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Chapter 1 
 

 

 

 

 

Introduction 

 

1.1   Wireless Communications 
 

Wire-less - having no wire or relating to radiotelephony 

Com-mu-ni-ca-tion - a process by which information is exchanged within a reasonable time 

Wireless communication is essentially any form of information exchange without use of wires. 

 

It started with the Telegraph [CSB95] … 

“We call the electric telegraph the most perfect invention of modern times … as anything more 

perfect than this is scarcely conceivable, and we really begin to wonder what will be left for the 

next generation, upon which to expend the restless energies of the human mind.” -- an 

Australian newspaper, 1853.  

 

The humble beginning of wireless services takes us back to the 19th century when Guglielmo 

Marconi, “the father of radio”, first demonstrated wireless telegraphy in 1896. The technology 

was built on the works of Maxwell and Hertz, to send and receive Morse code, and necessarily 

required very large, high power transmitters. 
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At first, the use of wireless telegraphy was strictly restricted to the British Army and Navy, but 

commercial trans-Atlantic wireless services were soon deployed by the year 1907. In 1921, the 

technology was used to design and develop Police car dispatch radios (Detroit), and by 1934, as 

many as 194 municipal police radio systems and 58 state police stations had adopted amplitude 

modulation (AM) mobile communication systems [Rap99]. The technological breakthrough 

came in 1935, when frequency modulation (FM) was invented. The FM technology significantly 

improved the transmission quality and facilitated smaller, low cost radio equipment. The 

development of the “frequency reuse” and “hand-off” technologies in early 1970s, triggered the 

growth of mobile telephony and in 1984, the first US cellular telephone system - Advanced 

Mobile Phone System (AMPS) was deployed. Indeed, a rich history precedes today’s high speed, 

low cost, fixed and portable wireless systems (see [Rap99], [Fah71], [Enc97], [Can35]). 

 

Over the past decade, the narrowband communication systems, primarily designed for low data 

rate voice traffic, have systematically evolved into broadband wireless networks, capable of 

simultaneously carrying high-speed voice and data traffic. Today, the third-generation (3G) 

systems use advanced time division multiple access (TDMA), code division multiple access 

(CDMA), collision sense multiple access (CSMA) spread spectrum, and narrow-band digital 

frequency division multiple access (FDMA) system architectures ([Don94], [Sch94], [Vit94]) to 

provide broadband wireless access. In addition, ever- increasing bandwidth requirements, coupled 

with the explosive growth of Internet-based business and personal applications, have forced 

government, business establishments and educational institutes to work towards design and  

development of Next Generation Internet (NGI) Systems that will facilitate high-speed internet 

access anywhere, anytime. Based on GartnerGroup’s analysis [Gar01], “Next generation Internet 

services will become ubiquitous and necessary for business success. By 2003, wireless voice and 

data networks will be used by 100 percent of all Fortune 2000 companies, and will be used by 

employees at least 40 percent of the time in solving enterprise access issues that directly affect 

enterprise revenue”. 
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One of the bottlenecks in design of NGI systems is the “last-mile” high-speed network access. 

As a transport medium, optical fiber is capable of supporting networking traffic on the order of 

10Gbps over a single wavelength. However, fiber deployment in short-haul communication 

networks is still not feasible due to high installation costs and regulatory restrictions. Typically, 

only a small percentage of the commercial buildings are connected to a high-speed networking 

backbone via optical fiber. However, a large number of these buildings are within about one mile 

of a building connected to a fiber backbone. The design issues, in facilitating high-speed access 

to the optical fiber network backbone, for these buildings, are cumulatively referred to as the 

“last-mile” problem. 
 

1.2   Local Multipoint Distribution System (LMDS) [Web01] 
 

Local Multipoint Distribution System (LMDS) is an effective solution to the “last-mile” problem 

for delivering broadband voice and data traffic. The following subsections namely, System 

Overview, Network Architectures and Access Schemes, and Micro/millimeter wave propagation 

issues, introduce the LMDS technology. For comprehensive understanding of the technology, 

please refer ([Web01], [Cor98], [Dou97_1], [Dou97_2], [Iza98], [Lan97], [Lei01], and [Sta97]). 
 

1.2.1   Definition and Introduction 
 

Local multipoint distribution system (LMDS) is a broadband wireless point-to-multipoint 

communication system operating above 20 GHz that can be used to provide digital two-way 

voice, data, Internet, and video services (see Figure 1.1). As a result of the propagation 

characteristics of signals in this frequency range, LMDS systems use cellular- like network 

architecture, though services provided are fixed, not mobile. From February 18 until March 25, 

1998, The U.S. Federal Communications Commission (FCC) carried out an auction of spectrum 

in the 28-31GHz frequency range. In each geographical area, the FCC auctioned an “A block” 

(with bandwidth of 1150 MHz) and a “B block” (with bandwidth of 150 MHz). The net revenue 

was $578,663,029 [Nis01]. Specifically, 1.3 GHz of bandwidth (27.5 B 28.35 GHz, 29.1 B 29.25 

GHz, 31.075 B 31.225 GHz, 31 B 31.075 GHz, and 31.225 B 31.3 GHz) has been allocated for 
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LMDS to deliver broadband services in a point-to-point or point-to-multipoint configuration to 

residential and commercial customers. 
 

 
Figure 1.1 The LMDS System [Web01] 
 

1.2.2   LMDS Technology Overview 
 

The acronym LMDS is derived from the following:  

L (local) – indicates that propagation characteristics of micro/millimeter waves limit the 

potential coverage to a local area. 

M (multipoint) – implies that base stations usually broadcast (point-to-multipoint) the 

signals. The wireless return path, from the subscriber to the base station, is point-to-point. 

D (distribution) – refers to simultaneous distribution of voice, data, and Internet traffic. 

S (service) – identifies the subscriber relationship between service providers and customers. 
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The LMDS technology was developed as an effective solution to the “last-mile” problem to 

facilitate high-speed wireless network access. A typical LMDS network, illustrated in Figure 1.1, 

consists of four primary components - Network Operations Center (NOC), backbone network, 

Base Station Unit (BSU), and Customer Premise Equipment (CPE). The NOC contains the 

network management system (NMS) equipment that manages large regions of the customer 

network and continuously monitors the performance of the network. Multiple NOCs can be 

interconnected. The fiber-based infrastructure typically consists of synchronous optical network 

(SONET) optical carrier, central-office equipment, ATM and IP switching systems, and 

interconnections with the Internet and public switched telephone networks (PSTNs). The base 

station equipment includes the network interface for fiber termination, modulation and 

demodulation functions, and microwave transmission and reception units. The CPE include the 

requisite microwave and digital equipment providing modulation, demodulation and control. 

 

LMDS technology benefits, in comparison with fiber optic installations, may be summarized as:  

1. Low deployment and maintenance costs. 

2. Ease of installation and configuration. In addition, the system can be deployed rapidly 

with minimal disruptions to the community and the environment. 

3. Rapid deployment facilitates faster realization of revenue. 

4. Lower investment (blocked costs). Most of the equipment and deployment cost is 

associated with the CPE and hence investments are required only when new customers 

are added to the network. 

 

1.2.3   Network Architectures and Access 

 

The indoor digital base-station unit (BSU) connects to the network infrastructure while the 

outdoor microwave BSU is mounted on the rooftops and performs signal transformation (into 

electromagnetic format) and signal broadcasting.  In the most common network architecture, the 

indoor BSU and the outdoor BSU are housed together at the same location. The radio frequency 

(RF) planning involves use of multiple transmit and receive sector antennas with 90°, 45°, 30°, 
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or 15° beam widths. The idealized circular coverage area around the cell site is divided into 4, 8, 

12, or 24 sectors. In alternative architectures, the indoor BSU may be connected to multiple 

remote microwave transmission and reception systems (outdoor BSU) with analog fiber 

interconnections between them. The second approach provides increased redundancy and 

reduced servicing costs. 

 

In the upstream direction, from the customer premises to the base station, the three primary 

multiple access techniques that may be implemented are: Time Division Multiple Access 

(TDMA), Frequency Division Multiple Access (FDMA) and Code Division Multiple Access 

(CDMA). For FDMA links, the customer premises is allocated bandwidth that is either constant 

over time or which varies slowly over time. For TDMA links, the customer is allocated specific 

time slots for communication with the base station. The bandwidth allocation to the user, during 

the time slots, is based on the frequency and size of data bursts. In the downstream direction, 

from base station to customer premises, usually time division multiplexed (TDM) streams are 

implemented. 

 

1.2.4   Micro/ mm-wave Propagation Issues 

 

An area of continuing research for LMDS systems relates to micro/ mmwave propagation 

behavior. The primary propagation issue at lower frequencies is multipath fading. However, for 

LMDS systems, multipath fading should not be an important phenomenon. First, LMDS 

frequencies are much more line-of-sight (LOS) dependent, which means that shadowing and 

diffraction do not occur as often. Second, LMDS systems have base station and customer 

antennas located high on rooftops. The height of these antennas plays a significant role in 

reducing multipath effects. Third, the LMDS antennas are highly directional and hence further 

reduce multipath fading effects. Using directional antennas also alleviates adjacent channel 

interference issues. Fourth, LMDS networks are fixed broadband networks unlike cellular 

networks with mobile customers. 
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At LMDS frequencies, 28-40 GHz, network performance is most affected by rain effects that can 

introduce significant signal attenuation. Rainfall causes depolarization of the signals, leading to 

decreased signal level and decreased interference isolation between adjacent sectors and adjacent 

cell sites. Additional propagation issues relate to foliage clutter. All these factors, in addition to 

the heights of transmit and the customer-premises antenna, dictate the cell coverage distance. An 

extensive analysis of rain effects on electromagnetic signals is presented in Chapter 2. 

 

1.3   Free Space Optics (FSO) 
 

Free Space Optics is another one of the last-mile technologies that can accommodate bandwidth-

intensive voice, video, data, and Internet applications. Although Free Space Optics (FSO) has a 

great potential, it is definitely not a one-size-fits-all solution to the last-mile problem. Among all 

the potential wire line and wireless last-mile technologies, each technology has certain specific 

characteristics that are better suited to specific aspects of the market. Figure 1.2 shows the 

optimal last-mile technology solutions based on end-user demand and geographic/population 

topology. The relative positioning of the last-mile technologies was derived from technological 

capabilities such as reach, bandwidth, reliability, and the economics of the technology in that 

particular application [Mcv00]. 

 

On the extreme end of the spectrum, there is fiber, the highest capacity and most reliable access 

technology. Fiber is capable of speeds in excess of 10 Gbps, but the capacity and costs associated 

with fiber and its installation prevent it from being a ubiquitous technology. In between fiber and 

copper, there are many different types of wireless technologies, all of which avoid landline wire 

connections by transmitting over the air. 

 

More than a 100 years ago, in 1880, Alexander Graham Bell transmitted his voice as a telephone 

signal through about 600 feet of free space (air) using a beam of light as the carrier -

demonstrating the basic principle of free space optical communication. He named his 

experimental device the “photophone.” In 1999, a team of scientists and engineers from Bell 
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Labs demonstrated the world’s first multi-channel optical wireless transmission system [Bell99]. 

The technology,  that was considered highly unreliable a few years ago, has significantly matured 

as a carrier-grade wireless optical-networking technology as a result of combination of free-

space optics, networking technology, and refinements to the optical links. The fo llowing 

subsections present a brief overview of the technology. The topics covered are System Design 

considerations, Network Topologies and System performance during different weather events. 

 

 
Figure 1.2 The X Axis indicates the transmission rates (bandwidth demands) and the Y Axis 
indicates the geographic and population topology [Mcv00]. 
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1.3.1   Definition and Introduction 

 

A Free Space Optical (FSO) link refers to a pair of FSO transceivers each aiming a laser beam at 

the other, creating a full duplex communications link. These line-of-sight (LOS) FSO links 

essentially behave similar to fiber optic systems. Instead of focusing the output of a 

semiconductor laser or Light Emitting Diode (LED) into a strand of optical fiber, the output is 

broadcast in a thin beam across the sky at a receiver unit. The equipment operates in one of the 

two frequency bands 780nm-900nm and 1500-1600nm. 

 

Though light waves are a form of electro-magnetic radiation, the band of frequencies under 

consideration, is unregulated by the FCC. The FCC has chosen not to regulate frequencies 

greater than 300 GHz (less than 10,000 nm in wavelength). Since FSO systems employ 

frequencies much above 300GHz, there is no need for any spectral licensing. Furthermore, the 

beam footprint is so small that interference problems that can arise in unlicensed radio pose no 

problem for FSO [Lig01_1]. Some unique characteristics of FSO Networks are [Lig01_1]: 

 

1. Due to divergent nature of the beam, spatial and/or wavelength separation of users is 

essential to avoid interference. However, FSO systems have extremely narrow beams and 

thus the user separation problem is simplified. 
 

2. Atmospheric attenuation is a function of visibility and hence a site-specific weather 

database is necessary for identifying reliable link distance. 
 

3. Optical transmitter launch power must be set to optimize link margin and BER for the 

wavelength, distance, optical receiver sensitivity, and worst-case atmospheric conditions. 

Site planning software tools are needed to support rapid deployment. These must support 

analysis and simulation of parameters with graphical tools for site views, ray geometry 

diagrams, link distance/power calculations and BER estimates. 
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1.3.2   Network Architecture 

 

A typical FSO network implementation is illustrated in Figure 1.3. The core network consists of 

Network Operation Center (NOC), Asynchronous Transfer Mode (ATM) switch, Add-drop 

Multiplexers (ADM), and the fiber-optic SONET/SDH ring that serves as the backbone 

infrastructure. The NOC runs Network Management Software (NMS) that performs management 

and performance monitoring operations for a specified customer region. The ADMs are used to 

perform multiplexing and de-multiplexing of data at various network junctions while the ATM 

switch performs data regulation and control.  

 

 
Figure 1.3 A typical FSO Network Implementation [Mcv00]. 

 

The Access Network consists of a base station unit (BSU), connected to the fiber-ring backbone 

infrastructure. Each unit is equipped with up to four optical transceivers that serve as either 

redundant access points or relay points to the next networked building. The mesh configuration 
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eliminates the point-to-point and point-to-multipoint single-point-of-failure weakness. The free 

space optical link is usually 622 Mbps while the customer premises equipment (CPE) nodes may 

be connected to Network Termination Units (NTU) via OC-3 (155 Mbps) fiber links. The CPE 

nodes may be shared among multiple devices/ users in the Premises network. 

 

1.3.3   Propagation/ Channel Performance [Lig01_1] 

 

Free space, low altitude laser transmissions experience atmospheric energy losses resulting from 

scattering during haze, rain, snow, and fog conditions. Atmospheric transmittance as a function 

of wavelength is shown in Figure 1.4 for typical atmospheric conditions. In addition to 

absorption losses, scattering losses contribute to attenuation of the energy, as a result of elastic 

collisions of light waves with atmospheric particles. As the beam propagates, the path losses are 

integrated along the LOS until the laser light reaches the receiver. The scattering losses occur 

from all sizes of particles relative to the laser wavelength. 

 

Rayleigh Scattering 

This scattering behavior refers to molecular and dust particles that are much smaller than the 

wavelength of the laser transmission. The angular scattering distribution is dependent upon the 

polarization of the laser. The scattering loss decreases with longer wavelengths and is only 

important at lower, UV and visible wavelengths. 

 

Aerosol, Particles, and Cloud (or Mie) Scattering 

Mie scattering, the lower visibility conditions, due to haze, rain, snow, and fog events are 

responsible for limiting free space optical ranges. The elastic scattering is due to all particles 

(assumed spherical) that are comparable to the laser wavelength, and is responsible for dominant 

atmospheric propagation losses. Haze scattering is caused by particles a few microns in size and 

falls off as the wavelength increases. However, significant scattering attenuations occur only 

when the rain and snow rates increase or there is increase in fog densities. 
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Figure 1.4  Atmospheric Transmittance as a function of wavelength [Lig01_1]. 
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Atmospheric Scintillation 

The final atmospheric phenomenon that significantly impacts laser propagation is scintillation. 

At low altitudes, scintillation effects arise from temperature differences between the ground and 

air and the resulting heat exchange. The index of refraction of air changes with temperature and 

the heat exchange causes local index variations that affect the laser propagation. Different optical 

effects arise from different scintillation event sizes. For scale sizes larger than the beam, the 

beam can be steered out of the LOS by a small amount over nominal free space ranges. When the 

scintillation pockets are much smaller than the beam, the beam diameter increases or spreads. 

The dominant scintillation effect occurs when the scintillation scale is comparable to the beam 

size. This scale size event defocuses the beam and leads to significant intensity variations in the 

received amplitude of the laser signal.  

 

Fog 

The biggest environmental challenge for an FSO link is fog. Fog is the presence of water vapor 

in the atmosphere and is composed of water droplets between a few and a hundred microns in 

diameter. The water molecules in the air absorb, scatter, and reflect any light that tries to pass 

through them. From the visible to the near infrared wavelengths, fog induced scattering is nearly 

independent of the wavelength. There are techniques that can be used to combat fog. The first of 

these techniques is link planning. Historical visibility data is available for most cities. This data 

is in the form of visibility distance, and can be seen as a conservative bound. Also, frequencies in 

the far infrared spectrum penetrate fog better than the visible range and hence products may be 

customized. In addition, Multi-Link systems that send the same information over multiple optical 

paths, can be used to increase the probability that any one path will be able to penetrate the fog, 

which has varying concentrations at various points. 

 

For comprehensive details pertaining to the FSO technology, please refer [Bell99], [Cab01], 

[Kar99], [Kar00], [Lig01_1], [Lig01_2], [Mel00], [Mull01], [Mcv00], [Air01], [Ter01]. 
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1.4   Motivation 
 

Significance of Fixed Broadband Networks 

The advent of real-time multimedia applications, Internet based digital services, and other 

bandwidth-intensive business and personal applications has necessitated development and 

deployment of broadband network access technologies. Broadband wireless network access 

technologies such as LMDS and FSO facilitate high-speed access to optical fiber based backbone 

infrastructure. Some of the commonly used services that require high-speed network access are 

categorized as follows: 

 

1. Broadcast, Multicast Services - Digital Television and Pay-per-view channels. 

2. Interactive Services - Interactive video, Interactive games, Home shopping and 

Telemedicine. 

3. Internet Access - Internet browsing, Software download and Electronic banking. 

4. Symmetric Service - Work from home, Video conferencing and Voice telephony. 

5. Small Office /home Internet web page designing, Internet server and Internet download. 

6. Others – Streaming video, Streaming audio, Fax, e-mail and file transfer. 

 

It is needless to mention that the potential market for fixed broadband wireless technologies is 

huge. According to Dan Whipple, Interactive Week [Int01], broadband wireless will soon 

replace local phone companies, especially in regions where telephone access is limited or suffers 

from poor voice quality. Also, according to him, in the not-so-distant future, wireless broadband 

could also replace the cable or the rooftop satellite dish to deliver digital images to the TV set. 

According to research analysts at Cahners In-Stat Group [Cah00], the U.S. market for multi-

tenant broadband equipment and services will grow from $371 million in 2000 to nearly $2 

billion in 2004.  
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In-Stat finds that the multi-tenant broadband wireless access market will witness following 

trends over the next five years: 

• Increasing number of property owners will perceive broadband access as a key 

differentiator, and will look for outsourcing the network management functions to multi-

tenant unit service providers. 

• The deployment of high-speed Internet connections to the MTU marketplace will enable 

the delivery of new value added services, including VPN services, e-commerce, 

telephony, video, and network management services.  

Similarly, Forrester Research estimates that 45.8 million households will have broadband 

connections to the Internet by 2005, up from 2.8 million today [Int01]. 

 

LMDS: A compelling fixed broadband access technology 

Local Multipoint Distribution Services and Free Space Optics have enormous potential to 

emerge as the most reliable and cost-effective wireless broadband-access technologies. Sections 

1.2.1, 1.2.2, 1.2.3, and 1.2.4 present pertinent details about the LMDS access technology and 

Sections 1.3.1, 1.3.2, and 1.3.3 present details of the FSO access technology. Each technology 

has its own advantages and disadvantages. LMDS systems can provide high-speed network 

access in a point-to-multipoint fashion whereas FSO systems are essentially point-to-point. 

During steam, mist or heavy fog conditions, LMDS systems are relatively unaffected but the 

performance of FSO systems degrades sharply. However, LMDS systems have higher operating 

costs due to spectrum licensing (FSO systems operate in unregulated frequency band) and their 

performance degrades severely during heavy rain conditions. FSO systems have little problem 

with rain. Indeed, FSO technology is a good complement to the LMDS technology as far as 

system performance during different weather events is considered [Lig01_01].  

 

FSO systems fare better as compared to LMDS systems in terms of operational cost and 

achievable data rates. Current LMDS systems can easily overcome higher operational costs due 

to spectrum licensing issues by operating in the unlicensed frequency bands. FCC has allocated  

1 GHz and 5 GHz of license-free spectrum at 38 GHz and 60 GHz, respectively, for LMDS 
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applications. These unlicensed frequency bands can be exploited not only to reduce operational 

costs but also achieve extremely high data rates comparable to those provided by FSO systems. 

This can potentially allow the LMDS technology to be the best wireless broadband access 

technology except during heavy rain conditions. As a solution to adverse weather conditions, 

hybrid links (a combination of FSO and LMDS) may be deployed with an appropriate switching 

mechanism that facilitates switching over from one access technology to other [Lig01_2]. 

 

However, in order to plan and execute site-specific LMDS or Hybrid deployments, it is vital for 

system designers to be able to predict the behavior of mm-waves (38 GHz and 60 GHz) during 

different weather conditions, especially rain. The Comite Consultatif International des 

Radiocommunications (CCIR) has rainfall attenuation estimation procedures, however, there is 

limited data and experience in small cell point-to-multipoint systems [Lig01_01]. This research 

attempts to characterize the performance of mm-waves (both 38 GHz and 60 GHz) in free-space 

during different weather conditions.  

 

Wideband measurement systems can be implemented using a method called sliding correlation. 

The sliding correlator technique has been used since the early 1970s to study the path loss and 

time dispersion characteristics of radio channels [Cox72].  Since then, numerous researchers 

have embarked on a wide range of research efforts that employ wideband measurement 

techniques including sliding correlation ([Dev867], [Dev95], [New96_1], [New96_2], [Xu99], 

[Xu00], [Gre00]). In this research, the MPRG sliding correlator channel sounder is configured to 

operate at 38 GHz and 60 GHz bands of frequencies. Explicit system hardware and configuration 

details are presented in Chapter 3 of this dissertation.  

 

The primary focus of this research is to characterize the pico-cell scenario broadband wireless 

channels by measuring path loss statistics during different weather conditions. In addition to 

recording of free-space path loss measurements at 38 GHz and 60 GHz during different weather 

events, frequency diversity measurements are also performed at 38 GHz and 60 GHz to 

characterize the performance of different closely spaced frequencies (100MHz separations). The 
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frequency diversity measurements are performed during clear sky conditions. Chapter 2 explains 

the methodology and other pertinent details of the path loss and the frequency diversity 

propagation measurements in detail. 

 

The path loss statistics from these propagation measurement campaigns will facilitate 

generalized planning, implementation and deployment of LMDS systems operating 

independently or together with FSO systems, at 38 GHz and 60 GHz bands of frequencies. 

Specifically, the results can be incorporated into a ray tracing based planning tool to facilitate 

automated design and analysis of site-specific LMDS wireless access systems. 

 

1.5   Organization of the Report 
 

In this dissertation, foundational theory, system hardware and software details, results of a recent 

propagation study, and data processing techniques are presented. The contents of Chapter 2 are 

intended to serve as an introduction to the fundamental theory of free-space propagation. 

Extensive background theory and literature search on wideband free-space propagation at 38 

GHz and 60GHz is also presented. 

 

Chapter 3 introduces a wideband direct-sequence spread spectrum (DSS) channel sounding 

system that is extensively used throughout the measurement campaigns presented in this 

dissertation. The sections of this chapter describe the operation of the channel sounder hardware 

and briefly discuss the significance of various test equipment. Relevant details of the transmitting 

and receiving antennas (operating at 38GHz and 60GHz) used in measurement campaigns are 

also included. The chapter also elaborates on the calibration measurements and their relevance to 

the measurement campaigns. Equipment setup for calibration measurement, sequence of 

calibration measurements, sample calibration data, derivation of calibration constants and end-to-

end link budget analysis are also presented. 
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Chapter 4 describes the hardware, methodology and logistics of the propagation measurement 

campaigns. The comprehensive measurement plan presented in this chapter was used to serve as 

guidelines for the actual fieldwork during propagation measurements. The plan specifically 

includes all relevant details of three point-to-point wireless links chosen for free-space 

propagation measurements. The measurement plan also elaborates on the sequence of 

measurements performed to record Power Delay Profile (PDP) statistics during different weather 

events. Equipment setup for real-time recording of rain data is also included. 

 

Chapter 5 summarizes recorded data from propagation measurements followed by data 

processing details and calculated path loss and rain attenuation statistics. Path loss exponent 

values are calculated for clear-sky measurements and rain attenuation values are compared with 

popular rain models. Conclusions and results from frequency diversity measurement campaign 

are also discussed. The Data Processing Software, used throughout the measurement campaigns, 

is thoroughly explained in Appendix A. 


