. In order to use this within 

the flat-earth model, we need to visualize the model as one that represents a real site.  

 

Steps 1 through 10 of the flat-earth model are to be applied here initially. The change in 

the algorithm is when a distinction has to be made between a LOS and NLOS path in 

order to use the building/roof height distribution model. The algorithm that has to be 

applied is shown in Figure 6.10.  

 

The algorithm is used for T-R separations between the interfering base stations and the 

CPE as well as the T-R separation between the home base station and the CPE. A random 

number generator uniformly distributed between 0 and 1 is used to compare against the 

already computed value for probability of LOS using the building/roof height distribution 

model. Since this makes the system randomly variable, a counter is used to determine the 

instances wherein the CPE has a LOS path to the interfering base stations but has a 
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NLOS path to its own base station. This serves as a method of validating the model. This 

will be explained further when the simulation results are presented. 

 
 

Figure 6.10: Algorithm for flat-earth model with building/roof height distribution model 
showing LOS-NLOS path distinction 

 

 

 

 

  - 101 -



 

6.3.8.1 Treatment for NLOS Paths 

From Figure 6.10, it can be seen that, when the T-R separation is assessed as being 

NLOS, the signal is attenuated by 15 dB. This decision has been taken for the following 

reasons: 

• There exist certain specialized path loss models for fixed wireless applications, 

which work for NLOS scenarios. For e.g. the COST 231 WALFISCH-IKEGAMI 

with the HATA correction factor [21], can be used for both urban and suburban 

NLOS environments. However this model limited by the following parameter 

ranges: 

 

Table 6.2: COST 231 WALFISCH-IKEGAMI Model Parameters 

Parameter Constraints 

Frequency 800-2000 MHz 

Base station transmitter height 4-50m 

Height of mobile receiver 1-3m 

Cell radius 0.02-5km 

 

Hence, this model cannot be used for our case. Certain other models for example, 

the modified stanford university interim (SUI) channel models [21], which has 

now been incorporated into the IEEE 802.16 working committee on broadband 

wireless standards (which is public now), might be tweaked to be applicable for 

our case, but would mean introducing undesired complexity into our model. Other 

models that are listed in the ITU-R P-Series recommendations available at [58] 

and [59] can be found to be suitable as well. These models are not discussed as it 

was decided on using an approximation to treat a NLOS path differently from that 

of a LOS path. 

 

• The 15dB margin for NLOS as suggested above comes from generally accepted 

rule of thumb based mostly on experience at PCS frequencies (1.8-2GHz). For 
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any NLOS signal, then the path is created from signal scatter by the  

clutter in the environment. 15dB is not unusual for outdoor antennas in this 

domain at these of frequencies [62].  A 20-30dB margin is usually expected if the 

signal needs to penetrate into unshielded buildings/through car windows. Thus, 

we go ahead and apply the 15 dB approximation for NLOS paths. 

 

6.3.9 Effects of Earth’s Curvature 
 

Section 6.3.7 discussed the flat-earth model. For a cell radius of 5 km, the longest path 

length between the victim CPE and any interfering base station present in the 4x4 grid 

would be 42.42 km. According to [63], for radio paths longer than 20-30 km, the 

influence of the curvature of the earth’s surface must be taken into account. However, the 

model is incomplete without the inclusion of the building/roof height distribution 

statistics. According to initial simulations done using the CRABS model [53] as 

described in Chapter 4, it was found that the probability of LOS was zero for a path 

length of 11.79 km or more. This is because of the building clutter present in the area that 

was modeled. This is illustrated in Figure 6.11. 
 

 
Figure 6.11: Probability of LOS versus path length. 
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This suggests that all paths greater than 11.79 km are NLOS paths, which would also be 

the result if the effects of the earth’s curvature were to be taken into account. To justify 

this, the effect of the earth’s curvature was estimated for different path lengths. Figure 

6.12 illustrates the geometry of reflection from the curved surface of the earth. 

 

 
Figure 6.12: Geometry to estimate the effect of earth’s curved surface [63]. 

 

From Figure 6.12 and [63], the real heights of two antennas, transmitting, hT, and 

receiving, hR, must be turned into “image” heights h´T and h´R respectively, taking into 

account the radius of the earth, Re (6370 km). If so, now h´T and h´R are the heights of 

two antennas placed on the flat earth’s surface, but hT and hR are those for the curved 

earth’s surface. From simple geometric constructions, 
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This is because . From the real antenna heights, the “image” values can 

be obtained as follows. 
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The radio path for the direct wave from the transmitter (T) to receiver (R) denoted as R1in 

Figure 6.12 is given by 

       
( ) 2

1

2

2

1 1 






 ′−′
+=

d
hhdR RT          (6.24) 

   

Substituting values in Equations 6.22 through 6.24, it was found that, for a path length of 

42.42 km, the receiver antenna is below the horizon, suggesting that the path is NLOS. 

Another issue is the bulge due to the earth’s curvature (see Figure 6.12). The extent of 

bulge is given by [64] 

 

6370*8
)(2

k
kmdh =        (6.25)  

where, k=4/3, which is the correction factor to account for atmospheric refraction. 

 

For a path length of 11.79 km, the bulge is 2 m, which is clearly negligible. Using 

Equations 6.22 through 6.24, it was found that the change in path length due to the 

curvature of the earth is insignificant. For path lengths of 42.42 km and 84.85 km (cell 

radius of 10 km), the bulge is 26.5 m and 106.5 m respectively, which cannot be ignored, 

and the curvature of the earth has to accounted for. However, the inclusion of 

building/roof height distribution statistics in the flat-earth model has shown that paths 

longer than 12 km are NLOS (see Figure 6.11), which would also be the case if the effect 

of earth’s curvature were to be included. Thus, the correction factor to account for the 

effect of the curvature of the earth need not be applied as the effect of interferers beyond 

12 km is negligible, and, could be ignored without change in the final results.  

   

 

6.4 Summary 
 
 
The amount of interference is a function of the path length between the CPE and its home 

base station and between the CPE and interfering base stations. In Figure 6.4 for 
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example, if the interfering base station at the top-right corner of the figure is chosen, 

there is a five-sector separation with respect to the home base station. Hence, the ratio of 

distance separation between the CPE and the home base station, to the interfering base 

station is 1:5. In an environment where the propagation loss falls off as the square of the 

distance, a distance ratio of 5 would mean an attenuation of 14 dB. This might be 

sufficient for a QPSK-based system, but certainly not for a 16/64 QAM-based system 

whose minimum C/I required for proper demodulation is 21 dB and 28 dB, respectively. 

The areas that fail to meet the required C/I threshold are potential areas of interference. 

The SIEM is a means by which this interference (co-channel) can be quantized. Further, 

by adding building/roof height distribution statistics to the raw flat-earth model, the 

model predicts realistic interference levels, which are site-specific. 

The chapter presented an in-depth look into interference within FBWA systems. It 

discussed possible sources of co-channel interference within NLOS PMP systems. A 

survey of such systems in present-day market was also carried out to find desirable 

system parameters for use within Matlab simulations of the model. Sections 6.3.7 and 

6.3.8 describe the algorithms needed to realize the interference model through any 

computer simulation tool. 

 

A justification for the use of 15 dB attenuation on the signal for a NLOS T-R separation 

was presented. This reduces the complexity within the model. The next chapter focuses 

on Matlab simulation of the model that was described in this chapter. 
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Chapter 7 
 
 
Matlab Coding 
 
 
7.1 Introduction 
 
 
Based on the discussion in Chapters 4, 5 and 6, the software implementation of the model 

is straightforward. The software tool that was used to code was Matlab. Matlab is a 

powerful mathematical tool that allows us to model complicated systems with ease. The 

choice for using Matlab was also because of the author’s familiarity with the tool. In this 

chapter, the implementation of SIEM is shown. 

 

7.2 Simulation Parameters 
 
 
This section lists various parameters that were included in the code. It may be noted that 

some of these parameters are variables and some are constants. 

 
7.2.1 Building/Roof Height Distribution Parameters 
 
Table 7.1 shows the parameters, which were discussed within Section 4.3.1.1. These 

parameters are site-specific and the transmitter and receiver heights chosen for the each 

simulation are unique for each set of α, β and γ. According to [8], in the UK, installation 

of 60,000 subscriber stations using 3.5 GHz MMDS spectrum had shown that reliable 

high probability of success could be achieved if subscriber antennas were placed high on 

  - 107 -



the property and base stations of 15 m height were deployed in 5 km intervals. This led to 

the choice of α, β and γ parameters (from various results listed in Table 5.3) that were 

applicable to transmitter and receiver heights of 15 m and 5 m, respectively. The 

parameters listed in Table 7.1 were chosen from the parameters obtained from the 13 data 

sets that were processed using GIS tools. These parameters were selected as best. Other 

data sets yielded inadequate building/roof height statistics and, hence, were discarded. 

The effect of changing building/roof height distribution on the interference levels is 

discussed within Chapter 8. 

 
Table 7.1: Building/Roof Height Distribution Variables 

Parameter Value  Notes 
α 0.01 
β 71.962 
γ 2.993 

 
See Section 4.3.1.1 

Transmitter height (m) 15 
Receiver height (m) 5 

Unique for a given α, β and γ combination 

 
 
 

7.2.2 Radio Parameters 
 
Radio parameters obtained from the product data sheets of Wi-LAN BWS 3000 [43] are 

listed below. 

 

Table 7.2: Radio Parameters (see Table 6.1) 

Parameter Value Notes 
Frequency 3.5 GHz Focus is on MMDS 

(Europe) band. 
Transmit power (base 
station) 

22 dBm This is the average power 
 

CPE antenna gain 17 dBi  
Minimum receiver 
sensitivity (BER = 1E-06) 

-77 dBm  

14 dB QPSK 
21 dB 16 QAM 

 
C/I threshold 

28 dB 64 QAM 
Cell Radius 5/10 km  
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7.3 Code Description 
 

First, we calculate linear values for most of the parameters, as majority of the calculations 

will be done initially in the linear scale and then converted into a logarithmic scale. Then, 

it is necessary to implement the 4x4 grid of base stations in Matlab. This is discussed in 

detail in Section 6.2.4.1. Various orientation angles for each base station-CPE pair are 

then computed. This is done using theory described in Section 6.3.6. After obtaining 

various angles, the next step is to obtain their corresponding gain values.  

 

The antenna patterns for the base station and the CPE are generated using a different set 

of Matlab programs. These programs use antenna theory to generate the desired antenna 

radiation patterns. The gain values for the base station antennas and the CPE are stored in 

matrices ‘H_pattern’ and ‘F_pattern’ respectively. These are loaded into the main 

program using the following code. 

 
Load hpatt; 
Load fpatt; 
 
Where, ‘hpatt’ and ‘fpatt’ represent the files that store the results of the programs that 

were used to generate the antenna patterns. The antenna orientation angles had to be 

converted to values between -179º and +180º. This is because the antenna gain values 

represented only these angles (see Figures 6.6 and 6.7). This conversion was done using 

the following rule: 

 











−≤≤−+
≤≤+−

≤≤
−≤≤−

=
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360181,360
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for
for

for
for

       (7.1) 

 

where φ  is the general angle to be converted. 
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After converting the angles within the limits [-179,180], the gain values are obtained as 

follows: 

 
index1 = find(deg == beta_deg_trunc(1,x)); 
gain_beta_watts(1,x) = 10^((H_pattern(index1)+16.5)/10); 
 
index2 = find(deg == gamma_deg_trunc(1,x)); 
gain_gamma_watts(1,x) = 10^((F_pattern(index2)+17)/10); 
 
index3 = find(deg == delta_deg_trunc(1,x)); 
gain_delta_watts(1,x) = 10^((H_pattern(index3)+16.5)/10); 
 
 

Since the antenna patterns were normalized, suitable gain values were added. Having 

found the various antenna gain values, interference power from each base station was 

calculated using Equations 6.13 and 6.14. The rest of the code was straightforward 

implementation of the theory discussed in Sections 6.3.7 and 6.3.8.  

 

This process was repeated for a randomly generated set of CPE coordinates (22,500) and 

the results were processed. 

 

7.4 Organization of Results 
 
 
Simulations were carried out to organize results in a manner that would help us analyze 

our finds. The results are discussed in Chapter 8 according to the following scenarios: 

 

• Effect of introducing building/roof height distribution statistics in the flat-earth 

model 

• Effect of changing cell radius 

• Effect of changing the modulation scheme 

• Effect of changing building/roof height distribution parameters 

• Effect of changing transmitter/receiver heights 
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7.5 Display of Results 
 
 
The results (see Section 6.3.2) obtained were shown in the form of mesh and contour 

plots. The contour plots were helpful in looking at the results spatially, wherein; levels of 

interference could be marked using different colors. A color bar was included with each 

plot to help the reader obtain values for each color shown on the plot. These will be 

illustrated in Chapter 8 wherein results from various simulation runs will be discussed. 

 

 

7.6 Summary 
 
 
This chapter presented an overview of the Matlab coding procedure that was carried out. 

Although the code was not discussed in its entirety, specific code-segments were 

included to explain relevant modules within the code. The next chapter discusses the 

results that were obtained from the Matlab simulations. Appendix C lists the complete 

Matlab code. 
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Chapter 8 
 
 
Simulation Results 
 
 
8.1 Introduction 
 
 
This chapter provides the results from the Matlab simulations of the interference 

estimation models described in Chapter 6. This chapter illustrates the results using mesh 

and contour plots and then discusses them. To avoid redundancy and to make this chapter 

concise, results obtained from simulations on the flat-earth model without the 

building/roof height distribution are included in Appendix B.  

 
 
8.2 Flat-earth Model  
 
 
This section presents the results obtained for Matlab simulations carried out for the flat-

earth model. The objective of using a flat-earth model (from Sections 6.3.7 and 6.3.9) is 

to obtain a worst-case estimate of self-interference for the system. Flat-earth models are 

simple to implement. They can be generated with spreadsheets alone. These models are 

used by service providers to obtain a rough-cut network plan and a business case analysis 

without invoking much complexity. The simulation parameters are listed in Sections 

7.2.1 and 7.2.2. The only variables in the following simulation runs are: (1) cell radius 

and (2) modulation scheme. Simulation results are given in Appendix B. 
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8.3 Flat-earth Model with Building/Roof Height 
Distribution 

 
 
 
8.3.1 Simulation Run with Cell Radius of 5 km 
 
 
This section describes results for cell radius of 5 km. Figure 8.1 shows a mesh plot of the 

total interference power (see Equations 6.13 and 6.14) generated by all 15 interfering 

base stations (refer to Section 6.3.4) towards a randomly varying CPE location. The plot 

represents the sector in which the victim CPE is placed (see Section 6.3.4). The home 

base station is at the origin and the interfering base stations are not shown in the plot. The 

x-axis represents the x coordinate of the base station grid and y-axis represents the y 

coordinate. Together, the (x,y) pair tells us the placement of the CPE on the sector of 

interest (see Figure 6.4). Distances on the plot represent actual distances in kilometers 

between the CPE location and its home base station. The corresponding contour plot is 

also shown in the same figure. It can be noticed that the cell edges represent areas of 

increased interference.  

 

       

dB
m
 

Figure 8.1: Total interference power received at each CPE location 
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It can be seen that the brown-colored regions are the areas of maximum interference and 

the dark-blue-colored regions are regions of least interference. This is also shown as the 

lobe-like structure in the mesh plot. Thus, from the contour plot, the best possible CPE 

locations would be within the dark-blue-colored region. 

 

       

dB
 

Figure 8.2: Link margin without interference 
 

Figure 8.2 shows the link margin in the absence of interferers (see Equation 6.16). From 

the plot, it can be seen that the margin decreases gradually to about 10 dB as we move 

out further towards the edge of the cell. This, however, deteriorates when interferers are 

added. This is shown in Figures 8.3 through 8.5. 
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Figure 8.3: Link margin with interference (QPSK) 
 

Figure 8.3 shows the link margin with interference for the case where QPSK was used. 

The C/I threshold that was used is given in Table 7.2. The plot shows a positive link 

margin everywhere suggesting no apparent effect from the interference added to the 

system. The edges, however, show the decrease in link margin due to the interference.  
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Figure 8.4: Link margin with interference (16 QAM) 
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Figure 8.4 shows the results obtained when the modulation scheme was changed to 16 

QAM. The required C/I is raised by 7 dB. The plot shows further degradation in link 

margin (about 5 dB worse than QPSK at the edges). However, all areas on the plot show 

a positive link margin. This shows that the signal can still be demodulated with the 

required fidelity in the presence of all interferers. 
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Figure 8.5: Link margin with interference (64 QAM) 
 

Figure 8.5 shows the results for 64 QAM. It can be seen that the link margin gets worse 

by another 5-6 dB compared to 16 QAM. This exemplifies the trend in link degradation 

seen with increasing the order of modulation schemes. Figures 8.6 through 8.8 show the 

link degradation for all three modulation schemes. 
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Figure 8.6: Link degradation (QPSK) 
 

It can be seen that the dark-blue-colored regions represent the areas of least link 

degradation suggesting that the placement of CPEs within this region will be optimal 

with acceptable levels of interference. 
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Figure 8.7: Link degradation (16 QAM) 
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Figure 8.8: Link degradation (64 QAM) 
 

The next set of plots show the link margin due to interference, taking into account the 

assumed minimum required link margin computed the edge of the cell. Again, the 

degradation in the link margin increases with increase in the order of modulation. These 

plots will give the reader a more accurate estimate of link margins with interference. 
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Figure 8.9: Revised link margin with interference, taking into account the assumed 
minimum required link margin at the edge of the cell (QPSK) 
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Figure 8.10: Revised link margin with interference, taking into account the assumed 
minimum required link margin at the edge of the cell (16 QAM) 
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Figure 8.11: Revised link margin with interference, taking into account the assumed 
minimum required link margin at the edge of the cell 

(64 QAM) 
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8.3.2 Simulation Run with Cell Radius of 10 km 
Simulation results for cell radius of 10 km are provided below. Since the cell radius is 

increased to 10 km in this run, we would expect the total interference power from all 15 

base stations to decrease. This is justified in Section 8.5.2. From Figure 8.12, we see that 

the areas of maximum interference are at the top-left and bottom-right edges of the 

contour plot. The best locations for CPE placement would be along the two streaks that 

are dark-blue. 
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Figure 8.12: Total interference power received at each CPE location 

       

dB
 

Figure 8.13: Link margin without interference 
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Figures 8.14 through 8.16 provide the link margins with interference for QPSK, 16-QAM 

and 64-QAM. 
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Figure 8.14: Link margin with interference (QPSK) 
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Figure 8.15: Link margin with interference (16 QAM) 
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Figure 8.16: Link margin with interference (64 QAM) 
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Figure 8.17: Link degradation (QPSK) 
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Figure 8.18: Link degradation (16 QAM) 
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Figure 8.19: Link degradation (64 QAM) 
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Figure 8.20: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell 
(QPSK) 

 
 

       

dB
 

 
Figure 8.21: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell 
(16 QAM) 
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Figure 8.22: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell 
(64 QAM) 

 
 

 

8.4 Verification and Validation 
 

We have seen satisfactory results obtained from the two SIEM models discussed so far. It 

is in our interest to verify the working of the model, especially when the building/roof 

height distribution statistics are added to the flat-earth model. One simple verification 

task is to determine how often a LOS/NLOS path is encountered. Since the model 

generates a good deal of randomness in estimation of LOS/NLOS paths, it is essential to 

examine the plot of LOS versus NLOS results. For this, a counter was added to count the 

number of LOS/NLOS paths (see Section 6.3.8). The results of the exercise are illustrated 

below. It should be noted that these results show the number of LOS/NLOS occurrences 

over a whole simulation run, i.e. for 22,500 random CPE locations. 
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Figure 8.23: NLOS versus LOS occurrences (CPE to home base station) 

 

Figure 8.23 shows the results obtained when the CPE-to-home base station link was 

modeled. It can be seen that the number of NLOS occurrences is zero until about 10 km 

of cell radius. The number of NLOS occurrences then starts to rise as the cell radius 

increases. This is because, the number of obstacles/buildings within the system increases 

with increase in cell radius. Moreover, this has a lot to do with the region for which the 

system was modeled. Perhaps this would account for the curve starting to rise for a cell 

radius of 10 km.  

 

The number of LOS occurrences increases gradually. This is because more CPE locations 

are added randomly with the increase in cell radius. However, at around 15 km, which is 

the maximum range specified by the manufacturer (see Table 6.1), the number of NLOS 

occurrences rises above the LOS curve. 
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Figure 8.24 shows the results obtained for the CPE-interfering-base-stations links. 
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Figure 8.24: NLOS vs. LOS occurrences (CPE to other base stations) 

 

From Figure 8.24, it can be seen that as the cell radius increases, the number of NLOS 

occurrences increases. Even when the cell radius was at its lowest, it would have had a 

NLOS path to most of the base stations due to the building clutter. This would be the 

same even when the radius is increases, only there would be more CPE locations and, 

thus, more NLOS occurrences. The number of LOS occurrences was a very low value 

throughout the run due to the building/roof height distribution statistic. 

 

A systematic step-by-step walkthrough of the program code along with the examination 

of intermediate results obtained for the computer-generated parameters verifies the results 

obtained. Path loss calculations for the flat-earth model were also done manually to verify 

the accuracy of the code. 
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The validation of the simulation model was done by comparing generated results with 

expected results. In the case of the CRABS model, the generated results were compared 

against those published by [53] (see Section 5.3.1). According to [53], the building/roof 

height distribution statistics for Malvern, U.K. were Rayleigh-distributed. From Section 

5.3 and Appendix A, it can be seen that the implementation results for U.S. cities was 

also Rayleigh-distributed. Further validation was done by comparing the results presented 

in Section 8.3 to the results of other simulation models [14 and 62], that were not exact, 

but were based on the same fundamentals.  

 

We now discuss the results in detail. Please note that the results obtained from the flat-

earth model are presented in Appendix B. However, relevant results are used for the 

discussion provided in the next section. 

 

 

8.5 Discussion of Results 
 

The results obtained from Matlab simulations will now be discussed according to the 

following scenarios described in Section 7.4. 

 

8.5.1 Effect of Introducing Building/Roof Height Distribution into Flat-

earth Model 
 

The flat-earth model represents a rough-cut estimation of interference levels. It also is a 

worst-case scenario for the system that we have modeled. Introducing building/roof 

height distribution statistics into the flat-earth model has given it more meaning. This is 

because: 

• The model can now be made site-specific; 

• Building/roof height statistics can allow for optimal placement of 

transmitters/receivers, by knowing existence of LOS/NLOS paths within the 

coverage area; 
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• The analysis helps in better frequency planning. The plots showing link 

degradation project potential areas of co-channel interference. This can help 

position the reusable frequencies against such areas; and 

• The usefulness of the model in that it can generate predictions of coverage based 

upon just three parameters which may be estimated for any urban location (see 

Table 5.2) providing, a little knowledge of the area is available. 

 

According to Section 6.3.8 and the algorithm described within, it can be seen that the 

introduction of building/roof height distribution statistics helps us to discriminate 

between a LOS and a NLOS path. In general, a NLOS path would mean lesser 

interference power (accounted by 15 dB signal attenuation). This is evident from Figures 

8.1, 8.12, C.1 and C.12. The total interference power ranges from around –115 dBm to 

about –96 dBm in the case of the flat-earth model with the building/roof height 

distribution, and is between –100 dBm to about –91 dBm for the flat-earth model alone. 

 

It can also be seen that the link margin in the presence of interferers increases when the 

building/roof height distribution is added. This implies that certain buildings probably are 

blocking several interference (LOS) paths. However, the system gives better results. This 

is shown in Table 8.1. 

 

Table 8.1: Comparison of Link Degradation 

Link degradation (dB)  

QPSK 16 QAM 64 QAM 

 
Model 

Min. Max. Min Max. Min. Max.
Flat-earth 0.5 3.2 2 8 6 14 
Flat-earth with building/roof height 
distribution 

0 2.8 0 7.5 0 14 

 

The link margin with interference for QPSK and 16 QAM are positive in all areas, where 

as for 64 QAM, there are a few places where it is negative suggesting that the effect of 

interferers is prominent in this case. However, in the final plot that describes the link 

margin with interference taking into account the assumed minimum required link margin 
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computed at the edge of the cell, the link margin falls below zero (at several areas) for all 

three modulation schemes.  

 

 

8.5.2 Effect of Changing Cell Radius 
 

Perhaps the most crucial factor that determines the extent of interference is the radius of 

the cell. The amount of interference is a direct consequence of the distance between the 

CPE and its home base station and other interfering base stations. As the cell radius is 

increased, the interfering base stations are spaced further apart. We have also seen from 

Section 2.4.1.1 that path loss falls off as the square of the distance. If the cell radius were 

to be doubled from 5 km to 10 km, the area of each sector is increased by four times. 

Thus, we would expect lesser values of interference within the system. This is illustrated 

in Figures 8.1, 8.12, C.1 and C.12. Table 8.2 shows the interference levels obtained for 

both models when the cell radius is changed.  

 

Table 8.2: Comparison of Total Interference Power 

Interference power (dBm) 
(Min./Max.) 

 
Model 

R = 5 km R = 10 km 

Flat-earth  -100/-91 -106/-97 
Flat-earth with building/roof height distribution -115/-91 -125/-97 

 

 

Again from the previous section, the effect of adding building/roof height distribution 

will further decrease the amount of interference. Table 8.3 shows the effect of changing 

the cell radius on the link degradation of the system for the flat-earth model. Table 8.4 

shows the results obtained for the flat-earth model with the building/roof height 

distribution. 
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Table 8.3: Comparison of Link Degradation (Flat-earth Model) 

Link degradation (dB)  

QPSK 16 QAM 64 QAM 

 
Cell radius (km) 
 Min. Max. Min Max. Min. Max. 
R = 5 0.5 3.2 2 8 6 14.5 
R =10 0 1 0.5 3.7 2 9 

 

 

Table 8.4: Comparison of Link Degradation (Flat-earth Model with 
Building/Roof Height Distribution) 

Link degradation (dB)  

QPSK 16 QAM 64 QAM 

 
Cell radius (km) 
 Min. Max. Min Max. Min. Max. 
R = 5 0 2.8 0 7.5 0 14 
R =10 0 0.9 0 3.3 0 8.1 

 

 
8.5.3 Effect of Changing Modulation Scheme 
 

The level of modulation that is chosen for a system is done so with regard to acceptable 

BER, the achievable SNR (signal-to-noise ratio) and C/I, whichever is the limiting factor. 

Generally it can be seen that in higher order modulation schemes (QPSK through 1024 

QAM), the M-QAM level can be increased by a factor of 4 for every 7 dB increase in 

SNR. This would mean doubling the data rate for every 7 dB improvement in SNR. 

Generally, QPSK provides the most amount of coverage when compared to 16 or 64 

QAM, albeit with a lower data rate. Tables 8.1, 8.3 and 8.4 show the effect of changing 

the modulation scheme on both the models. 

 

 

8.5.4 Effect of Changing Building/Roof Height Distribution Parameters 
 

From Chapters 4 and 5, it can be seen that the building/roof height distribution 

parameters that were generated out of GIS plots are site-specific. There will be 

considerable change in the estimation of interference. This is because each set of 
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parameters signifies a unique value of building density and height variation. Hence, the 

probability of LOS will vary accordingly. This will bring about a change within the 

interference model according to Section 6.3.8. 

 

 

8.5.5 Effect of Changing Transmitter and Receiver Heights 
 

As mentioned in Chapter 7, the transmitter and receiver heights are a function of the 

building/roof height distribution. In other words, for the statistical model to work, we 

need to use only the given value of transmitter-receiver height pair obtained from 

processing the GIS data (see Table 5.3). Hence, changing the transmitter and receiver 

heights would mean changing the building/roof height distribution statistics as well. 

However, as a general observation, the increase in coverage area due to increase in 

receiver height will be more than what is obtained due to increase in transmitter height 

alone. 

 

 

8.6 Inference 
 
 
The impact of cellular architecture on PMP systems is based on the following factors. 

 
• Coverage area: This is limited by cell radius and is dependent on the modulation 

scheme, transmit power and receive sensitivity, and antenna gains. 

• Capacity: This is limited by the available bandwidth. It is dependent on the 

modulation scheme and frequency re-use. 

 

Since the cell radius and modulation scheme are varied within the simulations, keeping 

other factors listed above constant, the inferences that can be arrived at are cell size and 

modulation scheme. 
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8.6.1 Cell Size 
 
Results were analyzed for cell radii ranging from 1 km to 10 km. The cell radius for a 

system should be carefully chosen so that a large customer base can be targeted, and at 

the same time, ensuring that the modulation scheme chosen along with it is able to serve 

the targeted coverage area. 

 

It can be seen from the results and from Figures 8.23 and 8.24, that the CPE has a LOS 

path to its home base station as long as the cell radius is lesser than 9 km. On increasing 

the cell radius beyond 9 km, it can be noticed that there is a finite probability that the 

CPE has a NLOS path to its home base station, but has a LOS path to the interfering base 

stations. This is undesirable. So an initial inference would be to keep the cell radius 

within 9 km. This is however, based on the site that was modeled, and may not be an 

optimal value for all areas (change in building/roof height distribution). In general, a cell 

radius between 3-5 km would be ideal. 

 

 

8.6.2 Modulation Scheme 
 
The choice of modulation scheme would result in a tradeoff between capacity and 

coverage. Increasing the order of modulation would mean increasing the spectrum 

efficiency but decreasing the range. We have seen the effect of changing the modulation 

scheme on the extent of unusable area. The goal of any system designer would be to 

serve as many customers as possible per MHz of the available spectrum. Clearly, from 

the results, the best modulation scheme that can be used is QPSK. The link degradation 

for higher modulation schemes, especially 64 QAM will not provide the intended 

coverage. However, using QPSK would mean having inefficient use of the spectrum.  

 

It is accepted that 16 QAM and 64 QAM are required to meet link ranges with reasonably 

sized CPE antennas. The solution to achieving reasonable spectrum efficiency and 

coverage at the same time would be to migrate from a 2-frequency reuse to a 4-frequency 
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reuse system. This would improve the conditions for using higher modulation schemes 

like 16/64 QAM. The system could be further improved by using eight 45º sectors instead 

of four 90º sectors (see Section 9.1). This however, would result in service outage, as the 

base station system needs to be changed completely. 

 
It should also be noted that the inferences provided above are for the simulation runs 1 

and 2 only. As mentioned in Chapter 6, this model is extremely site-specific in that, any 

change in the building/roof height parameters will lead to a change in the estimation of 

optimal cell radius, choice of modulation scheme and choice of best possible CPE 

location within the cell. This makes the model attractive to a system designer as it allows 

the following factors to be flexed simultaneously: 

 

• Radio parameters (cell radius, modulation scheme, antenna specifications etc.) 

• Building/roof height distribution parameters specific to a given geographical 

location. 

 

8.7 Summary 
 
 
This chapter provided results that were obtained from software simulation of the models 

described in Chapters 4 and 5. Numerous simulation runs were carried out and selected 

results were presented within this chapter. To preserve interest in reading through this 

chapter, the results obtained using the flat-earth model are included in Appendix B.  

 

A discussion of the results was provided in Section 8.4. This chapter completes the 

description of this research. The next chapter is the summary of the research. The main 

aspects of each chapter are also revisited within the next chapter. 
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Chapter 9 
 
 
Conclusions 
 
 
This chapter is organized into two sections. Section 9.1 summarizes the work done on 

this thesis so far. Original contributions from the author are also presented. Section 9.2 

discusses future work/extensions to the thesis. 

 

 

9.1 Summary of Work 
 
 
This thesis focused on predicting site-specific coverage area for an interference-limited 

non-line-of-sight (NLOS) point-to-multipoint (PMP) fixed broadband wireless access 

system. This section presents a brief summary. 

 

• Chapters 2 and 3 provided the reader with the background information on fixed 

broadband wireless systems with emphasis on point-to-multipoint networks. 

These chapters are based on the literature survey undertaken during the initial 

stages of the research. The information in these chapters help in understanding 

key concepts that are applied for use within Chapters 4 through 8. 

 

 

 

 

  - 135 -



Original Contributions 

 
Original contributions from the author are listed below. 

 

• Chapter 4 describes the application of building/roof height statistics to the 

interference-estimation model that was built. Such statistics help in generating 

results that should be more practical. Interestingly, a suitable approach [53] was 

chosen after comparing it against simulations were carried out with one other 

model [54]. The simplicity and acceptable accuracy of this model then led to an 

original implementation for real-world data, which was described in Chapter 5. 

 

• Chapter 5 presents a unique and novel way of estimating line-of-sight (LOS) 

/NLOS probabilities for a given transmitter-receiver (T-R) separation given 

limited information on the geographical features of the area. GIS plots were used 

from reliable sources to generate building/roof height statistics and process them 

using the ArcView™ 3.2 GIS tool. This provided the author with an opportunity 

to interact with geographers and thus present an inter-disciplinary approach to 

solve what would otherwise be a wireless system design problem. The model was 

also verified with published results given within [53]. System designers can use 

the modeling procedure that was presented within Chapter 5 without physically 

going to the site that they wish to model. With fast-paced advancements in digital 

imaging and three-dimensional (3D) modeling, the results obtained using this 

model could approach greater accuracy. In summary, Chapter 5 presented an 

original implementation of the statistical model described in Chapter 4 to estimate 

LOS/NLOS probabilities for a given T-R separation using realistic GIS data. The 

results presented in Chapter 5 and Appendix A is original. 

 

• After obtaining successful building/roof height distribution results, it was then 

required to generate a suitable platform to study the effect of interferers within a 

fixed wireless network. For this, a unique self-interference estimation model 

(SIEM) was generated that would incorporate results obtained from Chapters 4 
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and 5. Chapter 6 also provided an original matrix formulation for generating a 

practical PMP fixed wireless network of 16 base stations. The algorithms 

described within the chapter are unique and with which several radio/deployment 

parameters can be varied to suit ones needs.  

 

• Chapter 7 and Appendix C provide the necessary information related to the 

software simulation of the model using Matlab. Chapter 8 presented original 

results that were obtained and provides an exhaustive discussion covering a wide 

range of scenarios. Appendices A through D provide supporting information for 

this thesis. 

 

At this point, I quote Adlai E. Stevenson Jr. (1900-1965), from his speech at the 

University of Wisconsin, Madison, October 8, 1952, “If we value the pursuit of 

knowledge, we must be free to follow wherever that search may lead us. The free mind is 

not a barking dog, to be tethered on a ten-foot chain.” 

 

Inspired by this quote, a few improvements and additions to the simulation model are 

presented below. 

 

 

9.2   Future Work and Extensions to the Thesis 
 
 
9.2.1 Building/Roof Height Distribution Model 
 
This section lists improvements to the building/roof height distribution model and its 

implementation described in Chapters 4 and 5. 

 
• The GIS data used for implementing the model provided limited information. A 

more coarse terrain database would extend the prediction capabilities of the 

model. 
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• The building/roof height data was divided into bins of 1m heights and then 

processed. Subdividing the database into smaller bins will generate more accurate 

results. 

 

• Section 4.3.2 talks about the CSELT model that uses building density statistics 

alone to compute LOS probabilities. This has not been considered within this 

thesis. It might be worthwhile to model it and compare results within this thesis. 

 

 

9.2.2 Self-Interference Estimation Model 
 

This following are suggestions to improve the self-interference estimation model (SIEM) 

discussed in Chapter 6 through 8. 

 
• The SIEM described in Chapter 6 does not use any path loss models that 

specifically cater to NLOS paths. This is because standard path loss models that 

have been published within the IEEE 802.16 Wireless MAN™ standard are 

applicable only frequencies between 10 and 66 GHz. The path loss models for sub 

5 GHz bands will be published by the end of the year 2002. The interested reader 

can then use those path loss models to get more accurate results. The NLOS-

treatment within this thesis was based on an approximation generated from 

practical deployment results. 

 

• There is a need for further validation of the model. The generated results need to 

be compared against field trials conducted on NLOS PMP FBWA systems 

operating in the MMDS (3.5 GHz) band. 

 

• The SIEM uses a 2-frequency reuse system with a 90º base station antenna 

beamwidth. An extension to the results would be to model the effect of interferers 

for a 45º base station antenna beamwidth as shown in Figure 9.1. 
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Figure 9.1: 2-frequency reuse with 45º sector base station antennas 

 

 

• Another possible extension to the model would be to have a 4-frequency reuse 

system for both 90º and 45º sector base station antennas. This is illustrated below: 

 

               
Figure 9.2: 4-frequency reuse system with 90º and 45º sector base station antennas 
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Appendix A 

 

 
Building Height Distribution Statistics for 

Various Cities Based on the CRABS Model 

and GIS data 
 
 
 
Chapter 5 described GIS data processing taking Nashville, TN, as an example. Building 

height distribution parameters (described in Chapter 4) found for the same were also 

explained in detail. The GIS data processing campaign was done for 6 cities in total 

involving 21 data sets. However, some of the data sets were in appropriate for use and 

were discarded. This appendix documents the GIS plots and the corresponding Rayleigh 

fits for roof height distribution for the remaining data sets that were not covered within 

Chapter 5. 

 

A.1 GIS Plots and Rayleigh fits 
 
 
This section includes illustrations of GIS plots of various cities and their data sets. 

Rayleigh fitted curves are also shown for each of them. The results however were 

summed up in Table 5.2 in Chapter 5. 

  - 148 -



A.1.1 Charlotte, NC (Data set #4) 
 

 
 

Figure A.1: GIS plot showing (a) foot-prints (b) top-prints 
 
 

 

 
 

Figure A.2: Roof height distribution for the Charlotte data set # 4 
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A.1.2 Cincinnati, OH  

A.1.2.1 Data Set # 1 

 
Figure A.3: GIS plot showing (a) foot-prints (b) top-prints 

 

 
 

Figure A.4: Roof height distribution for the Cincinnati data set # 1 
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A.1.2.2 Data Set #2  

 
 

Figure A.5: GIS plot showing (a) foot-prints (b) top-prints 
 
 

 
 

Figure A.6: Roof height distribution for the Cincinnati data set # 2 
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A.1.2.3 Data Set # 3 
 

 
 

Figure A.7: GIS plot showing (a) foot-prints (b) top-prints 
 

 
 

Figure A.8: Roof height distribution for the Cincinnati data set # 3 
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A.1.2.4 Data Set # 4 
 

 
 

Figure A.9: GIS plot showing (a) foot-prints (b) top-prints 
 
 

 
 
 

Figure A.10: Roof height distribution for the Cincinnati data set # 4 
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A.1.3 Columbus, OH  

A.1.3.1 Data Set # 1 

 
Figure A.11: GIS plot showing (a) foot-prints (b) top-prints 

 

 
 

Figure A.12: Roof height distribution for the Columbus data set # 1 
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A.1.3.2 Data Set # 2 

 
 

Figure A.13: GIS plot showing (a) foot-prints (b) top-prints 
 
 

 
 

Figure A.14: Roof height distribution for the Columbus data set # 2 
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A.1.3.3 Data Set # 4 

 
 

 
Figure A.15: GIS plot showing (a) foot-prints (b) top-prints 

 
 

 
 

Figure A.16: Roof height distribution for the Columbus data set # 4 
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A.1.4 Hartford, CT 

A.1.4.1 Data Set # 3 

 
 

Figure A.17: GIS plot showing (a) foot-prints (b) top-prints 
 

 
Figure A.18: Roof height distribution for the Hartford data set # 3 
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A.1.5 Milwaukee, WI 

A.1.5.1 Data Set # 1 

 
Figure A.19: GIS plot showing (a) foot-prints (b) top-prints 

 

 
Figure A.20: Roof height distribution for the Milwaukee data set # 1 
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A.1.5.2 Data Set # 2 

 

 
 

Figure A.21: GIS plot showing (a) foot-prints (b) top-prints 
 
 

 
 

Figure A.22: Roof height distribution for the Milwaukee data set # 2 
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A.1.5.3  Data Set # 4 

 

 
 

Figure A.23: GIS plot showing (a) foot-prints (b) top-prints 
 
 

 
 

Figure A.24: Roof height distribution for the Milwaukee data set # 4 
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Appendix B 
 
 
Simulation Results for Flat-earth Model 
 
 
B.1 Simulation Run for Cell Radius of 5 km 

 
 
 
 

 

dB
m
 

 
Figure B.1: Total interference power received at each CPE location 
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Figure B.2: Link margin without interference 

 
 
 
 

 

dB
 

 
Figure B.3: Link margin with interference (QPSK) 
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Figure B.4: Link margin with interference (16 QAM) 
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Figure B.5: Link margin with interference (64 QAM) 
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Figure B.6: Link degradation (QPSK) 
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Figure B.7: Link degradation (16 QAM) 
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Figure B.8: Link degradation (64 QAM) 
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Figure B.9: Revised link margin with interference, taking into account the assumed 
minimum required link margin at the edge of the cell (QPSK) 
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Figure B.10: Revised link margin with interference, taking into account the assumed 
minimum required link margin at the edge of the cell (16 QAM) 

 
 
 
 

 

dB
 

 
Figure B.11: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell (64 QAM) 
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B.2 Simulation Run for Cell Radius of 10 km 
 
 
 
 

 

dB
m
 

 
Figure B.12: Total interference power received at each CPE location 
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Figure B.13: Link margin without interference 
 
 

  - 167 -



 

dB
 

 
Figure B.14: Link margin with interference (QPSK) 
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Figure B.15: Link margin with interference (16 QAM) 
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Figure B.16: Link margin with interference (64 QAM) 
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Figure B.17: Link degradation (QPSK) 
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Figure B.18: Link degradation (16 QAM) 

 
 
 
 

 
dB

 
 
 

Figure B.19: Link degradation (64 QAM) 
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Figure B.20: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell (QPSK) 
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Figure B.21: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell (16 QAM) 
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Figure B.22: Revised link margin with interference, taking into account the assumed 

minimum required link margin at the edge of the cell (64 QAM) 
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Appendix C 
 
 
Matlab Code 
 
C.1 Code – I (SIEM) 
 
 
%M.S Thesis supporting document - I 
 
%Copyright 2002, Vaidyanathan RamaSarma 
 
%Center for Wireless Telecommunications 
%Virginia Polytechnic Institute & State University 
%Blacksburg VA 24060 
 
 
 
%Program to estimate the amount of interference caused by 15 base 
stations 
%within a 4x4 grid modeled as a NLOS PMP fixed broadband wireless 
network 
%The interfernece model incorporates a building/roof height 
distribution  
%statistic derived from realistic GIS data measured at various 
cities 
%in the U.S. 
 
 
clear all; 
close all; 
format long; 
 
load hpatt % Loads gain values for BS for varying values of angle 
-179 to 180 
load fpatt % Loads gain values for CPE for varying values of 
angle -179 to 180 
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%Building/roof height distribution parameters 
 
alpha = 0.01; 
beta = 71.9626; 
gamma =  2.993; 
tx1 = 15; 
rx1 = 5;  
 
%Converting transmitter and receiver heights into km 
 
tx = tx1/1000;  
rx = rx1/1000;  
 
b1 = alpha*sqrt(beta);  
 
t=0; 
 
r=10; %Cell Radius 
freq = 3.5e9; %Frequency of operation 
power = 22; % Transmit power 
 
count = 1; % Number of random CPE coordinates 
 
count1=0; % Number of NLOS occurrences between CPE and other 
interfering base stations 
 
count2=0; Number of LOS occurrences between CPE and other 
interfering base stations 
 
count3=0; Number of NLOS occurrences between CPE and home base 
station 
 
count4=0; Number of LOS occurrences between CPE and home base 
station 
 
c = 3e8;  
 
deg = [-179:1:180]; % Angle values  
c_i_db = 14; 
c_i_watts = 10^(c_i_db/10); % Required C/I (14 dB) for BER of 1E-
06 for QPSK in linear scale 
 
rx_sens_dbm = -77; % Receiver Sensitivity in dBm 
rx_sens_watts = 10^((rx_sens_dbm-30)/10); % Receiver Sensitivity 
in linear scale 
 
cpe_gain_watts = 10^(17/10); % CPE antenna gain (17 dBi) in 
linear scale 
 
pt=10^((power-30)/10); % Antenna Transmit power in watts 
 
for y=0.1:0.1:r 
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    for z=0.1:0.1:r 
 
a=[0 2*r 4*r 6*r; 0 2*r 4*r 6*r; 0 2*r 4*r 6*r; y 2*r 4*r 6*r]; 
%see Section 6.3.4.1  
b=[6*r 6*r 6*r 6*r; 4*r 4*r 4*r 4*r; 2*r 2*r 2*r 2*r; z 0 0 0]; 
%see Section 6.3.4.1 
 
alpha_rad1 = atan((b(4,1)-0)/(a(4,1)-0)); % see Sections 6.3.6.1 
and 6.3.6.2 
alpha_deg = floor(45-((180/pi)*alpha_rad1)); 
 
%see Equations 6.3 through 6.12 
 
for i=1:1:4 
        
    theta_rad1(1,i) = atan2((z-b(4,i)),(y-a(4,i))); 
    delta_rad1(1,i) = (-135*pi/180)+theta_rad1(1,i)+(90*pi/180);     
     
    beta_rad1(1,i) = (45*pi/180)+theta_rad1(1,i)+(90*pi/180);    
    gamma_rad1(1,i) = theta_rad1(1,i)-alpha_rad1; 
     
    theta_rad2(1,i) = atan2((z-b(3,i)),(y-a(3,i))); 
    delta_rad2(1,i) = (-135*pi/180)+theta_rad2(1,i); 
     
    beta_rad2(1,i) = (45*pi/180)+theta_rad2(1,i); 
    gamma_rad2(1,i) = theta_rad2(1,i)-alpha_rad1; 
     
    theta_rad3(1,i) = atan2((z-b(2,i)),(y-a(2,i))); 
    delta_rad3(1,i) = (-135*pi/180)+theta_rad3(1,i)+(90*pi/180); 
     
    beta_rad3(1,i) = (45*pi/180)+theta_rad3(1,i)+(90*pi/180); 
    gamma_rad3(1,i) = theta_rad3(1,i)-alpha_rad1; 
     
    theta_rad4(1,i) = atan2((z-b(1,i)),(y-a(1,i))); 
    delta_rad4(1,i) = (-135*pi/180)+theta_rad4(1,i); 
     
    beta_rad4(1,i) = (45*pi/180)+theta_rad4(1,i); 
    gamma_rad4(1,i) = theta_rad4(1,i)-alpha_rad1;  
    
end     
     
    theta_deg = (180/pi)*[theta_rad1 theta_rad2 theta_rad3 
theta_rad4]; 
    beta_deg = (180/pi)*[beta_rad1 beta_rad2 beta_rad3 
beta_rad4]; 
    gamma_deg = (180/pi)*[gamma_rad1 gamma_rad2 gamma_rad3 
gamma_rad4]; 
    delta_deg = (180/pi)*[delta_rad1 delta_rad2 delta_rad3 
delta_rad4]; 
     
 for e = 1:1:15 
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      theta_deg_trunc(1,e) = floor(theta_deg(1,e+1)); 
      beta_deg_trunc1(1,e) = floor(beta_deg(1,e+1)); 
         
  if (beta_deg_trunc1(1,e)>=-179) & (beta_deg_trunc1(1,e)<=-1) 
      beta_deg_trunc(1,e) = beta_deg_trunc1(1,e); 
        
         
  elseif (beta_deg_trunc1(1,e)>=0) & (beta_deg_trunc1(1,e)<=180) 
       beta_deg_trunc(1,e) = beta_deg_trunc1(1,e); 
            
         
 elseif (beta_deg_trunc1(1,e)>=181) & (beta_deg_trunc1(1,e)<=360)  
           beta_deg_trunc(1,e) = -360+beta_deg_trunc1(1,e); 
               
         
 elseif (beta_deg_trunc1(1,e)>=-360) & (beta_deg_trunc1(1,e)<=-
180) 
           beta_deg_trunc(1,e) = 360+beta_deg_trunc1(1,e); 
  else 
  end      
            
         
     gamma_deg_trunc1(1,e) = floor(gamma_deg(1,e+1)); 
      
     if (gamma_deg_trunc1(1,e)>=-179) & (gamma_deg_trunc1(1,e)<=-
1) 
       gamma_deg_trunc(1,e) = gamma_deg_trunc1(1,e); 
        
         
   elseif (gamma_deg_trunc1(1,e)>=0) & 
(gamma_deg_trunc1(1,e)<=180) 
       gamma_deg_trunc(1,e) = gamma_deg_trunc1(1,e); 
            
         
   elseif (gamma_deg_trunc1(1,e)>=181) & 
(gamma_deg_trunc1(1,e)<=360)  
           gamma_deg_trunc(1,e) = -360+gamma_deg_trunc1(1,e); 
               
         
   elseif (gamma_deg_trunc1(1,e)>=-360) & 
(gamma_deg_trunc1(1,e)<=-180) 
           gamma_deg_trunc(1,e) = 360+gamma_deg_trunc1(1,e); 
   else 
   end      
      
      
     delta_deg_trunc1(1,e) = floor(delta_deg(1,e+1)); 
         
   if (delta_deg_trunc1(1,e)>=-179) & (delta_deg_trunc1(1,e)<=-1) 
       delta_deg_trunc(1,e) = delta_deg_trunc1(1,e); 
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   elseif (delta_deg_trunc1(1,e)>=0) & 
(delta_deg_trunc1(1,e)<=180) 
       delta_deg_trunc(1,e) = delta_deg_trunc1(1,e); 
            
         
   elseif (delta_deg_trunc1(1,e)>=181) & 
(delta_deg_trunc1(1,e)<=360)  
           delta_deg_trunc(1,e) = -360+delta_deg_trunc1(1,e); 
               
         
   elseif (delta_deg_trunc1(1,e)>=-360) & 
(delta_deg_trunc1(1,e)<=-180) 
           delta_deg_trunc(1,e) = 360+delta_deg_trunc1(1,e); 
   else 
   end      
    
  end 
     
dist1 = [(b(4,2)-b(4,1))^2+(a(4,2)-a(4,1))^2 (b(4,3)-
b(4,1))^2+(a(4,3)-a(4,1))^2 (b(4,4)-b(4,1))^2+(a(4,4)-a(4,1))^2]; 
dist2 = [(b(3,1)-b(4,1))^2+(a(3,1)-a(4,1))^2 (b(3,2)-
b(4,1))^2+(a(3,2)-a(4,1))^2 (b(3,3)-b(4,1))^2+(a(3,3)-a(4,1))^2 
(b(3,4)-b(4,1))^2+(a(3,4)-a(4,1))^2]; 
dist3 = [(b(2,1)-b(4,1))^2+(a(2,1)-a(4,1))^2 (b(2,2)-
b(4,1))^2+(a(2,2)-a(4,1))^2 (b(2,3)-b(4,1))^2+(a(2,3)-a(4,1))^2 
(b(2,4)-b(4,1))^2+(a(2,4)-a(4,1))^2]; 
dist4 = [(b(1,1)-b(4,1))^2+(a(1,1)-a(4,1))^2 (b(1,2)-
b(4,1))^2+(a(1,2)-a(4,1))^2 (b(1,3)-b(4,1))^2+(a(1,3)-a(4,1))^2 
(b(1,4)-b(4,1))^2+(a(1,4)-a(4,1))^2]; 
 
%Distance matrix 
 
d = sqrt([dist1 dist2 dist3 dist4]); 
 
tot_pow_watts=0;  
 
index0 = find(deg == alpha_deg); 
 
gain_alpha_watts = 10^((H_pattern(index0)+16.5)/10); 
 
%Loop for finding interference power from each of the 15 BS's 
 
for x=1:1:15  
                        
      %Calculation of probability of LOS (see Section 4.3.1.1)     
      %for CPE-all other interfering BS's 
       
      br1 = floor(d(1,x)*b1);  
      prob_final1(1,x) = 1; 
           
         for j=0:1:br1-1 
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            di1(1,j+1) = (j+0.5)*(d(1,x)/br1);  
                         
            hi1(1,j+1) = tx-((di1(1,j+1)*(tx-rx))/d(1,x));  
               
            prob1(1,j+1) = 1-exp(-((0.5)*(hi1(1,j+1)/gamma)^2)); 
                         
            prob_final1(1,x)=prob_final1(1,x)*prob1(1,j+1); 
             
        end 
          
         check1 = rand(1); 
         if check1 >= prob_final1(1,x) 
              
             checksum(1,x) = 1; 
              
         else  
              
             checksum(1,x) = 0; 
     end  
 
     
    %Obtaining gain values  
    
    index1 = find(deg == beta_deg_trunc(1,x)); 
     
    gain_beta_watts(1,x) = 10^((H_pattern(index1)+16.5)/10); 
     
    index2 = find(deg == gamma_deg_trunc(1,x)); 
     
    gain_gamma_watts(1,x) = 10^((F_pattern(index2)+17)/10); 
     
    index3 = find(deg == delta_deg_trunc(1,x)); 
     
    gain_delta_watts(1,x) = 10^((H_pattern(index3)+16.5)/10); 
     
    %Path loss formula 
     
    pl_watts(1,x) = 
10^((32.4+(20*log10(d(1,x))+(20*log10(3500))))/10); 
     
 
    if checksum(1,x)==1 
         
        %Case I - NLOS 
         
        pi_watts(1,x) = 
((gain_beta_watts(1,x)+gain_delta_watts(1,x))*(pt/pl_watts(1,x))*
(gain_gamma_watts(1,x)))/(10^(1.5)); 
        count1=count1+1; 
                      
    else 
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        %Case - II - LOS 
         
        
pi_watts(1,x)=(gain_beta_watts(1,x)+gain_delta_watts(1,x))*(pt/pl
_watts(1,x))*(gain_gamma_watts(1,x)); 
        count2=count2+1; 
    end 
   
    %sum total interference power from all BS's 
     
    tot_pow_watts = tot_pow_watts+pi_watts(1,x); 
    tot_pow_dbm = 10*log10(tot_pow_watts)+30; 
end 
 
%Path loss for CPE-home base station 
 
pl_bs_cpe_watts = 
10^((32.4+(20*log10(sqrt(y^2+z^2))+(20*log10(3500))))/10); 
 
      %Calculation of probability of LOS (see Section 4.3.1.1)     
      %for CPE-home BS 
       
      br2 = floor(sqrt(y^2+z^2)*b1);  
      prob_final2 = 1; 
           
         for k=0:1:br2-1 
              
                       
            di2(1,k+1) = (k+0.5)*(sqrt(y^2+z^2)/br2);  
                         
            hi2(1,k+1) = tx-((di2(1,k+1)*(tx-rx))/sqrt(y^2+z^2));  
               
            prob2(1,k+1) = 1-exp(-((0.5)*(hi2(1,k+1)/gamma)^2)); 
                         
            prob_final2=prob_final2*prob2(1,k+1); 
             
        end 
          
         check2 = rand(1); 
         if check2 >= prob_final2 
              
          %Case I - NLOS    
           
          c_cpe_watts(1,count) = 
((pt/pl_bs_cpe_watts)*cpe_gain_watts*(gain_alpha_watts))/(10^(1.5
));    
          count3=count3+1;    
           
      else  
           
          %Case II - LOS    
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          c_cpe_watts(1,count) = 
(pt/pl_bs_cpe_watts)*cpe_gain_watts*(gain_alpha_watts);    
          count4=count4+1; 
     end  
 
 
 
c_cpe_dbm(1,count) = 10*log10(c_cpe_watts(1,count))+30; 
 
%Link margin without interference 
 
link_margin_without_int_db(1,count) =c_cpe_dbm(1,count) - 
rx_sens_dbm; 
 
noise_watts(1,count) = (rx_sens_watts/c_i_watts); 
n_i_watts(1,count) = noise_watts(1,count)+tot_pow_watts; 
 
%Required C 
 
c_req_watts(1,count) = n_i_watts(1,count)*c_i_watts; 
c_req_dbm(1,count) = 10*log10(c_req_watts(1,count))+30; 
 
%Link margin with interference 
 
link_margin_with_int_db(1,count) =c_cpe_dbm(1,count)-
c_req_dbm(1,count); 
 
%Link degradation 
 
link_margin_diff_db(1,count) = 
link_margin_without_int_db(1,count)-
link_margin_with_int_db(1,count); 
 
%Link margin with interference assuming minimum required link 
margin at the cell edges 
 
cov_area(1,count) = link_margin_with_int_db(1,count)+8.79166; 
 
%Convert total interfernce power to dBm and display 
t=t+1; 
x_coord(1,t)=y; 
y_coord(1,t)=z; 
tot_int_pow_dbm(1,t)=tot_pow_dbm; 
 
output5(t,1)=y; 
output5(t,2)=z; 
output5(t,3)=cov_area(1,count); 
 
output4(t,1)=y; 
output4(t,2)=z; 
output4(t,3)=link_margin_diff_db(1,count); 
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output3(t,1)=y; 
output3(t,2)=z; 
output3(t,3)=link_margin_with_int_db(1,count); 
 
output2(t,1)=y; 
output2(t,2)=z; 
output2(t,3)=link_margin_without_int_db(1,count); 
 
output1(t,1)=y; 
output1(t,2)=z; 
output1(t,3)=tot_int_pow_dbm(1,t); 
count=count+1; 
 
end 
end 
 
%Write to acii file to be used in the Display program 
 
fid=fopen('intpow3_edit3_opt_0709_output5.asc','w'); 
fprintf(fid,'%6.2f\t %12.8f\t %12.8f\t\n',output5'); 
fclose(fid); 
 
fid=fopen('intpow3_edit3_opt_0709_output4.asc','w'); 
fprintf(fid,'%6.2f\t %12.8f\t %12.8f\t\n',output4'); 
fclose(fid); 
 
fid=fopen('intpow3_edit3_opt_0709_output3.asc','w'); 
fprintf(fid,'%6.2f\t %12.8f\t %12.8f\t\n',output3'); 
fclose(fid); 
 
fid=fopen('intpow3_edit3_opt_0709_output2.asc','w'); 
fprintf(fid,'%6.2f\t %12.8f\t %12.8f\t\n',output2'); 
fclose(fid); 
 
fid=fopen('intpow3_edit3_opt_0709_output1.asc','w'); 
fprintf(fid,'%6.2f\t %12.8f\t %12.8f\t\n',output1'); 
fclose(fid); 
 
 
 
 

C.2 Code – II (Display Program) 
 
 
%M.S Thesis supporting document - II 
 
%Copyright 2002, Vaidyanathan RamaSarma & Tim Gallagher 
 
%Center for Wireless Telecommunications 
%Virginia Polytechnic Institute & State University 
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%Blacksburg VA 24060 
 
 
%Program to display results obtained from document - I 
 
clear all 
close all 
 
load intpow3_edit3_opt_0725_output1.asc -ascii; 
n_data = intpow3_edit3_opt_0725_output1; 
 
x = n_data(:,1); 
y = n_data(:,2); 
z = n_data(:,3); 
 
n = 1; 
for i = 1:length(x)/50; 
   for k = 1:50 
      X(i,k) = x(n); 
      Y(i,k) = y(n); 
      Z(i,k) = z(n); 
      n = n+1; 
   end 
end 
 
figure (1) 
mesh(X,Y,Z) 
title('Total interference Power seen at the CPE'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
zlabel('dBm'); 
 
 
figure (2) 
[C,H]=contourf(X,Y,Z); 
colorbar; 
title('Total interference Power seen at the CPE'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
 
load intpow3_edit3_opt_0725_output2.asc -ascii; 
n_data = intpow3_edit3_opt_0725_output2; 
 
x = n_data(:,1); 
y = n_data(:,2); 
z = n_data(:,3); 
 
n = 1; 
for i = 1:length(x)/50; 
   for k = 1:50 
      X(i,k) = x(n); 
      Y(i,k) = y(n); 
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      Z(i,k) = z(n); 
      n = n+1; 
   end 
end 
 
figure (3) 
mesh(X,Y,Z) 
title('Link Margin without Interference'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
zlabel('dB'); 
 
 
figure (4) 
[C,H]=contourf(X,Y,Z); 
clabel(C,H), colorbar; 
title('Link Margin without Interference'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
 
load intpow3_edit3_opt_0725_output3.asc -ascii; 
n_data = intpow3_edit3_opt_0725_output3; 
 
x = n_data(:,1); 
y = n_data(:,2); 
z = n_data(:,3); 
 
n = 1; 
for i = 1:length(x)/50; 
   for k = 1:50 
      X(i,k) = x(n); 
      Y(i,k) = y(n); 
      Z(i,k) = z(n); 
      n = n+1; 
   end 
end 
 
figure (5) 
mesh(X,Y,Z) 
title('Link Margin with Interference (QPSK)'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
zlabel('dB'); 
 
 
figure (6) 
[C,H]=contourf(X,Y,Z); 
clabel(C,H), colorbar; 
title('Link Margin with Interference (QPSK)'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
 

  - 183 -



load intpow3_edit3_opt_0725_output4.asc -ascii; 
n_data = intpow3_edit3_opt_0725_output4; 
 
x = n_data(:,1); 
y = n_data(:,2); 
z = n_data(:,3); 
 
n = 1; 
for i = 1:length(x)/50; 
   for k = 1:50 
      X(i,k) = x(n); 
      Y(i,k) = y(n); 
      Z(i,k) = z(n); 
      n = n+1; 
   end 
end 
 
figure (7) 
mesh(X,Y,Z) 
title('Link Degradation (QPSK)'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
zlabel('dB'); 
 
 
figure (8) 
[C,H]=contourf(X,Y,Z); 
colorbar; 
title('Link Degradation (QPSK)'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
 
load intpow3_edit3_opt_0725_output5.asc -ascii; 
n_data = intpow3_edit3_opt_0725_output5; 
 
x = n_data(:,1); 
y = n_data(:,2); 
z = n_data(:,3); 
 
n = 1; 
for i = 1:length(x)/50; 
   for k = 1:50 
      X(i,k) = x(n); 
      Y(i,k) = y(n); 
      Z(i,k) = z(n); 
      n = n+1; 
   end 
end 
 
figure (9) 
mesh(X,Y,Z) 
title('Coverage Area using minimum link margin (QPSK)'); 
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xlabel('X(km)'); 
ylabel('Y(km)'); 
zlabel('dB'); 
 
 
figure (10) 
[C,H]=contourf(X,Y,Z); 
clabel(C,H), colorbar; 
title('Coverage Area using minimum link margin (QPSK)'); 
xlabel('X(km)'); 
ylabel('Y(km)'); 
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Glossary of Terms 
 
 
 
3G The next generation of wireless technology after 

PCS. 3G is characterized by high-speed, high-

bandwidth services that support a variety of 

applications, including wireline quality voice and 

high-resolution video, wirelessly. 3G or IMT-2000 

is an initiative of the International 

Telecommunication Union that seeks to integrate 

the various satellite, terrestrial, fixed and mobile 

systems currently being deployed and developed 

under a single standard or family of standards to 

promote global service capabilities and 

interoperability after 2000. 

 

Access network A part of a public telecommunications network used 

to connect end-user premises to public switching 

center locations 

 
Adjacent channel The radio channel whose center frequency is 

situated next above or next below the frequency on 
a given radio link 

 
Antenna pattern The radiation pattern of an antenna, showing the 

relative radiation intensity in each radiated direction 
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Aperture (of an antenna) The imaginary area (on or near an antenna), based 

upon which, convenient assumptions can be made 

regarding the radio field values 

 
Array antenna An antenna comprising a number of similar 

radiating elements arranged in a fixed pattern 
 
Bandwidth Describes the transmission capacity of a medium in 

terms of a range of frequencies. A greater 
bandwidth indicates the ability to transmit a greater 
amount of data over a given period of time 

 
Baseband signaling Transmission of a digital or analog signal at its 

original frequencies 
 
Baud rate The rate of change of the carrier signal modulated 

to carry the digital user information (also known as 
symbol rate) 

 
BFWA Broadband Fixed Wireless Access 
 
Bore sight direction The main radiation direction of an antenna, 

particularly the compass bearing in the horizontal 
plane 

 
Broadband In general, a RF system is deemed "broadband" if it 

has a constant data rate at or in excess of 1.5 Mbps. 
Its corresponding opposite is "narrowband" 

 
BWA Deployment of a wireless canopy over a specific 

geography in a cellular structure to provide high 
speed internet access and/or other related services to 
a set of unrelated customers 

 
Carrier signal The radio signal onto which the user signal or data 

is modulated 
 
Cellular Technology that sends analog or digital 

transmissions from transmitters that have areas of 
coverage called cells. As a user of a cellular phone 
moves between transmitters from one cell to 
another, the user's call travels from transmitter to 
transmitter uninterrupted 
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Channel A communications path wide enough to permit a 
single RF transmission 

 
Co-channel Refers to radio systems operating on the same radio 

channel 
 
Coverage area The area associated with a given service and radio 

frequency served by a radio base station 
 
CPE Customer Premises Equipment. Any apparatus 

including telephone handsets, PBX switching 
equipment, key and hybrid telephone systems, and 
add-on devices that is physically located on a 
customer's property, as opposed to being housed in 
the telephone company's central office. 

 
CRABS Cellular Radio Access for Broadband Services. A 

project undertaken by the Rutherford-Appleton 
Laboratories (RAL), UK to carry out propagation 
trials and studies 

 
dBi The gain of an antenna relative to an isotropic 

antenna 
 
dBm A ratio of power measured relative to 1 milli watt 
 
dBW A ratio of power measured relative to 1 watt 
 
dB A ratio of signal power or strength. The value is 

equal to 10log10(x), where x is the ratio expressed as 
an absolute number value 

Directional antenna An antenna that concentrates transmission power 
into a direction such that coverage distance 
increases at the expense of coverage angle. 
Directional antenna types include yagi, patch, and 
parabolic dish 

Directivity The value of the directive gain of an antenna in a 
particular direction 

 
Fading The attenuation or weakening of a radio signal 

caused by interference, rain, multipath propagation 
or other atmospheric effects 
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Feed (of an antenna) The part of the antenna which couples the radio 
terminal in order to create the antenna illumination 
(i.e. incidence of the radio waves onto the antenna 
itself) 

 
Free-space propagation The propagation of electromagnetic waves in a 

homogeneous ideal dielectric medium 
 
Frequency reuse A technique that enables wireless carriers to 

increase their system capacity with a limited 
number of channels. Works by sufficiently 
separating transmitters that use the same frequency 
or set of frequencies so that they do not interfere 
with one another 

 
Fresnel zone A defined ellipsoid area around the main line-of-

sight path of a radio link which should be kept free 
of obstacles (first Fresnel zone) 

 
GIS Geographic Information Systems 
 
Half-power beamwidth The angel between the two points on either side of 

the main lobe of an antenna where the radiation 
intensity is half the maximum (i.e. 3 dB below the 
maximum antenna gain) 

 
Isotropic antenna An antenna that radiates in all directions equally 
 
Modulation Any of several techniques for combining user 

information with a transmitter carrier signal 
 
Multipath The echoes created as a radio signal bounces off of 

physical objects 
 
Multiplexer (mux) A device that combines several input signals into a 

single output signal in such a manner that each of 
the input signals subsequently can be recovered 

 
NLOS Non-line-of-sight. A term used to describe non-

availability of a clear visual path between the 
transmitter and receiver without any obstacles 

 
Path loss (transmission loss) The loss between the input to the transmitting 

antenna and the output from the receiving antenna 
of a radio link 
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Receiver sensitivity A measurement of the weakest signal a receiver can 
receive and still correctly translate it into data 

 
 
 
[4], [60] and [61] were used as references for compiling this section. 
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