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ABSTRACT 

ABSTRACT 

This thesis is concerned with the measurement and characterization of radio 

signal spatial fading in urban micro-environments. Automated field strength 

measurements at ten FM broadcast frequencies were conducted in a small region of a 

built up urban center (the McGill University campus, Montreal, Canada). 

The measurements show that the received signal comprises two independent 

fading components: long term fading (average power variations over large spatial 

intervals), and short term fading (rapid power fluctuations over small spatial intervals). 

A number of statistical and time series analysis methods (probability density, 

quantile-quantile plots, autocovariance, crosscovariance, spectral density) were 

exploited to characterize the fading behaviour (long term and short term) for different 

urban surroundings. 

Since specifie behavioural differences were observed, it is concluded that the 

methods used (experimental and statistical) provide a basis for characterizing spatial 

fading phenomena of mobile radio signaIs in urban areas. 
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SOMMAIRE 

Ce mémoire se penche sur la mesure et la caractérisation de 

l'évanouissement spatial d'un signal radio dans les micro-régions 

urbaines. A cette fin, des mesures automatisées de champs 

électromagnétiques ont été relevées à l'intérieur d'une petite 

région d'un centre urbain (le campus de l'Université McGill, 

Montréal, Canada) pour dix fréquences FM de radiotélédiffusion 

(88-108 MHz). 

Les mesures indiquent que le signal reçu est constitué de 

deux composantes indépendantes: les variations lentes (variations 

de la puissance moyenne sur de grandes distances) et les 

variations rapides (fluctuations de la puissance sur de courtes 

distances). Ces deux composantes ont été caractérisées à l'aide 

de diverses méthodes statistiques (i. e. tracé centile-centile, 

densité de probabilité), et d'analyse de signaux {autovariance, 

covariance, et spectre de puissances) pour identifier des 

différences d'un milieu à l'autre. 

On a ainsi pu déduire des caractéristiques statistiques 

intéressantes, et consistantes dans le temps pour cette 

micro-région typique; l'ensemble des données recueillies 

constitue alors une base pour la caractérisation de l'évanouisse­

ment spatial d'un signal radio. 
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Chapter 1 : 

INTRODUCTION 

1.1 General Introduction 

For many years, mobile radiocommunications have been of interest for those in 

need of communicating with others from within moving vehicles, be they in air, at sea, 

or on land [1.1]. Applications of land mobile radio systems (LMRS) include dispatch 

services, surveillance systems, citizen band radio, radio pagers, and more recently, 

cellular radiotelephone services. 

The advantages obtained with the use of mobile radio systems are obvious. First, 

the systems are entirely wireless giving mobile receivers the ability to change position 

freely without losing communications in a given service area. Second, a mobile radio 

system is indispensable in situations demanding communication between two points 

which cannot be physically connected by wired systems, as in the case of ail moving 

land vehicles, as weil as ships and aircraft. 

The service of a mobile radio system is limited by the magnitude of the received 

signal strength relative to the sensitivity of the receiver. In an urban environment, the 

transmitted signal suffers losses in power arising from reflections and obstructions from 

buildings. These los ses will be displayed in the large scale variations (long term 

fading) [1.2] of the received signal. 

Short term fading [1.2] describes the rapid fluctuations of the received signal 

power about the long term fading signal. The received signal is therefore a 

combination of the long term and short term fading components. 

Because signal fading arises from the environment between the transmitter and 

receiver, the fading signal provides information as to how the environment actually 

degrades the transmitted signal. An understanding of the fading characteristics thus 

aids the design of LMRS where signal degradation resulting from spatial fading is 

common. 
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In recent years, there has been increasing interest in cellular radio networking as 

applied to mobile telephony [1.3]. Hence, the need arises to characterize the fading 

signal under a variety of environmental conditions, and particularly in urban areas, 

where shadowing, scattering, and reflection affects the performance of land mobile 

radio systems. 

The present work addresses the problem of characterizing the spatial fading 

phenomena (long term and short term) at FM broadcast frequencies in an urban 

"micro-environment" (a small region of a large downtown area). Making measurements· 

in this frequency range can provide exploratory data showing the nature of the long 

term and short term fading signaIs. Since the objective of the present work is to 

obtain exploratory data of the fading signal under urban conditions, the electromagnet­

ic fields from commercial FM broadcast transmitters have been chosen for study. This 

is because a continuous test signal is aiways available and th us the signais can be 

readily measured at all times. 

It is hoped that the results of this work will encourage similar studies in other 

frequency ranges and in other urban areas in üJ'der to en large the information base 

necessary for further understanding and prediction of signal fading in urban areas. 

1.2 Statement of the Problem and Objectives 

The problem which this thesis adresses is the development of a methodology for 

characterizing long term and short term spatial fading in urban areas. The three major 

aspects involved in such a problem are as follows: 

(a). The exoeriment d..ui.K!J. considerations in characterizing the long term and 

short term spatial fading in an urban micro-environment, 

(b). The consideration of meaningful fi1l1fl. ana1vsis methods to characterize the 

behaviour of long term and short term spatial fading, 

(c). The characterjzation olIM statistjcal behavjour of the long term and and 

short term fading using (a) and (b) ab ove, as based on actual field measurements in a 

micro-environment. 





( 

( 

CHAPTER 1: INTRODUCTION 1-4 

Appendix E con tains a list of abbreviations used in the thesis. 

A bibliograj)hy' of selected journal and conferencepapers on various aspects of 

mobile propagation is given at the end of the thesis for ready reference to background 

material. 

Ali references are placed at the end of each chapter. under the designation of 

"End Notes". 
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[1.1] 

[1.2] 

[1.3] 

1.5 End Notes 

A brief summary of the major developments in mobile radiocommunications 
can be found in, W.C.Y. Lee, Mobile Communications Engineering, New 
York, McGraw-HilI, 1982, pp.2-3. 

The concept of spatial long term and short term fading of mobile radio 
signaIs is described in, W.C.Y. Lee, Mobile Communcations Engineering, 
1982, pp.169-171. 

The use of cellular radio networking as applied to mobile telephony was first 
introduced by Bell Telephone Laboratories, U.S.A., in 1978, under the trade 
name "Advanced Mobile Phone Service" (AMPS). A complete description of 
the AMPS features is given in, "Advanced Mobile Phone Service", special 
issue, Bell System Technical Journal, vol.S8, January 1979. 
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Chapter 2 : 

THE EXPERIMENT 

2.1 General 

This chapter describes the experiment design, the experimental method, the 

instrumentation used for measurements, and the amount of data collected from each 

field survey. 

2.2 Experiment Design 

The special features of the experiment are the following: 

• The measurement sites are in close proximity to a number of high power FM 

transmitting sources [2.1], thereby providing continuously available, powerful test 

signais. 

• . The ex periment involves making field strength measurements on a 

microscoQjc ~ (referring to a small test region within a larger region) in an urban 

environment. 

• The experiment of this study is in contrast to previous studies [2.2] where 

measurements were made on a macroscoD;C scale over a large region composed of 

smaller sub-regions. A microscopie scale study attempts to show differences in 

behaviour between individual street locations within a larger composite region (such as 

a city). In contras t, a macroscopic study would attempt to show differences in the 

behaviour of one large region as compared to another large region, such as two cities. 

• The experiment is designed to identify the spatial long term fading and short 

term fading characteristics of broadcast signais in an U!.bim. mjcro-environment. The 
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long term and short term fading charactersitics of the micro-environment represent a 

new body of information which May be appl!ed to the planning and design of 

radiocommunications services tailored to the urban micro-environment. Macroscopic 

measurements are of limited use in describing the features of the micro-environment. 

Fig. {2.2.1} shows an example of an urban micro-environment (Sherbrooke St.) 

as investigated in the present work. The points of interest are the different sizes and 

shapes of urban buildings lining the street. More will be said of the specifie 

micro-environment features in section {2.7}. 
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Fig. {2.2.1} 
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An urban 'micro-environment': Sherbrooke Street, 
Montreal. 
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2.3 Experimental Method 

To achieve the objective of gathering large amounts of field strength data on 

various streets in a busy downtown area, automated field strength measurements were 

performed with a mobile field instrumentation vehicle (MFIV) [2.3]. The MFIV, 

essentially a refurbished camping vehicle adapted for field measurements, houses a 

complete signal monitoring system : VHF /UHF scanning receivers, a data acquisition 

system, a line printer, and a 9-track tape drive, ail of which operate under computer 

control. In order to run this equipment, a separate power supply (provided by diesel 

generators) is required to provide a stable mains voltage to the computer and rf 

equipment. 

The MFIV is owned and operated by the Department of Communications (DOC), 

Communications Research Centre (CRC), Ottawa, Canada. A photograph of the MFIV 

is shown in Fig. {2.3.1}. The MFIV has been used in the past for monitoring the 

electromagnetic environment in Canadian cities on a macroscopic scale (see LeBel in 

[2.2]). 

Vertical and horizontal polarized receiving antennas were mounted on the 

roof top of the MFIV at a height of roughly 3 meters above street level. The roof top 

comprises a metallic mesh surface acting as an image plane. 

During vehicle motion along the streets, the field strengths at several 

preprogrammed frequencies were sampled at rougly uniform spatial intervals. The 

field strength data, the vehicle postion along the street (relative to a specific starting 

point), and the time of each measurement, were ail stored in memory and transferred 

onto magnetic tapes during measurements. Upon completion of the measurements, the 

tapes were transferred to a remote mainframe where the data were reduced and 

preprocessed. The data processing aspects are described in Chapter 3. 

The MFIV was driven along city streets at a speed of about 10-20 km/hr so that 

observation by observation, the vehicle can be considered stationary (as compared to 

the velo city of propagation). In such case, Davis and Bogner [2.4] reported that the 

propagation between the base station and the mobile may be considered reciprocal, so 

that exchanging the base transmitter with a base receiver and the mobile receiver with 
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a mobile transmitter will give the same results. However, for convenience, 

measurements are made using a stationary base transmitter and a mobile receiver. 

The transmitter characteristics are described in section (2.4), the receiver system 

in section (2.S), and the receiving antenna in section (2.6). 

The measurement trajectories of each field survey (there were two surveys) are 

described in section (2.7). 
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Fig. {2.3.l} The DOC/CRC mobile field instrumentation van 
(MFIV). 

2-6 
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2.4 Transmitters 

The transmitters for Most of the ten FM broadcasting stations are colocated on an 

antenna tower on Mount Royal park in Montreal, Canada. The transmitters for other 

stations are located on nearby office buildings. 

Table {2.4.1} lists the ten Montreal FM transmitters, their audio carrier effective 

radiated powers (ERPs) along the horizon, height above sea level in meters, transmitter 

location relative to the Mt. Royal antenna tower (e.g. (N),(S),(E),(W) indicates North, 

South, East, and West of Mt. Royal, respectively), and the transmitted polarization. 

Fig. {2.4.1} shows a closeup view of the Mount Royal antenna tower as seen from 

a point on Mount Royal park. 

Fig. {2.4.2} shows the CKOI antenna Mast situated on top of the Bank of 

Commerce building on Peel street, as seen from the top of Peel Street. 

Table {2.4.1}. Charactersitics of Montreal FM Broadcast Transmitters (88-108 MHz). 

STATION F(MHz) ERP (kW) Height(m) Location Polarization 

CFQR 92,5 41,4 298 Mt. Royal Horizontal 

CBM-FM 93,5 24,6 251 Mt. Royal Horizontal 

CKMF 94,3 41,4 298 Mt. Royal Horizontal 

CJFM 95,9 41,2 298 Mt. Royal Horizontal 

CKOI 96,9 307,0 217 Peel St.(SE) Circular 

CHOM 97,7 41,2 298 Mt. Royal Horizontal 

CBF-FM 100,7 100,0 251 Mt. Royal Horizontal 

CINQ 102,3 0,04 46,0 Downtown (NW) Horizontal 

CFGL 105,7 100,0 121 Mt. Royal Circular 

CITE 107,3 100,0 112 Downtown (E) Circular 



CHAPTER 2: THE EXPERIMENT 2-8 

Fig. {2.4.l} Mount Royal FM-TV antenna tower. 
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Fig. {2.4.2} Peel Street showing CKOI antenna tower. 
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2.5 Receiving Antennas 

Rhode and Schwarz active dipole antennas were used to measure electric field 

strengths in the FM broadcast range (88-108 MHz). Separate elements for the vertical 

(type HE109) and horizontal (type HE114) pOlarizations provided the vertical and 

horizontal polarized signaIs. These are broadband active (high impedance) antennas 

with operation in the VHF range (20-200 MHz), extending up to TV channel 12. 

The horizontal dipoie consisted of two antennas coupled to a common output by 

means of a 90 degree hybrid. The two antennas were physically oriented at right 

angles to each other to pro vide omnidirectional covorage. 

The vertical and horizontal antennas were mounted on a metallic mesh surface 

acting as an image plane (2,44 m by 7,35 m) on the roof top of the instrumentation van 

[2.3]. The vert~cal and horizontal dipole elements were separated spatially by about 

2,0 meters. 

2.6 Data Gatbering System 

The data gathering system comprises a computer controlled (POP-8) VHF 

scanning receiver with data acquisition and storage capabilities [2.3]. The measuring 

receiver is a calibrated triple conversion superheterodyne receiver followed by a 

precision detector [2.3]. The special features of the receiver system are as follows: 

a). It can be preprogrammed from one frequency to another within 

microseconds via a programmable frequency synthesizer, 

b). True RMS (root-mean-square) envelope detection is achieved by special 

circuitry with a dynamic range of about 60 dB, 

c),. TV cbannels (4,5 MHz bandwidth) are handled by measuring the audio 

portion of the channel, and later obtaining the video power by a known fraction of the 

total power in the channel, 

d). A programmable synthesized generator is used for calibration purposes. 
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A complete description of the data gathering system (and the MFIV) is given in 

[2.3]. Fig. (2.6.1) shows a block diagram of the major components of the MFIV data 

gathering system. 

The signal strengths are registered in units of decibels relative to 1 microvolt 

(dBIlV) on magne tic tape together with the position of each measurement relative to the 

starting location. The start and end times of each measurement are also registered. 

Conversion to field strengths (dBIlV lm) is carried out during the preprocessing step, 

and is described in Chapter 3. 
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Fig. {2.6.1} Block diagram of the MFIV data gathering system 
[2.3]. 
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2.7 Sc:ope of Measurements 

Two separate field surveys were carried out (March 1983, December 1984) in 

Montrèal, Canada, both of which involved the MFlY. 

The first survey comprised exp10k'atory field strength measurements of 12 AM, 

10 FM, and 4 VHF-TV broadcast frequencies on 19 streets on the McGill University 

campus precinct in downtown Montreal. The sampling interval was between 1,5 and 

6,5 meters. This rate of sampling gave a very detailed representation (about 100 

samples per wavelength) of the standing wave patterns at the AM broadcast frequencies 

with typical wavelengths of roughly 500 m. However, using the same rate of sampling 

at the FM & VHF-TV broadcast frequencies (55-205 MHz) was clear1y inappropriate 

to describe the short term fading characteristics due to the shorter wavelengths (1,5 m 

to 3,5 m). 

The purpose of the first survey was to investigate the ambient levels of EM 

radiation in an urban environment due to commercial FM broadcasting transmitters 

[2.1]. It should be noted that the measurements of this exploratory survey were not 

carried out with the specifie intention of studying the long term or short term fading 

behaviour. However, a preliminary analysis of the data revealed interesting trends 

which prompted further investigation. 

In order to further investigate such trends, a second survey was therefore 

conducted of only the ten FM stations over a reduced set of routes. This survey 

involved sampling the field at intervals of between 0,5 m and 0,9 m, giving more detail 

of the spatial intereference pattern than the previous survey. These detailed field 

measurements provide the basis of Chapter 5 on short term fading. 

The measurement routes and other details of both field surveys are described in 

sections (2.7.1) and (2.7.2) respectively. 



CHAPTER 2: THE EXPERlMENT 2-14 

2.7.1 First Field Survey : March 1983 

This section describes the micro-environment of the first field survey. Table 

(2.7.1.1) lists the measurement routes, the number of samples on each route (N), and 

the average sample spacing (T) in meters. 

A map of the measurement trajectories is given in Fig. (2.7.1.1). 

From table (2.7.1.1), the Mean sample spacing of aIl 19 street locations is about 

3,2 meters, or about one wavelength at f=93 MHz. 

Figures (2.2.1) and (2.4.2) show photographs of two measurement trajectories, 

Sherbrooke Street (route #8) and Peel Street (route #7), as listed in Table (2. 7.1.1). 
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Table {2.7.1.1}. Measurement Trajectories for March 1983 Survey. 

Measuring Starting Ending Route Sam pie Sample 
Sequence Location Location Length Size Spacing 

1 University & Pine & 630 m N ... 318 1,98 m 
Sherbrooke University 

2 Pine & Peel & 434 m N=163 2,66 m 
University Pine 

3 Peel & McIntyre & 7S m N ... 16 4,69 m 
Pine Peel 

4 McIntyre & Drummond & 200 m N=140 1,43 m 
Peel McIntyre 

S Drummond & Penfield & 112 m N=53 2,11 m 
McIntyre Drummond 

6 Penfield & Peel & 197 m N=84 2,34 m 
Drummond Penfield 

7 Peel & Sherbrooke & 273 m N=91 3,00 m 
Penfield Peel 

8 Sherbrooke & Sherbrooke & 422 m N=160 2,64 m 
Peel University 

9 McTavish & Pine & 243 m N=70 3,47 m 
Penfield McTavish 

10 Pine & Peel & 102 m N=21 4,86 m 
McTavish Pine 

11 Peel & Penfield & 220 m N=33 6,49 m 
Pine Peel 

12 Pen field & Pentïeld & 97 m N=16 6,06 m 
Peel McTavish 

13 Biology Road & Sherbrooke & 370 m N=287 1,29 m 
Milton Biology 

14 Sherbrooke & McTavish & 143 m N=49 2,92 m 
Biology Sherbrooke 

IS McTavish & Penfield & 293 m N=97 3,02 m 
Sherbrooke McTavish 

16 Penfield & Biology Road & 26S m N=60 4,42 m 
McTavish Penfieldgate 

17 Biologic Road & Biology Road & 389 m N-22S 1,73 m 
Penfie dgate Milton 

18 University & University & 251 m N ... I03 2,44 m 
Pine Northend 

19 Pine & Pi ne & 269 m N=78 3,45 m 
Peel Redpath 
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Fig. (2.7.1.1) 
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Map of measurement trajectories on the McGill 
University campus. First field sur vey (of 12 
AM, 10 FM, and 4 VHF-TV broadcast transmitters). 
Dots indicate survey routes. 
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2.7.2 Second Field Survey: December 1984 

Table (2.7.2.1) Iists the measurement routes for the second field survey. It 

should be noted that measurement routes are a subset of the routes of the previous 

survey, as shown in Fig. {2.7.2.1}. 

Table (2.7.2.1). Measurement Trajectories for December 1984 Survey. 

Measuring Starting Ending Route Sam pie Sample Spacing 
Sequence Location Location Length Size 

1 University & University & 825 m N=1310 0,63 m 
Sherbrooke Northend 

2 Roddick Gate Milton Gate 375 m N=721 0,52 m 
& Sherbrooke & University 

3 Milton Gate Biology Road/ 255 m N=283 0,90 m 
& University Penfieldgate 

Figure (2.7.2.2) shows route (#1), University Street from the intersection of 

Sherbrooke towards Northend. 

Figure (2.7.2.3) shows route (#2), Roddick Gate towards the Arts Building on 

the Mc Gill University campus. 

Figure (2.7.2.4) shows route (#3), Milton Gate towards Penfieldgate, also on the 

McGiIl University campus. 
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Fig. {2.7.2.2} View of University Street (route #1, second 
survey). 
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Fig. {2.7 .2.3} View of lower McGill University campus showing 
Roddick Gate entrance (route #2, second survey). 

2-18 
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Fig. {2.7.2.4} 
View of route from Milton Gate to Penfield Gate 
(route #3. second survey). 
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Fig. {2.7.2.1}. Map of measurement trajectories on the McGill 
University campus. Second field survey (of 10 FM 
broadcast transmitters). Dots indicate survey 
routes. 

2-20 
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2.8 Concludlng Remarks 

This chapter has described features of the experiment design, including the 

concept of micro-environment field measurements, the experimental method, and the 

scope of the field surveys carried out. It is evident that the study of spatial fading of 

. the micro-environment requires gathering large amounts of data over a number of 

urban streets. To achieve this objective, an apparat us for performing automated 

measurements is required. In the present case, the apparatus involved a mobile van 

adapted to perform automated field measurements. The measuring vehicle is required 

to operate as a independent unit, and therefore requires a separate power suppl Y to 

provide a stable mains voltage to on-board computer and rf equipment. 

AlI the field strength data should be stored on tapes (or other storage media) such 

that data processing May be carried out separately from the data gathering. The 

folIowing chapter describes various aspects of processing the field measurement data. 
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Chapter 3 : 

DATA ANALYSIS METHODOLOGY 

3.1 General 

This chapter describes the data analysis procedures that were carried out on the 

raw data recorded by the instrumentation van. The methods of data reduction, 

preprocessing, and data transfer are described briefly. The objectives of the data 

analysis are stated, and the statistical analysis software packages developed are 

catalogued at the end. 

3.2 Data Processing Procedures 

1. DATA REDUCTION AND PREPROCESSING 

Data reduction is the first step in the data processing procedures. It involves the 

conversion of the raw data from decibel microvolts (dB/lV) to units of fjeld strength, 

expressed in decibels relative to a microvolt per meter (dB/lV lm) using the known 

antenna factor for each frequency. The conversion is carried out on the CRC 

mainframe computer system by a specially developed software package which employs 

the antenna factor versus frequency calibration curve. Other steps include incorporat­

ing correction for cable losses and attenuator pad settings for each frequency measured. 

The combination of all the above steps comprises the process of data reduction. 

The next procedure which occurs before the start of any analysis is that of 

preprocessing. Preprocessing involves the conversion of the original records to a 

format for convenient processing and includes the addition of information such as the 

number of measurements on the trajectory. The preprocessing step is also performed 

at the CRe site using specially developed software. Once this step is performed, the 

data is ready for analysis. 
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Both the data reduction and preprocessing steps were carried out on the CRC 

mainframe computer system (Honeywell CP-6). AIl the reduced and preprocessed data 

was then co pied onto a separate tape, which is then sent for analysis. 

2. DATA TRANSFER AND MANAGEMENT 

At the start of this study, data analysis of an exploratory nature was performed 

on the IBM mainframe system (IBM 4341) at McGill University. However, as the 

work progressed, it became apparent that the analysis did not require a mainframe 

system and it was thus (iecided to transfer the data and the analysis software to a 

microcomputer (PC) environment. The data analysis has since then been carried out on 

a PC. As experience has shown, the PC is the preferred system for data analysis 

because of greater convenience and lower computing costs. 

The present form of data transfer is as follows. The preprocessed data, which is 

stored on a 9-track magne tic tape, is fed into an IBM mainframe computer. Once the 

data is transferred from tape onto mainframe disk storage, a data transfer between the 

mainframe system and a microcomputer is initiated via a file transfer program such as 

KERMIT or PCWS. 

The transfer of data to a PC level is considered to be an important factor in 

obtaining results at a fraction of the cost of mainframe operation. 

Table (3.2.1) shows the storage requirements of the conglomerate data sets of both 

field surveys. From this table, it is evident that the data acquired from future surveys 

can also be transferred to a PC, provided the PC is equipped to handle the storage 

requirements of the data. 
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Table {3.2.1}. Memory Storage Requirements of Measurement Data. 

Survey Date Number of Number of Data Bank Size 
Streets Stations 

; 

March 1981 19 26 (V,H) 450 Kbytes (approx.) 

December 1984 3 10 (V,H) 295 Kbytes (approx.) 

3. DATA ANALYSIS 

The data analysis was carried out on a PC's LIMITED 286 microcomputer 

equipped with the Intel 286 micropocessor and the Intel 287 math co-processor, 1 

Megabyte RAM, an IBM enhanced graphies adapter (EGA) card, and an 80 Megabyte 

fixed disk. One high density (1.2 Mbyte) and one regular density (360 Kbyte) disk 

drive are aIso installed for floppy disk data transfers. 

Data analysis software was çleveloped using the F77L Fortran compiler [3.1]. In 

addition, for certain applications, the SSP/PC math library [3.2] was used in computing 

Bessel functions (see PDENS.EXE software). 

Graphs were produced using the GOLDEN GRAPHICS graphies software [3.3]. 

3.3 Objectives or Data Analysis 

The objectives of the data analysis are stated in terms of the long term and 

short term fading components. The techniques used to achieve the data analysis 

objectives are described in sections {3.3.l} and {3.3.2} respectively. 

To perform the analysis of the measurements, software packages were 

developed for data retrievàl as weIl as for statistical analysis. The software was 
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developed using the Lahey Fortran compiler [3.1 J, and were designed with as much 

flexibility as possible for future use. The software is further described in sections 

(3.5.1) and (3.5.2). 

3.3.1 Data Analysis Objectives: Long Term Fading 

The objectives of the analysis of the long term fading signal may be categorized 

into two broad classes, (i). the spatial behaviour, and (ii), the statistical behaviour. 

(i) SQatia/ Behav;our: 

(a) To identify and quantify the shadow zones for a single transmitter along a 

typical built-up street, 

(b) To compare the fading patterns of several transmitters on a given street. 

(ii) Statistica/ Behavjour: 

(a) To study the cumulative distribution function (CDF) behaviour of a 

particular transmitter on different streets, 

(b) To estimate the shadow effect among parallel streets in a micro-environ-

ment, 

(c) To compare the CDF of the vertical and horizontal fading components on a 

common street. 

3.3.2 Data Analysis Objectives: Short Term Fading 

The objective of the short term fading analysis is to characterize the stochastic 

nature for different urban surroundings. This involves the application of the following 

established methods of random data analysis and time series analysis: (i), the 

probability density function (PDF) of the short term variations, (ii), the spatial 

autocorrelation behaviour, (Hi), the spatial crosscorrelation behaviour between the 

vertical and horizontal fading components, and (iv), the spectral domain behaviour 

using the notion of spatial frequency. 
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3.4 Analytic:al Tec:hniques 

The analytical techniques are divided into two categories: Long Term Fading, 

and Short Term Fading. These techniques are briefly stated in sections {3.4.l} and 

{3.4.2} and are discussed in Chapters 4 and S. Appendices A, B, C, D, contain 

information on the computational aspects of the short term fading statistical analysis 

methods. 

In order to obtain the slow and fast fading components of the received signal, a 

statistical lowpass filter was applied to the received signal consisting of rapid variations 

(short term fading) superimposed on a slowly varying signal (long term fading). The 

filter uses a running me ans approach such that the long term fading signal at a given 

position is obtained by averaging (in dB) a suitable number of equally weighted 

samples to the left and to the right of the local me an [3.4]. This gives an estimate of 

the local average power as a function of space. 

In order to use such a filter based on signal averaging, it is first necessary to have 

equally spaced samples. This is accomplished by linear interpolation and is described 

in section {4.2}. The statistics of the received signal are essentially unchanged by the 

interpolation, as verified by comparing the CDFs of the interpolated versus original 

data. 

Figures {3.S.I} to {3.S.3} are a series of block diagrams showing the sequence of 

statistical analysis procedures used in the data analysis and their interelationships. 

Reference to these diagrams will be use fui in following the various steps described in 

Chapters 4 and 5. 

3.4.1 Analytic:al Methods - Long Term Fading 

To achieve the objectives of section {3.3.I}, the following analytical methods were 

implemented to describe the long term fading characteristics: 

A. Statistieal Filter;ng of the (regularly spaced) received signal was carried out 

to show the average power variations as a function of position along measurement 

trajectory, 
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B. Theoretjcal Ouantile-Ouantile (Q-Q) plots were used to compare the statistical 

behaviour for various street locations for a given station, 

c. Emojrjeal Ouantile-Ouantile (Q-Q) plots were used to compare the statistical 

behaviour of the vertical and horizontal polarization components. 

3.4.2 Analytical Methods - Short Term Fading 

In accordance with the objectives of section {3.3.2}, the following random data 

analysis methods were exploited to study the short term fading data. Computation al 

aspects of these methods are discussed in Appendices A, B, C, D as follows: 

Probability density junetion (PDF) 

(Spatial) autoeovarianee junetion ( ACVF) 

(Spatial) erosseovarianee junetion (CCVF) 

(Spatial) power spectral density junetion (PSD) 

3.5 Software Developed for Data Analysis 

(Appendx A) 

(Appendix B) 

(Appendix C) 

(Appendix D). 

The software devised for the purpose of data analysis may divided into two two 

broad types, Basic Data Retrieval Software (BDRS) and Specialized Data Analysis 

Software (SDAS). These are described in the following subsections. The software 

operations are described in the form of three block diagrams: the ove rail structure, Fig. 

{3.S.1}, the BDRS, Fig. {3.S.2}, and the SDAS, Fig. {3.S.3}. 
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OVERVIEW OF DATA PROCESSING SOFTWARE 

Prepra.:esled Data 

(Ali StatioDs) 

MAGNETIC TAPE 

CODlllomerate Data 

(Ali StatIODI) 

FLOPPY DISK 
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Basic Data 
Retrleyal Software B.D.R.S. 

USER COMMANDS 
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Data 

Statlsdeal Data 
ADalysls Software 

S.D.A.S. 

Fig. {3.S.l} Block diagram of data processing software 
developed. 
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DASIC DATA RETRIEVAL SOFTWARE (D.D.R.S.) 

Preproc:eSled Data 

(Ali StatIODI) 
U~er CommaDeis 

O' Il Data Set I.D. 
1 .. StatloD IDdex 1 

OTDR-RD.EXE 
StartlDi LocatioD Il 
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0 
1 

Numerical j 
daJa file 

6 D 
Reiularly Spac:ed Data 

Developed 
Software 

,~ 

~ 

TO 

S. D. A. s. 

Fig. {3.5.2} Block diagram of data retrieval software (BDRS). 
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STATISTICAL DATA ANALYSIS SOFTWARE (S.D.A.S.) 
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3.5.1 Basic Data Retrleval Software (BDRS) 

A program was needed to retrieve the data for a single station and measurement 

trajectory from the conglomerate data bank of aU the stations, hence the development 

of the Basic Data Retrieval Software (BDRS). The output file created by the BDRS 

contains the data for a given station along a selected measurement trajectory. This file 

will serve as the input to further statistical processing by use of the SDAS (Specialized 

Data Analysis Software). A block diagram showing the form of the BDRS software ~s 

given in Fig. {3.5.2} 

BDRS Software Ul1lli! Extraction i.rJJ.aJ. Conglomerate ll.f11J1. Bank J.' 

OTDR-RD.EXE: Reads the preprocesed data set and writes the data for a 
desired station along a chosen trajectory to an output file. 
During program execution, the user enters the measure­
ment data set (date of survey), the station index, the 
starting location (street and cross street), and the ending 
location (street and cross street). The program then 
writes the desired data for aU the polarization components 
to a file. 

Storage size: 450 Kbytes 

Linear Interpolation Q!! Irregular Data.' 
REGUL.EXE : Generates equally spaced data points using linear 

interpolation on the irregularly spaced data. 

Storage Size: 95 Kbytes 

3.5.2 Speciallzed Data Analysls Software (SDAS) 

In order to perform a statistical analysis of the data, the specialized data analysis 

software (SDAS) was employed. This section contains a brief catalog of the SDAS 

software, which includes six programs. 

Fig. {3.5.3} shows an overview of the main components of the SDAS software. 
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Stalistjcal Lowoas E.ilJg,r iJJJ:. II s.iJlg,k Varjable IZl.1J§.. Autocovarjance Functjon (ACVF): 

MEANS.EXE: This is a statistical lowp'ass filter for a single variable. 
The user specifies the fIlter size in wavelengths and the 
choice of polarization, i.e., vertical or horizontal polariza­
tion. The user also selects either the long term or short 
term fading component. For the long term fading, the 
local me an field values (averaging in dB) for the desired 
polarization are computed and written to a file. If the 
user selects short term fading, the program writes the 
short term fading data to a file. The user May also 
request the computation of the normalized autocovariance 
function (NACVF) for both positive and negative spatial 
shifts. If such is the case, the theoretical Rayleigh fading 
correlation curve is computed for comparison with the 
experimental correlation curve. 

St orage Size: 95 Kbytes 

Statjstjcal Lowoass Filter /.Qr. Two Variables IZl.1J§.. Crosscovariance Function (CCVF): 

XMEANS.EXE : This is a statistical lowpass filter for two variables. The 
pro~ram simultaneously fiIters both the vertical and 
hOrIzontal polarizations. The user selects the desired 
filter size in wavelengths, and the two long term or short 
term fading signais are written to a file. In the case of 
short term fading the normaIized crosscovariance function 
(NCCVF) for positive and negative spatial shifts May be 
calculated, and the output written to a file. 

Storage Size: 125 K bytes 

Probability Density Functjon (PDF) IZl.1J§.. ~ Ei1. Theoretical Distribution,' 
PDENS.EXE: Computes the probability density function (PDF) for the 

short term fadmg signal. The PDF is computed for the 
experimental data, the ordinate representing probabiIity 
betwen 0.00 and 1.00, while the abcissa represents the 
magnitude of the short term fading in decibels (or volts). 
The user enters the resolution of the PDF by setting an 
appropriate bin size. The user May choose to compute of 
the central of moments of the experimental PDF. If this 
is the case, the coefficients of skeweness and kurtosis are 
computed from the hi~her order moments of the 
experimental PDF. If desued, the user May choose a best 
fit statistical distribution to model the experimental 
distribution. (A choice of six possible theoretical distri­
butions are given: Gaussian, Rayleigh, Lognormal, Rician, 
Log-Rician, and a combination of the Lognormal and the 
best fit Log-Rician ("CLNLR" as described in Chapter 5). 
The last three distributions involve optimizing the Iinear 
correlation coefficient between the experimental and 
theoretical PDFs. 

Storage Size: 108 Kbytes 
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Theoretical CJ2!. Emoir;cal) Ouantile-Ouanti1e CQ:.Ql E.iJlJ..I;. 
QUANTILE.EXE : Prepares the (slow or fast fading) data for an empirical 

[3.5] or theoretical Q-Q plot [3.6]. These are useful 
pr06ability plots for comparing the behaviour of two 
cumulative distributions. 

Storage Size: 95 Kbytes 

D;screte Fourjer Trans(orm Œ1fl. Power Soectral Density.· 

FOURIER.EXE: Computes the (unsmoothed) power spectrum of the short 
term fading by direct evaluation of the DFT (and not by 
the correlation function). Normalization to spectral densi­
ty is carried out by dividing the square magnitude at each 
frequency by the total spectral power. Both magnitude 
and phase are computed. The software processes two 
signal records (vertical and horizontal polarization) simul­
taneously. 

Storage Size: 65 Kbytes 

Smoothed Soectral Estimate fli. Power Soectral Density CPSD ): 
SMOOTH.EXE : Smooths the power spectral density (PSD) magnitude (or 

phase) using a smoothing window. The user enters the 
window size which is a percentage of the total number of 
samples. The user chooses from four possible smoothing 
windows: Rectangular, Hanning, Hamming, Blackman 
[3.7]. 

Storage Size : 55 K bytes 

3.6 Concluding Remarks 

This chapter has shown that despite the large number of measurements, analysis 

may be carried out on a microcomputer (PC). Operating in a PC environment has the 

advantages of easier data management and lower operating costs. 

To operate effectively on a PC, however, it is recommended that the minimum 

microcomputer hardware requirements be : (1) a fixed internai disk (greater than 10 

Mbyte), (2) a 16/32 bit microprocessor (e.g. Intel 8286), (3), a 16/32 bit math 

co-processor (e.g. Intel 8287), (4) a 640 Kbyte RAM, (5) an Enhanced Graphics 

Adapter (EGA) card, (6) at least one double density (360 K) disk drive. 
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[3.1] 

[3.2] 

[3.3] 

[3.4] 

[3.5] 

[3.6] 

[3.7] 

3.7 End Notes 

F77L Fortran is a trademark of Lahey Computer Systems, Inc. 

SSP/PC is a scientific subroutine software library adapted for microcomput­
ers. 

Special built-in features include polynomial, cublic spline interpolation, and 
best fit linear regression. These features were found to be particularly 
helpful for carrying out the data analysis. 

The technique of signal averaging in decibels is discussed in, B.R. Davis and 
R.E. Bogner, "Propagation at 500 MHz for Mobile Radio", Proc.lEE Pt. F, 
August 1985, p. 316. 

Theoretical and empirical Q-Q plot construction techniques are discussed in, 
J.M. Chambers, W.S. Cleveland, B. Kleiner, and P.A. Tukey, Graphical 
Methods jor Data Analysis, Boston, Duxbury Press, 1983. 

The method of constructing a Gaussian Q-Q plot is described in, J.M. 
Chambers et al., Graphical Methods jor Data Analysis, 1983, p.227, Table 
6.5. 

The four smoothing windows are discussed in, A.V. Oppenheim and R.W. 
SehaCer, Digital Signal Processing, New York, McGraw-HilI, 1975, 
pp.239-250. 
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Chapter 4: 

L.QJSji TERM FADING CHARACTERISTICS 

4.1 Introduction 

This chapter presents the spatial long' term fading (SLTF) characteristics of the 

FM transmitter signais in an urban micro-environment [4.1]. 

As described in Chapter 1, the received signal consists of a rapidly varying signal 

superimposed on a slowly varying signal. Spatial long term fading (SL TF) refcrs to the 

slow variations of the received signal at the mobile receiving antenna. 

As the receiving antenna moves along an urban street, spatial long term fading 

effects are encountered at the mobile. The SL TF effects arise mainly from signal 

obstructions produced by intervening hills, buildings, trees, and other natural or 

man-made obstacles. The intervening obstacles produce shadowed regions in which the 

average power at the mobile drops relative to unobstructed regions. 

Since the SL TF signal is an indicator of local average power variations, the study 

of long term fading helps to probe the influences of the surrounding environment. 

Such probing can increase the understanding of the nature of propagation in the 

presence of man-made structures. 

Fig. (4.1.1(a» shows' a sample signal (field strength) profile as recorded by a 

mobile receiver travelling along a typical city street, University Street from Sherbrooke 

to Northend (see Fig.{2.7.2.2}), for the vertical polarization of an elevated broadcast 

transmitter, station CKOI [4.2]. The dashed line represents the long term fading signal, 

obtained using a moving average statistical filter, and is reproduced in Fig. (4.1.1.(b)} 

for the sake of clarity. More will be said of the filtering technique in section (4.1). 

From Fig. (4.1.1.(b)}, it is evident that the long term fading compone nt represents 

the l!.fmfi. information of the received signal. The trend shows where the average power 

is higher (less obstructed region), where it is lower (more obstructed region), and the 

regions in transition from more to less obstruction. It also shows the amount of power 
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loss as compared to a less obstructed region. This helps to identify the amount of 

shadow loss in an obstructed region. Su ch considerations of the fading pattern are of 

interest in this chapter, and further examples will be given to illustrate certain effects .. 

It is evident that man y factors con tribu te to the propagation between a base 

transmitter and a mobile receiver in urban environments. Davis and Bogner [4.3] 

concluded the following: 

"because of the number and complexity of factors influencing the 
propagation to a vehicle. and because weather and time of day were 
not found to be significant influences. it was concluded that 
experimental assessment is a cost effective method for determining 
accurately a service area". 

The present chapter is motivated by precisely such an experimental assessment to 

investigate the long term fading conditions of FM broadcast signais in an urban 

micro-environment. The FM transmitter signais are used as test signais because they 

can provide ready insight into local building shadow effects, the effects of transmitter 

location, and the effects of street orientation [4.1]. Extension of similar measurements 

to other frequency ranges (especially the 800/900 MHz cellular band), and to other 

urban areas is indicated in order to provide a broader base of data for comparison and 

understanding. 

The present chapter considers the following aspects of spatial long term fading as 

encountered in an urban micro-environment: 

(a). Identification and Quantification of Shadow Zones, 

(b). Effect of Different Transmitter Locations, 

(c). Effect of Street Shadowing, 

(d). Effect of Street Orientation, 

(e). Comparison of Polarization Behaviour. 

The data analysis methods are discussed in section (4.2), and the results are 

presented in section (4.3). A short chapter summary is given at the end. 
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4.2 Methods of Data Analysis 

4.2.1 Method of Generating Regularly Spaced Samples 

Since the long term fading signal is estimated by averaging an equal number of 

samples to the left and to the right of the local mean field ~trength, it is preferable to 

use evenly spaced samples. This ensures that the estimate of the me an value is based 

on an equal weighting of samples to the left and to the right of the local mean. In 

actual practice, field strength data is not recorded at exactly evenly spaced intervals on 

any given street. This gives rise to the need for generating an evenly spaced set of 

data from the actual data. 

In order to generate regularly spaced data from the actual irregularly spaced data, 

a linear interpolation procedure was carried out on the received signal. The value of 

the field strength at evenly spaced intervals was (linearly) interpolated by a point to 

the left and to the right of it. The effect of linear interpolation on the received signal 

is that only the relative position of the peaks and valle ys may be offset, however the 

cumulative distribution (CDF) is essentially unchanged from that of the orginal data. 

Having carried out the interpolation procedure described, the field strength data 

was filtered statistically to separate the long term and short term fading components. 

The filtering procedure is described below. 

4.2.2 Method of Estimating the Local Mean Field Strength 

The long term fading behaviour can be estirnated by averaging a suitable number 

of statistically independent samples over an appropriate averaging length. The choice 

of the averaging length is a compromise between loss of trend information on the one 

hand, and of reducing statistical uncertainty in the estimate of the local mean, on the 

other. 
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Assuming the short term fading has a Rayleigh distribution [4.4], Lee [4.5] 

reported that the local average power of a mobile radio signal can be estimated with a 

standard deviation of l,56 dB using an averaging length (2L) of 20A. Lee's method 

states that the sufficient number of statistically uncorrelated samples, for estimating the 

local average power, is 36 based on a 90 percent confidence interval [4.5]. 

ln view of Lee's method [4.5] and that of Davis and Bogner [4.6], it was decided 

to adopt a consistent strategy of averaging the decibel field values over an interval of 

20 wavelengths at the measured frequency. In principle, if the short term fading is 

Rayleigh distributed, averaging the decibel field strengths gives a value of about 2,5 

dB lower than averaging the power (in watts) and then converting to decibels [4.6]. 

If the (short term fading) distribution is not exactly Rayleigh, the difference 

between the two averages might differ by 2,5 dB. In analyzing propagation 

measurements at 500 MHz, Davis and Bogner [4.6] reported a difference of about 2 dB 

with a standard deviation of the order of 0,5 dB for the residual difference of the two 

averaging methods. Davis and Bogner thus conluded that either method of averaging 

may be used to represent local field strengths [4.6]. 

We shall use a minimum of 36 uncorrelated samples, to estimate the local mean. 

The following discussion relates to estimating the local mean field strength, 1fI(i), from 

the discrete samples of the received signal, rO). 

It is weil known [4.7] that the mobile radio signal, R( x), can be modeled as a 

multiplicative (ln voltage) random process of a long term fading random process, M( x), 

and a short term fading randm process, S(x) , Eq. (4.2.1): 

R(x)=M(x)'S(x) Vlm (4.2.1) 

ln practice, the received signal is recorded in logaritrymic (decibel) units (dBIl 

V lm) rather than voltages. Denoting the decibel field strengths by r( x), m( x), and 

s( x), Equation (4.2.1) becomes, 
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r(x)= {m(x)+s(X)} dBp.Vlm (4.2.2) 

ln Eq. (4.2.2), it is desired to represent the true local mean field strength, m(x), 

by sorne value, rft{x) , given knowledge of r(x), a priori. 

Realizing that m(x) is described by the slow variations in the received signal, 

r(x), the concept of slalislical lowpass liltering can be used to advantage. Denoting 

the spatial impulse response of the fiUer by h(x), the local mean tfl(x) can be estimated 

from r(x) as foIIows, where 2L is the spatial averaging length. Thus, 

1 fZ-,.+L 
m(x)'" - h(x - z)· r(z)dz 

2L z-,.-L 
(4.2.3) 

In practice, the impulse response, h( x), is a unit multiplier, leaving the 

integration over the received envelope, r( x) (expressed in decibels). An averaging 

length of twenty wavelengths will be used throughout: 

2L = 20A. (4.2.4) 

The discrete variable expression for the local Mean estimate is obtained by 

replacing the continous spatial index (x) by the discrete spatial index (i), and by 

replacing the integration by summation in Eq. (4.2.3). This gives, 

_(') 1 ~ (' ') mt=--2... rt +j 
2L+ 1 j--L 

(4.2.5) 

where the summation is performed over L samples to the left and L samples to the 

right of the local mean. 
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4.2.3 Quantile-Quantile Plots 

Quantile-Quantile (or Q-Q) plots [4.8] are a useful way of comparing the 

statistical behaviour of two sets of data, a common need in exploratory data analysis 

[4.9]. A Q-Q plot gives a visu al comparison of the CDF behaviour of one random 

variable (Y) versus the CDF behaviour of a second random variable (X). 

On a Q-Q plot, the similarity of the statistical behaviour between the X and Y 

distributions is indicated by the straightness of the data points on a line. If aIl the data 

points are found to lie on a straight line of unit y slope, y = x + B, the distributions 

have identical behaviour except for a possible difference in the Median value (indicated 

by the valu/! of B ). Similarly, if the slope is less than one, the variability in X is 

greater than that of Y, and vice versa if the slope is greater than one. 

The Q-Q plot technique allows various parameters (e.g., minimum, Median, 

maximum) to be determined rather easily by way of visu al inspection. It also 

facilitates a comparison between an experimental distribution and a theoretical 

distribution (such as Gaussian, for example), by realizing that a~y departure from 

linearity indicates the extent to which the distributions differ. Such a Q-Q plot is 

often referred to as a theoretical Q-Q Il.iJl1. [4.10]. In contrast, an emo;r;cal !l=Q olot 

[4.11] allows a similar comparison, except that in this case, the second distribution is 

another experimental distribution. A recent theoretical development [4.12] indicates the 

value of such techniques in exploratory data analysis. 

In the course of the present work, both the theoret;cal and emp;r;cal Q-Q plots 

are used to study the long term fading data. The theoretical and empirical Q-Q plots 

aIlow, for example, (i), the comparison of the shadow effects between different street 

locations, and (ii), a comparison of the statistical behaviour of the vertical and 

horizontal polarization components. These comparisons are described in sections {4.3.3} 

and {4.3.5} respectively. 
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4.3 ResuUs 

The long term fading results are categorized into five sections as follows: 

Section {4.3.1}: Identification of Shadow Zones, 

Section {4.3.2}: Effect of Different Transmitter Locations, 

Section {4.3.3}: Shadowing Effect Comparison between Street Locations, 

Section {4.3.4}: Effect of Street Orientation, 

Section {4.3.5}: Comparison of Polarization Behaviour. 

4-8 

The results are mainly presented as graphs displaying the SL TF patterns for 

different street locations of the micro-environment. 

4.3.1 Identification of Shadow Zones 

Figure {4.3.1.1} shows a graph of the spatial long term fading (SL TF) patterns of 

station CKOI, vertical and horizontal polarization, on the campus route from Roddick 

Gate to Milton Gate, a photograph of which is shown in Fig. {2.7.2.2}. 

As indicated on the graph, the sample spacing is T=0,52 m (or 0,171) and the total 

number of samples is N=72l. The number of consecutive samples in estimating the 

local Mean field strength is k=1l9, as obtained for an interval of twenty wavelengths. 

According to Davis and Bogner [4.13] and Lee [4.5], the number of uncorrelated 

samples in the interval 2L de termines the uncertainty to which the local Mean is 

estimated. In this case, the samples are taken at T=0,52 m intervals and are correlated 

until about 0.81 [4.14], which in this case is about 2,5 m (or about ST). Thus in this 

set of k consecutive samples, there are roughly 0,2k independent samples. 

Assuming for the moment that s( x) has a Rayleigh distribution with a standard 

deviation of about 5,6 dB [4.13], the standard deviation of Ifl( i) due to sO) should be 

about 5,6/.[0.211. Hence, for k .. 1l9, the standard deviation of 1ft due to s should be of 

the order of 1,1 dB. 

This shows that the statistical uncertainty in the local me an field strength 

de creas es as the number of uncorrelated samples in estimating the me an increases 
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[4.15]. Generally speaking. if 36 or more uncorrelated samples are averaged. the local 

Mean will be estimated with a standard deviation of about 1 dB [4.5]. 

As seen in Pig. (4.3.1.1). the SL TF patterns on the trajectory of the station shows 

that the signal strength decreases slowly upto about 200 meters (in a radially outward 

line-of -sight (LOS) region) beyond which the pattern shows a rapid decrease of almost 

17 dB from 200 m to 375 m. This rapid decrease in average signal strength can be 

attributed to the shadowing of the MacDonald Engineering Bldg. (bldg. 77) as indicated 

on the map. Fig. {2.7.1.2}. 

As seen by the graph. the patterns for both polarizations are almost identical 

except for a shift in magnitude because of higher signal power in the horizontal plane. 

The local Mean variations th us can be used to estimate the location of shadow 

regions and the amount of the shadow from surrounding buildings. 
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4.3.2 Elfect 01 TransmUter Locations 

Fig. {4.3.2.1} shows the SLTF patterns for three FM transmitters (CFQR,CK­

OI,CITE) on the route from Roddick Gate to Milton Gate, vertical polarization [4.1]. 

The three transmitters are located at different points in the city, as indicated in Table 

(2.2.1 ). 

Figure {4.3.2.l} shows that the pattern corresponding to the CKOI transmitter, 

located approximately 2 km southwest of the CFQR transmitter on the corner of Peel 

Street and Dorchester Blvd., is Quite different from that of CFQR, or even that of 

station CITE, whose transmitter is located to the east. The differences in the observed 

SL TF patterns can be attributed to the obstructions produced by different buildings for 

each transmitter. 

For example, in the case of station CKOI, the amount of shadowing can be seen 

by the 18 dB drop between 200 m and 375 m. This value is greater than that of the 

shadow of the CFQR signal (about 8 dB), whose transmitter is located diametrically 

opposite. The difference can be attributed as follows. In the case of CKOI (h=217 m), 

the shadowing can be attributed to the MacDonald Engineering Building, with an 

average height of about 70 m above sea level. In the case of CFQR (h=298 m), the 

shadowing is attributed to the Cyril James and Physical Plant Buildings, at about the 

same average height above sea level. Thus, the relative height of the CFQR transmitter 

is roughly (298 m - 70 m) = 228 m with respect to the shadowing obstacle, whereas the 

relative height of the CKOI transmitter with respect to its shadowing obstacle is 

roughly (217 m - 70 m) = 157 m. This shows that the greater the transmitter height 

relative to the shadowing obstacles, the lower the amount of shadowing produced by 

the obstacle for a receiver stationed behind it. 

For comparison, the pattern corresponding to the CITE transmitter is shown. The 

pattern for the CITE transmitter, which is east of the CFQR trasnmitter, is opposite in 

shape to the other two transmitters - that is, its shadow zone corresponds to the region 

before 275 m while the unshadowed zone is in the region after 275 m. The shadow 

zone in this case is produced by the buildings bordering on the west side of University 

Street on the lower campus, which in fact, do not produce shadows for either the 
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CFQR or the CKOI transmitters on the corresponding route. Hence the difference in 

behaviour of the CITE transmitter. 

In the region beyond 250 m, the shadowed region of the CFQR and CKOI 

transmitters correspond to an unshadowed region for the CITE transmitter, as this 

region is apparently unobstructed from the source. 

Fig. {4.3.2.2} illustrates the corresponding behaviour for the horizontal 

polarization. The results indicate that the SL TF behaviour of the, horizontal and 

vertical polarization is quite similar [4.1]. This suggests the possibility of using the 

horizontal polarization for mobile propagation [4.16]. 

Ali the fading patterns shown in Figs. (4.3.2.1) and {4.3.2.2} were obtained by 

averaging the number of samples contained in an interval of twenty wavelengths at the 

frequency measured. For example, the number of consecutive samples used in the 

averaging for stations CFQR (92,5 MHz), CKOI (96,9 MHz), and CITE (107,3 MHz) 

were 125, 119, and 108, respectively. 
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4.3.3 Shadowing Effect Comparison between Street Locations 

This section presents experimental results of the shadow effects compared 

between individual streets [4.1]. Both the vertical and horizontal polarizations are 

considered. 

The method of estimating the shadow effect is the comparison of Median long 

term fading (LTF) field strengths. The theoretical Q-Q plot technique [4.10] described 

eariler facilitates a comparison of both the Median levels as weil as the variability. 

Shown in Figure {4.3.3.1} is a sample Q-Q plot for the SL TF statistics of station 

CFQR (92,5 MHz). The graph shows 6 cumulative distributions corresponding to three 

streets (#1,#2,#3 of second field survey) and two polarizations (vertical and 

horizontal). The median value can be extracted from this type of plot by taking the 

ordinate corresponding to the zero abcissca value, Le., the 50th percentiIe. 

Similar graphs (not shown) were plotted for other stations, and their Median 

values were likewise obtained. 
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Since the three streets are roughly parallel and of roughly equal mean distance 

from the transmitter, the median field strength indicates the extent to which a built-up 

street is shadowed relative to an open area. 

For example, street #2 is relatively unobstructed from the Mt. Royal transmitter 

(see Fig. (2.7.2.3}) whereas street #1 is more obstructed by buildings (see Fig. 

(2.7.2.2}). Thus, in comparing the median field strengths for station CFQR (located on 

Mt. Royal) of street #2 (100,0 dBuV lm) versus that of street #1 (92,S dBuV lm), the 

median indicates that street #2 is less obstructed than street #1. It is therefore evident 

that the median LTF lield strengths can be used as an indicator 01 shadowing amollg 

paraI/el streets. provided that the streets are at roughly equal mean distance from the 

source. 

Tables {4.3.3.1} and {4.3.3.2} summarize the median LTF field strengths for the 

vertical and horizontal polarization for four FM transmitters (CFQR,CKMF,CK­

CI,CITE) as measured on three trajectories (#1,#2,#3) on the McGill University 

campus. 

Table {4.3.3.1}.Median LTF field strengths in dB/lV/m on three campus 
streets, vertical polarization. Second survey. 

Station Street (#1) Street (#2) Street (#3) 
LO. N=1310, 850 m N=72I, 380 m N=283, 260 m 

CFQR 92,S 100,0 95,S 

CKMF 92,S 99,0 96,0 

CKOI 98,0 109,0 97,S 

CITE 100,0 100,0 102,0 
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Table {4.3.3.2).Median LTF Field Strengths in dBIlV lm on three campus 
streets, Horizontal Polarization. Second survey. 

Station Street (#1) Street (#2) Street (#3) 
1.0. N=1310, 850 m N=72I, 380 m N ... 283, 260 m 

CFQR 104,0 113,0 107,5 

. 
CKMF 103,0 112,5 107,0 

CKOI 105,0 118,0 105,5 

CITE 107,0 106,0 108,5 

4-18 

To evaluate the data in Tables (4.3.3.1) and (4.3.3.2), a 'scatter plot' [4.17], is 

helpful in showing the median values for ail four stations and for both polarizations, 

given in Fig. (4.3.3.2). 

The scatter plot affords a convenient manner of studying the median field 

strengths of the three streets. On this type of plot, similarity in behaviour between 

the ordinate and the abcissa is indicated by the closeness of the data points to the line 

y=x. 

In Fig. (4.3.3.2), the line y=x+l0 is superimposed, as the horizontal polarization 

median field strengths are about 10 dB higher than those of the vertical polarization. 

In such case, the distance of points away from the line indicates dissimilar behaviour 

when comparing the data of the three streets. On the other hand, if the data points 

lie close to the Une y=x+lO for ail three streets, the meaning is that the median 

difference between the horizontal and vertical components is al ways about 10 dB. 

From the graph, it can be seen that for the case of CFQR, the behaviour for 

street 2 shows the largest distance from the line, whereas street 1 is closest to the line. 

This suggests that on street 2, the horizontal polarization to vertical polarization power 

ratio (given by the difference in dB) is larger than it is on street 1. The same 

behaviour is observed for station CKMF, also located on the Mt. Royal antenna tower. 
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The shadow effect between different streets can also be evaluated graphically on 

this type of plot. For example, for station CFQR, a median difference of 7,5 dB 

between streets 2 and 1 is obtained for the vertical polariazation, whereas a median 

difference of 4,5 dB is obtained between streets 2 and 3. Relating these numbers to 

the street building density, one finds that the median values are reasonable in 

suggesting that street 2 is the least shadowed, and that street 1 is the most shadowed. 

Hence, the scatter plot provides a convenient evaluation of the shadow effect among 

parallel streets. 

It is interesting to note that the behaviour for CKMF is almost identical to that of 

CFQR. This is because the CKMF and CFQR transmitters are colocated at equal 

heights, are of equal radiated power, and have similar antenna patterns. The data for 

stations CKOI and CITE reveal that the shadow effects are different for transmitters 

located at different points in a city. 

Tables {4.3.3.3} and {4.3.3.4} compare the median LTF field strengths for station 

CFQR, vertical and horizontal polarizations respectively, as measured in two 

independent field surveys on similar paths (see maps, Figs. {2.7.1.1} and (2.7.1.2}). 

Fig. {4.3.3.3} shows a scatter plot of the data in Tables {4.3.3.3} and {4.3.3.4}. As 

with Fig. {4.3.3.1), behavioural similarity betwen the ordinate and the abcissa is 

indicated by the closeness of the data points to the line y=x. Therefore, from 

Fig.{4.3.3.3}, it is evident that the median field strengths of the L TF data are 

practically the same for both surveys. In other words, it is evident from the data that 

the median LTF values are essentially independent 01 time lor a given street location. 

Other stations also indicate that the median L TF field strengths are nearly 

reproducible (to within +/- 2,0 dB). 

In an experimental study of propagation measurements at 500 MHz, Davis and 

Bogner [4.18] reported that the propagation was not significantly influenced by 

weather and time of day, showing similar behaviour with the present findings: 

"the measurements 01 lield strength show good repeatabi/ity, indepen­
dently oltime 01 day and weather conditions, provided that local last 
lading el/ects are averaged out" 
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Table {4.3.3.3}. Comparison of median LTF field strengths (dB/N lm) 
for two independent field surveys, Vertical Po lanza­
tion. Station CFQR (92,S MHz). 

Street March 1983 (V) December 1984 (V) Difference (dB) 
I.D. Median F.S. Median F.S. (1983-1984) 

1 93,0 92,S + 0,5 dB 

2 102,0 100,0 + 2,0 dB 

3 95,5 93,S + 2,0 dB 

Table {4.3.3.4}. Comparison of median LTF field strengths (dBJlV lm) for 
two independent field surveys, Horizontal Polarization. 
Station CFQR (92,S MHz). 

Street March 1983 (V) December 1984 (V) Difference (dB) 
I.D. Median F.S. Median F.S. (1983-1984) 

1 104,0 104,5 0,0 dB 

2 112,5 113,0 - 0,5 dB 

3 106,5 107,5 - 1,0 dB 

4-21 
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4.3.4 Ellect 01 Street Orientation 

Fig. (4.3.4.1) shows the SLTF patterns for stations CFQR and CKOI on Peel 

Street going towards Sherbrooke Street,·a radially directed street for each transmitter. 

A photograph of Peel Street showing the CKOI transmitter is given in Fig. 

(2.4.2). In the case of CFQR, the receiver moved away from the transmitter, while in 

the case of CKOI, the receiver moved towards the transmitter. The fading patterns are 

consistent with the monotonie increase (or decrease) in average power as expected on a 

radial path. 

Fig. (4.3.4.2) shows the SLTF patterns for the same two stations on arc-directed 

scan. In one case, the transmitter (CFQR) is located to the right of the receiving 

antenna, while in the other case (CKOI) the transmitter is located to the left of the 

receiving antena. In both cases, the receiving antenna moved along an arc of nearly 

constant radius from the transmitters. 

As seen by Fig. (4.3.4.2), the behaviour for both stations is practically constant as 

expected from an arc-oriented street. The behaviour deviates slightly for station CKOI 

near the start and end of the street which corresponds to shadowed regions. At these 

locations the CKOI transmitter is shadowed by buildings whereas the CFQR transmitter 

is no t, because its location is in the opposite direction, there are no shadowing 

obstacles, and therefore the field behaviour for the two is different [4.1]. 
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4.3.5 Comparison of Polarization Behaviour 

Fig. {4.3.5.1} shows an empirical Q-Q plot [4.11] comparing the cumulative 

statistical behaviour of the vertical and horizontal L TF signaIs on Sherbrooke Street 

(Fig. (2.2.1}) and Peel Street (Fig. (2.2.2}) for station CFQR. As described in the 

previous section, the CQFR data measured on Peel Street indicates a roughly outward 

radial path, white the corresponding data for station CKOI indicates an inward radial 

path. Sherbrooke Street being roughly perpendicular to Peel Street therefore 

corresponds to an arc-directed street for the same two transmitters. 

Figure {4.3.5.2} shows the corresponding Q-Q plot for station CKOI on the same 

two street locations. 

From Figs. {4.3.S.1} and {4.3.5.2}, it can be seen that the statistical behaviour of 

the vertical and horizontal polarizations for the two street locations is clearly different. 

On this type of plot, if ail the data points lie on a straight line of unit y slope, the two 

cumulative distributions (vertical and horizontal) have simitar behaviour. Thus the 

slope (and the range) are indicative of the signal variability. 

For example, in Fig. {4.3.5.1}, the data plotted for the two streets shows two 

evident features of the vertical and horizontal polarization behaviour. 

First, the data points of Peel Street are closer to the line y=x-JO than those of 

Sherbrooke Street. 

Second, the slope of the Peel Street data is evidently steeper th an that of the 

Sherbrooke Street data. This shows greater variability in the horizontal (as opposed to 

vertical) polarization on Sherbooke Street as compared to Peel Street. Similar, though 

not identical, behaviour is apparent for station CKOI, Fig. {4.3.5.2}, except that, in this 

case, Most of the data points for both streets lie above the line y=x-JO. indicating a 

slightly higher vertical to horizontal power ratio for CKOI as compared to CFQR. 
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4.4 Summary 

The present chapter has considered several aspects of the spatial long term fading 

(SL TF) signal characteristics in an urban micro-environment. 

In studying the behaviour of the SL TF signal, it is important to keep in mind the 

following considerations: (a), for estimating the local Mean, the use of regularly spaced 

data is preferred, (b), the averaging can be performed in decibel field values or in 

watts (the former gives values about 2,5 dB lowèr than the latter in the case of 

Rayleigh fading), (c), the choice of a proper averaging length is a tradeoff between 

reducing statistical uncertainty (due to short term fading) and of preserving enough 

information of the trend features, (d) the requirement of averaging over at least 36 

uncorrelated samples (the use of correlated samples does not reduce the standard 

deviation of the local Mean estimate), and finally, (e), the use of a meaningful 

experiment design (this relates to the measurement trajectories in order to allow 

meaningful comparisons to be made between different streets, e.g. radial-arc type 

streets). 

In addition, it was found that the statistical behaviour of the long term fading did 

not change appreciably for two independent surveys separated by about 18 months. 

This shows that the SL TF behaviour is relatively insensitive to time. The study of the 

temporal behaviour of the long term fading is in itself a subject of further study and 

research; no attempt was made to study temporal behaviour in the course of the present 

work. Recent work of the seasonal variations of mobile radio signais has been reported 

by LeBel [4.19]. 

It has been shown that significant shadowing effects from buildings can be 

expected as a mobile receiver travels in an urban environment. Building shadows of 

the order of 18 dB can be expected relative to line of sight (LOS) regions. 

Furthermore, it was established that (i), the fading patterns for the vertical and 

horizontal polarizations are similar in behaviour, and (ii), the obstructed regions of a 

particular transmitter can correspond to a LOS region of another transmitter (located at 

a different position). These observations illustrate the possible benefit of a 

macros copie spatial diversity scheme to combat the observed shadow fading [4.20]. 
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Furthermore, it has been shown that differences in pehaviour exist when 

comparing the statistical behaviour of the vertical and horizontal CDFs on various 

streets. Specifically, it was observed that on a radial street the median vertical to 

horizontal polarization power ratio (difference in dB) is slightly higher than it is on a 

circumferential street. This suggests a possible polarization enhancement ellect 01 the 

vertical component on a radial street. Further investigation of this effect in other 

urban micro-environments using the methods described [4.11] is therefore suggested to 

provide a broader base of data for comparison and modeling. 
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4.5 Concluding Remarks 

This chapter has shown that spatial long term fading effects in urban areas can be 

identified from micro-environment field measurements. The local mean field strength, 

estimated by signal averaging over twenty wavelengths at the measured frequency, was 

shown to provide the trend information of the received signal. The choice of twenty 

wavelengths was based on a compromise of reducing statistical uncertainty in the local 

mean and of loss of trend information. 

The rate of sampling is another consideration in performing fade measurements. 

The present study used sampling rates of about one wavelength und about one-fifth 

wavelength, with both rates giving reasonably repeatable results. Thus, if only the 

slow variations (long term fading) of the signal are of interest, it is not necessary to 

use a sampling interval below one wavelength, based on the assumption that estimation 

of the local mean requires averaging over uncorrelated (statistically inde pendent) 

samples. 

Finally, it is noted that the use of Q-Q plots are helpful tools for assessing the 

statistical behaviour of long term fading data. In the present study, the statistical 

behaviour was compared for different streets and between polarization components. 

Based on the understanding obtained from the Q-Q plots, a more general usage of such 

techniques is suggested for analysis of propagation measurements. 
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Chapter 5 

SHORT TERM FADING CHARACTERISTICS 

5.1 Introduction 

This chapter presents the short term fading (STF) characteristics of the data of 

the second survey. 

6-1 

Lee [5.1] reported that, in a mobile radio environment, the rapid power 

fluctuations (short term fading) are independent of the slow power variations (long 

term fading) of the received signal. This is because the short term fading arises from 

multipath propagation whereas the long term fading arises from path-Ioss propagation 

[5.1 ]. 

Fig. {S. 1.1 } shows a typical FM broadcast (short term fading) signal strength 

profile, normalized to the locàl mean. The data is for station CFQR (92,5 MHz), 

vertical polarization, on University Street. From the graph, it can be seen that fades as 

deep as 20 dB below the me an can occur. Lee [5.2] reported that sucees ive nulls can 

be expected over distances of about one-half wavelength (about 1,6 m at 92,5 MHz). 

Attempts to reduce the severity of short term fading have resulted in several 

mobile diversity schemes [5.3]. One such sc he me (spatial selection diversity) is 

discussed in the context of the autocovariance function (ACVF) later in the chapter. 

Several investigators have studied short term fading in urban areas at various 

mobile frequencies [5.4]. These studies were carried out with the objective of studying 

propagation over large regions (as opposed to studying the behaviour of sub-regions, as 

is done here). Such studies may be referred to as macroscopic scale studies. 

In contrast to the macroscopic scale studies, the present study is an investigation 

of short term fading on a microscopic scale. In such case, the objective is to 

characterize the behaviour of individual streets of different physical makeup. Such an 

approach may form the basis for comparison with theoretical models. 
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The scope of the present work, however, is restricted to the characterizatlon of 

short term fading in a particular urban micro-environment (micro signifies microscopie 

scale). 

The fOllowing is a brief review of two commonly used models of short term 

fading. 

Clarke [5.5] proposed that the vertically pOlarized electric field, 1 E .1, received at 

the mobile antenna is the superposition of a large number of plane waves (N > JO) 

travelling in a horizontal direction and arriving from aIl possible azimuthal angles. The 

waves are assumed to be uniformly distributed in phase, and are of equal Gaussian 

amplitude distribution [5.6]. In view of Clarke's model, it can be shown that the field 

amplitude has a Rayleigh distribution [5.7]. 

Aulin [5.8] later proposed a model which incorporated plane waves propagating 

both in the horizontal and vertical directions (as would occur in an urban environment) 

where the mode of propagation is due to scattering. However, Aulin showed that the 

PDF to be unaffected as compared to the case of just horizontally travelling waves 

(that is, the amplitude PDF is still Rayleigh) [5.8]. 

If there is a significant direct wave compone nt (in addition to the scattered 

components), it can be shown that the PDF of the field .amplitude is Rician [5.9]. In 

the case of urban mobile propagation, therefore, one might expect the field amplitude 

to be Rician on account of the short range between base and mobile (usually under 10 

km), and because of the large height difference between the base transmitter and the 

mobile receiving antenna (thus providing a line-of-sight in many locations in a city). 

In the present chapter, the results report measurements of two orthogonal electric 

field components (vertical and horizontal) on three street locations. T~e fields were 

sampled at approximately five to six samples per wavelength for most streets at the 

highest FM frequency measured (107,3 MHz). Since the short term fading has an 

effective wavelength of roughly one half the spatial wavelength [5.2], the Nyquist 
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sampling theorem [5.10] requires a sam pIe spacing (T) of 1/2 the effective wavelength, 

that is, TSA/4. This is the minimum sampling requirement for non-aliased spectral 

domain representation [5.10], as discussed in section (5.3.4). 

5.2 Data Analysis Methods 

The short term fading (STF), s( x), represents the rapid fluctuations about the 

local mean value. As shown in chapter 4, the received signal, r(x), is comprised of 

short term fading superimposed on a long term fading signal, m(x). 

Since r(x) is recorded in logarithmic (rather than linear) units, the short term 

fading is the difference in dB between r(x) and m(x). 

Thus, 

[S(X)]dB = [r(x)] 'dBIJVlm - [m.(x)] 'dBIJVlm (5.2.1) 

In Eq. (5.2.1) it is assumed that If'l(X) has been determined a priori by Eq. (4.2.5). 

Four methods were exploited from the techniques of random signal analysis to 

analyze the short term fading component, §(x). The methods are listed below and are 

described in Appendices A, B, C, and D, respectively. 

• 
• 
• 
• 

probabilily densily lunction (PDF). 

autocovariance lunction (ACVF). 

crosscovariance lunction (CCVF). 

power spectral density (PSD). 

The above methods were chosen to facilitate a comparative study of the fast 

fading on different streets and of the orthogonal polarization components. 
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A large number of graphs were produced in order to gain understanding of the 

short term fading behaviour for different streets, and for both polarizations. However, 

only a sample of each kind is presented in the the sis for the sake of brevity. 

5.3 ResuUs 

This section presents the experimental results pertaining to the four methods 

described. 

The results of the short term fading charactersitics are presented in sections 

(5.3.1) to (5.3.4) and are divided as follows: 

• Section (S.3.1): probability density function (PDFJ, 

• Section (S.3.2): autocovariance function (ACVF J. 

• Section (S.3.3): crosscovariance function (CCVF J. 

• Section (S.3.4): power spectral density (PSD J. 

In each section the results presented are in three forms: 

(a). Examples of the graphical results to show the nature of the behaviour. 

(b). Examples of tabulations of numerical descriptors of the graphical results 

which allow a ready comparison among data for different cases (streets, 

polarization). 

(c). Scatter plots which provide a visual comparison of the tabulated results. 

These three forms of presentation allow a systematic study of the results and' 

provide the basis for their evaluation. 

Each section ends by a set of comments and observations about the results. 
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~ Probabilitv Densitv Functjon 

This section presents the probability density lunction (PDF) from the 

measurements of the second survey. Of the ten FM stations studied, the characteristics 

of two FM stations will be presented for the sake of brevity. The frequencies chosen 

are those of stations CFQR (92,S MHz) and CKOI (96,9.MHz), located at different 

points in the city. 

The following descriptive statistics of the PDF are tabulated for each street: the 

sample size (N), minimum. maximum. mean. standard deviation. coefficient 01 skewlIess. 

and coefficient 01 kurtosis. The meaning of such parameters can be appreciated by a 

graph of the PDF, for example, Figures (S.l.3.!) and (S.l.3.2). 

The meaning of each of the descriptive parameters is discussed briefly in the 

Table (S.3.l.l), in the context of short term fading. 
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Table (S.3.1.l). Descriptive parameters of experimental PDF. 

• Minimum.' Lowest recorded signal fluctuation in dB about 
the local Mean. 

• Maximum.' Highest recorded signal fluctuation in dB about 
the local Mean. 

• M.fœJ;.. Exoected ~ of the PDF: gives 
a measure of the Most likely value of data. 

• Standard Deviation.' &l!l1. rd. lM. ~ central moment of the PDF -
gives a measûre of the spread in the data. 

• Skewness: Coefficient rd. Skewness of the PDF - ~ives a 
measure of the symmetry of the distrIbution 
about the Mean. A skewness of zero indicates a 
symmetrical distribution, less th an zero a 
distribution with a longer left tail (negatively 
skewed), greater than zero a distributIon with a 
longer right tail (positively skewed). 

• Kurtosis: Coefficient rd. Kurtos;s of the PDF - gives a 
measure of the peakedness of the PDF relative 
to a Gaussian distribution (zero kurtosis). A 
value greater than zero indicates a distribution 
with shorter tails th an a Gaussian (leptokurtic); 
a value less th an zero indicates a distribution 
with longer tails than a Gaussian (platykurtic). 

The coefficients of skewness (y) and kurtosis (p) are computed from the second 

and third (M2, Ms) and second and fourth (M2,M4) central moments of the 

experimental PDF, respectively. 

When computed in the following manner, the coefficients of skewness and 

kurtosis for a Gaussian distribution are both zero [S. Il]: 

(5.3.1.1) 



CHAPTER 5 : SHORT TERM' FADING CHARACTERISTICS 5-8 

(5.3.1.2) 

where the jth central moment, Mj is computed from the experimental PDF (see 

Appendix A, Eq.(A.I0». 

Thus non-zero values of y and p indicate differences in behaviour relative to a 

Gaussian distribution. 

In ail of the short term fading results, a statistical lowpass filter of twenty 

wavelengths was used on regularly spaced data, as described in chapter 4. 

Experimental PDF Characteristics 

This section presents the characteristics of the experimental PDF of the second 

field survey on three street locations. The three streets are as described in section 

{2.7.2}. 

Figures {5.3.1.1} and {5.3.1.2} show graphs of the experimental PDF correspond­

ing to street #1 (University Street), for station CFQR, vertical and horizontal 

polarization, respectively. Superimposed on each plot is a best fit logarithmic Ridan 

[5.12] distribution of the same Mean and variance. It should be noted, for example, 

that in comparing the two polarizations, the vertical component has greater spread than 

the horizontal component, indicated by the greater width of the vertical PDF, and by 

its standard deviation of 4,05 dB versus 3,84 dB for the horizontal. In addition, it can 

be seen that the horizontal PDF is slightly more skewed to the left than the vertical. 

This is indicated by its coefficient of skewness (-0,55) as compared to the vertical 

(-0,43). Finally, it can also be se en that the horizontal PDF is more peaked than the 

vertical component when compared against the 10g-Rician. This is again supported by 

the higher coefficient of kurtosis (0,93) for the horizontal as compared to the vertical 

(0,54). Similar comparisons can be made by comparing the PDF for the two 

polarizations on other streets, and likewisc for the same polarization between different 
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streets, for example, between street 1 and 3. 

Tables {S.3.1.2} to {S.3.l.S} present the PDF statistics for stations CFQR (92,S 

MHz) and CKOI (96,9 MHz) respectively on the three street locations. 
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Experimental PDF characteristics of short term fading (84/12/20 J. 
Filter size is 20 wavelengths. regular data. 

STATION ÇEQj1 c..2l..J. MHz) 

Table {5.3.1.2}. (A) Vertical Polarization. 

Street N Min (dB) Max (dB) Mean (dB) Stdev(dB) Skewness Kurtosis 

St. 1 1310 -20,6 11,6 -0,59 4,05 -0,43 0,54 

St. 2 721 -17,4 10,6 -0,62 4,10 -0,83 0,91 

St. 3 283 -14,3 10,6 -0,55 3,47 -0,65 1,43 

Table {5.3.1.3}. (B) Horizontal Polarization. 

Street N Min (dB) Max (dB) Mean (dB) Stdev(dB) Skewness Kurtosis 

St. 1 1310 -16,9 9,8 -0,57 3,84 -0,55 0,93 

St. 2 721 -16,3 9,5 -0,61 4,17 -0,48 -0,02 

St. 3 283 -15,5 9,3 -0,65 3,94 -0,67 0,81 
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Experimenta/ PDF characteristics of short term fading (84/12/20). 
Filter size is twenty wave/engths. regu/ar data. 

STATION Ç}S,Ql. CM.2. M.H.n 

Table {5.3.1.4}. (A) Vertical Po/arization. 

Street N Min (dB) Max (dB) Mean (dB) Stdev(dB) Skewness Kurtosis 

St. 1 1310 -16,6 10,0 -0,61 3,71 -0,80 1,12 

St. 2 721 -14,3 10,6 -0,55 3,47 -0,65 -1,43 

St. 3 283 -13,1 9,9 -0,55 3,70 -0,61 0,59 

Table {5.3.1.5}. (B) Horiz(mta/ Po/arization. 

Street N Min (dB) Max (dB) Mean (dB) Stdev(dB) Skewness Kurtosis 

St. 1 1310 -18,1 9,4 -0,63 3,85 -0,75 0,92 

St. 2 721 -14,9 9,5 -0,57 3,38 -0,98 2,50 

St. 3 283 -11,2 8,7 -0,71 3,49 -0,66 0,26 
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A useful means of interpreting the tabulated results is to use a 'Scatter Plot' 

[5.13]. Examples are given for the four parameters (mean, standard deviation, 

skewness, kurtosis) in the tables in Figures (S.3.1.3) to {S.3.1.6}. Such plots enable a 

graphical comparison of each parameter for the various conditions of measurement. In 

these plots there is a unit y slope line which indicates similarity of the behaviour of the 

ordinate (horizontal pol.) and abcissa (vertical poL). The separation of the points from 

the line indicates the degree of dissimiiarity. 

Thus in Fig. {S.3.1.3} (MEAN) the vertical and horizontal polarization results for 

street 1 are closer to the line and to each other. These are therefore similar. The 

points for street 2 are also similar to each other but clearly differ from street 1. The 

points for street 3 simultaneously differ from each other as well as from the other two 

streets. 

The scatter plots therefore provide a ready evaluation of the tabulated results and 

th us in turn of the basic results in the original PDF .graph. 
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Modeling the Experimental PDF 

In order to describe the experimental PDF analytically, an attempt was made to 

model the PDF by a number of weil known theoretical distributions with the objective 

of determining the one with the best fit. In total, six theoretical distributions were 

considered: Gaussian, Rayleigh, Lognormal, Rician, Logarithmic Rician [5.12], and in 

addition a combination of the log normal and the log-Rician (called the 'CLNLR' 

distribution) is proposed here. More will be said about the CLNLR distribution. 

The closeness of the fit was determined by computing the linear correlation 

coefficient [5.14] between the experimental PDF and the theoretical PDF. In order to 

obtain the best possible fit to the experimental PDF, the steady component of the 

Rician distribution was incremented in a loop until a maximum correlation coefficient 

was reached. 

A software package was developed to model the experimental data by one of the 

following theoretical distributions: 

(a). Gaussian, 

(b). Lognormal, 

(c). Rayleigh, 

(d). Rice, 

(e). Logarithmic Rice, 

(f). Combination of Lognormal and Logarithmic Rice (CLNLR). 

Of the six distributions listed above, the last one, (f), is proposed as a new 

approach based on the author's experimentation with various distributions in order to 

determine the one which yields the best correlation coefficient. 

The CLNLR is essentially a piecewise construction of the log normal and the 

log-Rician distributions. The CLNLR matches the (best fit) log normal for values 

below 0 dB, and matches the (best fit) log-Rician for values above 0 dB. At the 0 dB 
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value, the CLNLR assumes the average of the lognormal and log-Rician POF's. 

Oenoting the lognormal, log-Rician, and CLNLR PDF's by Pa(Y), Pb(Y), and 

Pe(Y), respectively, we have, 

6-20 

PeCY) = PaCY) 

=PbCy) 

PaCY) + PbCy) 

2 

Cy<OdB) 

CY> OdB) 

Cy = OdB) 

The theoretical implications of such a piecewise construction have not been 

considered and may weil not be justified by rigorous mathematical arguments. 

Nevertheless, the procedure outlined here is observed to give a better fit to the data in 

almost ail cases, and is therefore presented as the result of experimentation with the 

curve fitting. 

The correlation coefficient (R) [5.14] is a measure of the goodness of fit between 

the theoretical and experimental distributions. A high value of R (i.e. R > 0,85) 

indicates a good fit, a low value indicates a poor fit. 

Where applicable, the theoretical distribution used the first and second central 

moments of the experimental POF as its mean and variance. 

ln the cases involving the Rice or log-Rice distributions, the computation of the 

best fit theoretical distribution involved optimizing the correlation coefficient by 

varying the value of the steady component until a maximum correlation is reached. 

Figure {S.3.!. 7} shows an example of an experimental POF modeled by a 

lognormal and log-Rician distribution. (The data are normalized about the long term 

fading component in ail POF graphs). The experimental POF shows a narrow peak at 

about -0,5 dB. This peak cannot be predicted by either the lognormal nor the 

log-Rician models. Below the 0 dB value, the graph shows that the lognormal fits the 

experimental data better than the log-Rice, however the reverse is true for positive dB 
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values. The correlation coefficient for the lognormal (R=O,916) and the log-Rician 

(R=O,918) PDFs are about equal. 

6-21 

Figure {S.3.1.8} shows the corresponding CLNLR distribution plotted versus the 

same experimental PDF. Clearly, the fit of the CLNLR is better th an either the 

log normal or the log-Rician (indicated by the higher R value: R=O,934). Other data 

(not shown) for other stations and street locations indicate similar behaviour. Hence, it 

is evident that the piecewise construction technique of combining the lognormal and 

log-Rician distributions gives a better fit to the experimental PDF than either the 

lognormal or the log-Rician PDFs. 
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The best fit results between the experimental and theoretical PDF for ail three 

streets are summarized in Table {5.3.l.6} for station CFQR (92,S MHz) and Table 

{S.3.!.7} for station CKOI (96,9 MHz). 
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Table {S.3.!.6}. Correlation coefficient comparison of six theoretical· PDFs. 
Station CFQR (92,5 MHz). 

Street Pol. Gaussian Rayleigh Rice Lognormal Log-Rice CLNLR, 

V 0,73 0,66 0,88 0,92 0,92 0,93 
1 

H 0,69 0,47 0,86 0,91 0,90 0,92 

V 0,74 0,51 0,87 0,90 0,920 0,922 
2 

H 0,64 0,62 0,89 0,91 0,91 0,923 

V 0,59 0,77 0,86 0,86 0,92 0,93 
3 

H 0,62 0,42 0,79 0,79 0,84 0,86 

Table {S.3.!. 7}. Correlation coefficient comparison of six theoretical PDFs. 
Station CKOI (96,9 MHz). 

Street Pol. Gaussian Rayleigh Rice Lognormal Log-Rice CLNLR 

V 0,71 0,30 0,86 0,89 0,89 0,90 
1 

H 0,69 0,35 0,85 0,88 0,89 0,90 

V 0,67 0,29 0,86 0,81 0,85 0,88 

2 H 0,65 0,07 0,83 0,79 0,83 0,85 

V 0,70 0,41 0,91 0,86 0,91 0,93 

3 H 0,60 0,24 0,76 0,73 0,77 0,78 
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From Tables {S.3.1.6} and {S.3.1.7} it can be seen that the last column generally 

gives the highest correlation coefficient in aIl cases. The log-Rice distribution [5.12] 

generally pro vides the second best fit in most cases. 

Fig. {S.3.1.9} shows a scatter plot of the correlation coeffcients in Table {S.3.1.1}. 

The scatter plot shows the horizontal and vertical polarization correlation coefficients 

of three theoretical distributions (lognormal, log-Rician, CLNLR). As shown, the 

CLNLR gives the highest correlation of the three PDFs. 

Fig. {S.3.l.l0} shows the scatter plot corresponding to the data in Table {S.3.1.2}, 

agian for the lognormal, log-Rician, and CLNLR distributions. 

Interestingly, it is evident from the scatter plots that the vertical polarization has 

a better fit (to any of the models considered) th an the horizontal polarization. The 

reason for such behaviour is not immediately evident from the Iimited data available (3 

streets). This suggests the need for further data in other micro-environments for 

comparison and understanding of the phenomenon. 
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~ Autocovarjance Functjon 

Introduction 

This second type of analysis of the short term fading was the (spatial) 

autocovariance lunction (ACVF). Computational aspects of the ACVF are described in 

Appendix B. The ACVF curve identifies the spatial separation at which the short term 

fading signaIs become uncorrelated. 

In order to reduce the probability of a deep signal fade at the receiver (due to 

short term fading), the concept of space diversity [5.15] can be used. In this 

procedure, uncorrelated fading signaIs received by two (or more) spatially separated 

branches at the mobile are combined so as to reduce the probability of a deep fade 

relative to the case of a single branch. In addition to space diversity, other diversity 

schemes exist (time, frequency, polarization, angle) [5.15]. However, space diversity 

appears to be favored oveT the other types for mobile radio use [5.15]. 

Lee [5.16] reported that mobile radio signaIs in a suburban environment are 

decorrelated in a spatial interval of about 0.81. However, a separation of 0,51 gives 

practically uncorrelated signaIs '3t the mobile, the reason being that the signais are 

considered inde pendent as long as the auto correlation coefficient is below 0,2 [5.17] 

Perhaps the simplest combining scheme is that of spatial selection diversity, a 

switching scheme which selects the maximum signal [5.18] from a number of spatially 

separated antennas· (called branches), each of which provides a separate uncorrelated 

fading signal. In such a scheme, Jakes [5.18] reported that using two branches offers 

an improvement of 10 dB (at the 99% reliability level), white using four branches 

offers an improvement of 16 dB (at the 99% reliability level) over a single branch. In 

principle, the use of a greater number of branches offers even better results [5.18], but 

the extra cost and complexity is a limiting factor. 

Davis and Bogner [5.19] stated that an assumption in a selection diversity 

operation is that the field strength measured after the vehicle moves 1/2 is the same as 

would be measured on an antenna mounted further forward on the vehicle. According 

to Davis and Bogner [5.19], "this will be true only if the vehicie itself does not 
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substantially modify the field, and that this is independent of the presence or absence 

of a second antenna. This assumption would only be approximately true in practice." 

In the present work it is assumed the vehicle do es not substantially modify the 

field, so that the observed behaviour represents the actual field behaviour. 

In the results that follow, an important parameter in the ACVF curve is the 

spatial shift of the first zero crossing, that is, the spatial decorrelation interval. The 

results are presented as tables of the spatial decorrelation intervals as obtained on 

various street locations and for both polarizations. To evaluate and compare the spatial . 

decorrelation intervals for different cases, scatter plots [5.13] will be used (as for the 

case of the PDF). 

Figures {S.3.2.1} and {S.3.2.2} are sample ACVF plots of the vertical and 

horizontal short term fading components. The graphs are for station CKOI (96,9 MHz) 

on St.#2 (Roddick Gate to Milton Gate). Each graph shows two curves: one of the 

experimental correlation curve, and another of the theoretical curve for the case of 

Rayleigh fading [5.20]. 

The theoretical curve is computed from the following equation : 

Rayleigh Fading Correlation Coefficient (Vertical Polarization): 

R Ihoo ( l' ) = J ~ ( fJ l' ) (5.3.2.1) 

As seen from the graphs, the spatial decorrelation interval (theoretical and 

experimental) can be read by noting position of the first zero crossing. For example, it 

is seen from Figs. {S.3.2.1} and {S.3.2.2} that the first zero crossings are about 4,S m 

for the vertical polarization and about 8,2 m for the horizontal polarization. Such 

results are summarized in Tables {S.3.2.l} to {S.3.2.3} corresponding to the ACVF data 

for stations CFQR (92,S MHz), CKOI (96,9 MHz), and CITE (107,3 MHz). 
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Aulocovariance Characterislics (Survey 2) 

This section presents the results of the spatial autocovariance (ACVF) 

characteristics of the short term fading signaIs. The spatial decorrelation interval for 

each street locatjon is obtained by plotting the normalized autocovariance lunction 

(NACVF) versus the (discrete) spatial shift parameter, x, and noting the position of the 

first zero crossing. A solid line joining the discrete points of the NACVF is drawn in 

each case using cubic spline interpolation. 

Tables (S.3.2.I) through {S.3.2.3} present the spatial decorrelation intervals for 

three FM broadcast stations (CFQR,CKOI,CITE) for the three street locations of the 

second survey. Comparisons of vertical and horizontal polarization behaviour are given 

for each frequency. In each table, the following parameters are given: sample record 

length (N), polarization, number of steps (on the ACVF graph) to reach the first zero 

crossing (n), the corresponding spatial decorrelation interval (nT, T=sample spacing) in 

meters, and the spatial decorrelation interval in wavelengths. 
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Table {5.3.2.1}. 

St. # 

(84/12) 

1 

2 

3 

Spatial decorrelation intervals (CFQR: 92,S MHz) on 
three streets. Vertical and horizontal polarization. 

Sample Pol. number of Spatial Spatial 
Size steps for Ist decorrel. decorrel. 
(N) zero (m) (wavelengths) 

1310 V 7 9,0 m 2,78 

H 5 6,2 m 1,91 

721 V 8-9 4,5 m 1,39 

H 14-15 8,2 m 2,53 

283 V 7 7,2 m 2,22 

H 11-12 10,2 m 3,15 

Table {5.3.2.2}. Spatial decorrelation intervals (CKOI: 96,9 MHz). 

St. # Sample Pol. number of Spatial Spatial 
Size steps for Ist decorrel. decorrel. 

(84/12) (N) zero (m) (wavelengths) 

1 1310 V 5-6 7,0 m 2,26 

H 4-5 6,0 m 1,94 

2 721 V 25-26 13,5 m 4,36 

H 23-24 12,0 m 3,88 

3 283 V 11-12 10,5 m 3,39 

H 13-14 12,2 m 3,94 

6-33 
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Table {5.2.2.3}. Spatial decorrelation intervals (CITE:I07,3 MHz). 

St. # Sample Pol. number of Spatial Spatial 
Record steps for Ist decorrel. decorrel. 

(84/12) Length zero (Meters) (wa veleng ths) 

1 N=1310 V 6-7 8,5 m 2,80 

H 9-10 12,0 m 3,88 

2 N=721 V 12 6,2 m 2,00 

H 5-6 3,0 m 0,97 

3 N=283 V 5 5,0 m 1,62 

H 9 15,0 m 4,85 

In order to evaluate the spatial decorrelation intervals of ail three stations and 

for both polarizations, Fig. {5.3.2.3} shows a scatter plot. For example, the scatter plot 

shows that the spatial decorrelation interval for station CKOI is lowest on street 1 and 

highest on street 2. For station CFQR, however, the decorrelation intervals are about 

the same on the three streets. Station CITE shows a marked difference behaviour on 

street 3 as compared to street 2. The reasons for such behaviour are not immediately 

evident. However, the observed differences in behaviour from one street to the next 

in the micro-environment suggest the need for further data to better understand the 

phenomenon. 

Behavioural similarity of the vertical and horizontal polarizations is indicated 

by the closeness of the data points to the line y=x. 
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~ Crosscovariance FunctjolJ. 

This section presents the experimental results of the crosscovariance function 

(CCVF) of the vertical and horizontal short term fading signais in a micro-environ­

ment. 

The CCVF curve shows the amount of crosscorrelation on various street locations. 

Figure {S.3.3.1} shows the normalized CCVF curves for stations CFQR (92,S 

MHz) and CKOI (96,9 MHz) on Street 2 of the second outdoor survey. 

In examining Fig. {S.3.3.1}, it is noted that cértain features of the behaviour are 

evident. These are as follows: 

(a) the correlation coefficient at zero shift is between 0 and 1 (unlike the ACVF 

curves) and changes from one station to the next, 

(b) the correlation coefficient shows a peak at about 2,0 m for the three 

frequencies (roughly the physical separation of the vertical and horizontal dipole 

elements), 

(c) the peak correlation is different for the three stations (e.g., for CKOI, the 

peak is at 0,62 but for CFQR the peak is at 0,26), 

(d) beyond the peak, the correlation is generally below 0,2, th us the signais are 

considered uncorrelated [5.19]. 

Therefore, the CCVF curves can be evaluated by the following parameters: 

• the value of the crosscorrelation coefficient at zero shift, 

• the spatial shift at which the CCVF is maximum, 

• the maximum crosscorrelation coefficient. 
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Table {S.3.3.1} summarizes the above CCVF parameters of three stations 

(CFQR,CKOI,CITE) as obtained from the measurements of the second outdoor survey. 

It is seen directly from the table that the spatial shift at which the maximum 

cross-correlation occurs is about 1,9 m in MOst cases, which corresponds to the physical 

spacing between the vertical and horizontal receiving antennas (cf. section (2.S». 

Table {S.3.3.1). Cross-Correlation coefficients between 
vertical and horizontal fading components. 
Stations CFQR (92,S MHz), CKOI (96,9 
MHz), CITE (107,3 MHz). CCVF curves 
computed for a maximum lag of O,IN 

Station Street CCV Value Maximium Spatial 
J.O. Location at Zero CCV value Separation 

(84/12) Shift at Max. CCV 

CFQR 0,20 0,30 1,9 m 

CKOI 1 0,23 0,62 1,9 m 

CITE 0,13 0,17 1,9 m 

CFQR 0,22 0,30 2,1 m 

CKOI 2 0,27 0,32 2,1 m 

CITE 0,06 0,17 2,6 m 

CFQR 0,40 0,60 1,8 m 

CKOI 3 0,29 0,47 1,8 m 

CITE 0,24 0,28 2,7 m 

Figure {S.3.3.2} shows a scatter plot of the maximum CCVF coefficients and the 

zero CCVF coeffcients for the three frequencies on streets 1,2,3 of the second outdoor 

survey. Again, a unit y slope line y=x is superimposed on the scatter plot. Nearness of 

the data points to the line indicates similarity of the ordinate (maximum 

crosscorrelation coeff) to the abcissa (zero crosscorrelation coeff). From the scatter 
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plot, it can be seen that the highest dissimilarity of the two coefficients occurs for 

station CKOI, street 1 and station CFQR, street 2. The scatter plot clearly shows 

differences in behaviour for different urban surroundings as well as for different 

transmitters. As with the case of the ACVF, the reasons for the observed behaviour 

are not evident due to a limited number of streets. However, the results demonstrate 

the behavioural differences from one street to the next within a micro-environment. 

Further investigations of this type are therefore suggested in view of the preliminary 

findings presented herein. 
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~ Power Soectral Density 

This section presents experimental results of the (spatial) power spectral density 

(PSD) characterization of the short term fading in the urban micro-environment. 

The PSD is a distribution of variance as a function of frequency [5.21]. The 

analytical expression for the continuous PSD is given by Kerr [5.22] (see Appendix D), 

where it is noted that the spectral density function is normalized to the total spectral 

power, obtained by integrating the powerspectrum. This method was adopted in the 

course of the present work. Otnes and Enochson [5.21] suggested that the PSD be 

normalized by the total record length, P=NT, instead of by the total spectral power. 

Based on the author's trial of both methods, it was decided to normalize by the 

total spectral power (instead of by the record length). This procedure was followed 

because it allows meaningful comparison between power spectra with different total 

spectral powers. This is is advantageous, since the emphasis is placed on the shape of 

the PSD curve (it gives very similar levels), and not on the level of the curve. 

The PSD is estimated by computing the discrete fourier transform (DFf) of s( x), 

denoted as X( k), where k is the dis crete spatial frequency index. 

According to Otnes and Enochson [5.21], the discrete power spectral density 

estimate, 5,a(k), is given by the following relation: 

1 ~-:-:--:-:-? 
S xx (k) = p 1 X (k) 1 ~ , k = 0,2, ... , N /2 (5.3.4.1) 

In the above expression for Sxx(k), k is the spatial frequency index, P=NT is the 

record length in meters (N is the total spatial sample size, T is the sample spacing in 

meters) and bar denotes averaged spectrum (averaged over a small number of discrete 

spectral components). It is noted that the averaging (in this case, do ne by moving 

averages) is do ne after computing ,X(k) l'. Computational considerations of PSD 

estimation (e.g. choice of smoothing filter, resolution bandwidth, spectral stability) are 

discussed in Otnes and Enochson [5.21]. 
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For real signais, the DFT is periodic about the Nyquist sampling frequency, 2/T. 

Hence it is unecessary to compute the PSD estimate beyond the foldover frequency, 

k=N /2. since the PSD will display even symmetry about integer multiples of the 

foldover frequency. 

As described in the Introduction, an important consideration in representing 

signais in tbe spectral domain is that the signal be sampled above the Nyquist rate 

[5.10]. Since the short term fading has an effective period of about 'A/2 [5.2], the 

condition for non-aliased spectral domain representation is then, 

(5.3.4.2) 

Thus, for example, given a wavelength of 3,24 m (f=92,5 MHz), the maximum 

sample spacing should be 0,81 m for spectral domain representation. At the highest 

FM frequency, 107,3 MHz, the maximum sample spacing is 0,70 m. Referring to 

Table {2.7.2.1}, it is evident from the point of spectral analysis, that only the data of 

the first two streets are valid since the sample spacings are 0,63 m and 0,52 m (i.e. less 

than T/4). The data of the third street should not be represented in the frequency 

domain since the sam pie spacing of T", 0,9 m is greater than 'A/4 for frequencies above 

83,3 MHz. 

Having computed the square magnitude of the DFT for all spatial frequencies u 

pto the foldover frequency (k=N /2), the magnitudes are normalized by the total 

spectral power and are converted to decibels by taking the logarithm. Finally, the 

discrete power spectrum is smoothed out using a moving average rectangular window 

(MAR W), identical in principle to that filtering procedure described in Chapter 4, 

except that the averaging length is much smaller (about 3% to 5% of the total number 

of samples, k=N/2). 

Figure {5.3.4.1} shows a smoothed PSD for station CFQR, horizontal polarization, 

for route #2 of the second survey (Roddick Gate to Milton Gate). In this case the 
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sample spacing is 0,52 m, which satisfies the A./4 sampling criterion. As shown in the 

graph, the average spectral density is practically the constant up to about 0,55 Lin-Hz, 

beyond which the average spectral power drops off quite noticeably. Details of the 

spectral filtering are indicated on the graph. The averaging length is chosen to be 3% 

of the total number of samples (N/2 = 360), or M=IO samples. 

Other parameters of the PSD are the resolution bandwidth, B, which is a measure 

of the separation between discrete spectral components [5.21]. The resolution 

bandwidth is inversely proportional to the sample spacing and the number of samples 

of the original series, i.e., B::t l/NT [5.21]. In Fig. {S.3.4.1}, the resolution bandwidth 

is 0,0027 Lin-Hz, corresponding to N=721 and T=0,S2 m. 

Figure {S.3.4.2} shows the corresponding PSD estimate for station CKOI, 

horizontal polarization, for route #2, as for station CFQR. The averaging length and 

spectral resolution are the sa me as for Fig.{S.3.4.1}. Note however the shape of the 

PSD in Fig. {S.3.4.2} as compared to that of station CFQR. In the PSD of Fig. 

{S.3.4.2}, it is observed that the average PSD values drop at a practically Iinear rate 

from the zero frequency, whereas, in Fig. (S.3.4.!}, a sharp decline (though not linear) 

occurs after 0,55 Lin-Hz. This shows a marked difference in spectral behaviour 

between the two stations. 

Figure (S.3.4.3} is another graph of the PSD estimate, for station CFQR but on 

University Street (route #1, second survey). It is noted that the spectral resolution is 

0,0012 Lin-Hz and that the spectral smoothing window uses M=32 (5% of 1310) 

samples. The choice of the smoothing window size is based on considerations of 

spectral stability [5.21]. For a given resolution bandwidth, the greater number of 

samples used in the averaging, the greater the stability (or conversely, the less 'noisy' 

the spectral estimate) [5.21]. 

As can be seen in comparing Figs. (S.3.4.1} and {S.3.4.3}, the latter is more stable 

owing to the lower number (and size) of random peaks. The random peaks can be 

thought of as noise. An interesting feature of both graphs is that the basic shapes are 

very similar. For example, both graphs exhibit a constant behaviour up to about 0,55 

Lin-Hz. Beyond 0,5'5 Lin-Hz, the behaviour for the two streets is also quite similar. 
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Figure {S.3.4.4} shows for comparison with Fig. {S.4.4.3} the corresponding graph 

for station CKOI on University Street (route #1, second survey). Again, it is seen that 

the general shape of the graph is similar to that obtained for the main campus route, 

showing for example, a general Iinear de cline in average spectral power with increasing 

spatial frequency. Thus it is apparent that the estimate of the power spectrum in the 

manner described is useful in identifying differences in the short term fading 

behaviour. 
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5.4 Discussion of Results 

~ Djscussion;. il1f:. PDF 

It is observed that the statistical behaviour of the short term fading is weil 

described by a logarithmic Rician PDF, giving a correlation coefficient of between 

0,77 and 0,92. The log normal model also gave a rather good fit to the experimental 

PDF, with correlation coefficients ranging from 0,73 to 0,92 for the three streets. 

However .. it is observed that by combining the lognormal and log-Rician PDFs in the 

manner suggested in section {S.3.l}, the resulting PDF gives a slightly better fit to the 

data th an either of the individu al distributions, with correlation coefficients ranging 

from 0,78 to 0,93. The proposed distribution, called the CLNLR, suggests the 

possibility of modeling a particular PDF by a c:ombination of different theoretical 

distributions. The possible theoretical consequences of this concept in terms of 

statistical theory, however, have not been examined and are beyond the scope of the 

present work. 

It is also found from the scatter plots of the PDF statistics that differences in 

behaviour (i.e., mean, standard deviation, skewness, kurtosis) are seen for different 

conditions of measurement such as street location, frequency, and polarization. A 

definitive explanation of ail the phenomena as presented is not possible from a limited 

set of measurements (3 streets). Nevertheless, differences in behaviour between streets 

are evident from the PDF characteristics. Assuming that the first order PDF is 

statistically stationary, the moments of the PDF can be used as a basis of characterizing 

the statistical behaviour of short term fading in a micro-environment. 

In order to develop a model based on experimental investigations of this type, it 

is desirable to continue such studies on a much wider scope to pro vide a broad base of 

data for comparison. Such an empirical approach, white costly to carry out in practice, 

may well increase the understanding of propagation in urban environments. Although 

no new propagation phenomena could be identified from the limited set of 
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measurements, the present results suggest that placing a greater importance on 

micro-environment field measurements May increase the basic understanding of radio 

wave propagation in urban areas. 

M..1 Discussion;. lŒ. ~ 

The spatial ACVF characteristics of the short term fading reveals that for certain 

streets the vertical polarization tends to decorrelate more rapidly th an the horizontal, 

however, the reverse is true for other streets. Consistencies or general trends are not 

apparent from the limited data available (3 streets). Perhaps a better understanding of 

the phenomena would evolve as more comprehensive measurements in other urban 

micro-environments become available, and the same comment for the PDF would apply 

for the second order statistics, such as the covariance functions (ACVF and CCVF). 

Although not examined in the present work, a suggested study would be to 

investigate the property of wide sense (spatial) stationarity (WSS) [5.23] of the short 

term fading. This would involve determining the spatial intervals over which the first 

and second order statistical behaviour remains unchanged. Such investigations have, to 

the best of the author's knowledge, not been reported to date. However, the concept 

of wide sense stationarity is weil understood in the context of time domain 

measurements (Le., the statistical properties are invariant under shifts of the time 

origin). 

s..1..J. Discussion;. lŒ. ~ 

The spatial CCVF characteristics of the short term fading reveal that differences 

in crosscorrelation behaviour do exist among different streets. As with the case of the 

ACVF, consistencies are not apparent from the limited data available. It is therefore 

suggested that further investigations in other urban micro-environments be carried out 

to provide further data for comparison. 

As with the case of the ACVF, a suggested study would be to examine the 

property of wide sense (spatial) stationarity, that is, the investigation of the spatial 
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intervals over which the first and second order statistics remain unchanged. In 

principle, the concept of stationarity can be extendcd to higher orders [5.23]. Such 

basic studies would enhance the understanding of the stochastic nature of short term 

fading. 

~ Djscussion;. lM PSD 

Estimation of the spatial PSD of the short term fading shows that the method can 

reveal differences in behaviour for different transmitters. The spectral characteristics 

are such that the average spectral power generally drops at higher spatial frequencies. 

The spatial PSD is thus proposed as a possible method for characterizing the fast fading 

behaviour. One should recall that for a white noise random process, the PSD 

characteristic should be fIat [5.24]; hence departures from fiat spectral behaviour 

indicates a departure from a purely white noise random process [5.24]. 

In addition, it should be remembered that increasing the rate of sampling beyond 

the Nyquist rate has the effect of increasing the spectral resolution in the estimate of 

the PSD [5.21]. Hence, for spectral domain representation of fast fading, the sampling 

spacing should be as small as possible, and certainly not greater th an one-quarter of a 

wavelength. 

5.5 Concluding Remarks 

This chapter has shown that (spatial) short term fading can be described through 

the use of established time series analysis methods. Such methods include the 

probability density function (PDF), autocovariance function (ACVF), crosscovariance 

function (CCVF), and power spectral density (PSD). Using the short term fading data 

such methods were applied· in order to compare the characteristics for different streets. 

Critical statistical parameters of each of the ab ove methods were evaluated, and street 

level comparisons were made of the critical parameters using scatter plots. Differences 

between like parameters were observed for different street locations, and between the 

vertical and horizontal polarizations. Therefore, it is evident that short term fading 
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can be characterized on a mjcroscoPjc ~ 

In addition, it was observed that a new distribution, the "combination lognormal 

log-Rician" (CLNLR) gave a better fit to the experimental PDF than either the 

lognormal or the logarithmic Rician distributions. Such a piecewise description of 

statistical distributions has no t, to the best of the author's knowledge, been reported in 

the Iiterature. Further examination of the mathematical validity of this concept is 

therefore suggested. 

The analysis of the the short term fading data in this chapter has iIIustrated the 

importance of urban micro-environment field measurements, and of applying statistical 

and time series methods to analyze the results. In order to develop further 

understanding of the observed phenomena, it is suggested that similar studies be 

continued out in other urban micro-environments, and other frequency ranges (e.g. the 

800/900 MHz cellular range) to provide a broader base of data for comparison. 
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Chapter 6: 

SUMMARY AND CONCLUSIONS 

This chapter summarizes the present work, states the major conclusions, 

summarizes the contributions, and suggests a possible direction of future work. 

SUMMARY 

The present study has reported the measurement and characterization of spatial 

fading of radio signais in an urban 'micro-environment'. Automated field strength 

measurements were conducted to investigate the (spatial) long term and short term 

fading behaviour in a small region of a large urban center (the McGill University 

campus in Montreal, Canada). A mobile field instumentation vehicle (MFIV) was 

employed to gather large amounts of data at ten FM broadcast frequencies in the 

micro-environment. 

The data analysis involved separating the long term and short term fading 

components of the received signal, and analyzing the behaviour of each component 

separately. The methods of analysis of the long term fading included the spatial fading 

patterns, and the use of theoretical and empirical quantile-quantile (Q-Q) plots. The 

methods of analyzing the short term fading included the probability density function 

(PDF), the autocovariance function (ACVF), the cross-covariance function (CCVF), and 

the power spectral density (PSD). 

A significant amount of data processing effort was required to study the data. 

This effort included the data reduction, preprocessing, and the development of a number 

of statistical analysis software packages. The analysis was transferred to a microcomput­

er environment to enable easier data management and lower operating cost. The 

software in its current form is adaptable to other field surveys of this kind. 

From the analysis of the measurements, identifiable statistical characteristics of the 

micro-environment were observed, including the relative insensitivity to time. From 
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such studies, it is concluded that the micro-environment field measurements provides a 

basis for a statistical description of long term and short term spatial fading phenomena 

in urban environments. 

The contributions of the thesis are therefore threefold: (i), the concept of 

'micro-environment' (MCENV) field measurements, (ii), the manner of application of 

statistical and time series analysis methods to characterize long term and short term 

spatial fading phenomena, and (Hi), the identification and statistical characterization of 

long term and short term fading phenomena of a particular micro-environment based on 

automated field measurements. 

CONCLUSIONS 

In accordance with the objectives of this work, the major conclusions of the work 

can be divided into three categories as follows: (1), experimental methodology, (2), 

application of statistical methods, and (3), statistical characterization of spatial long term 

and short term fading effects of an urban micro-environment based on (1) and (2). 

1). Experimental Methodology 

In the course of the present work, it is obvious that unless large amounts of data 

are collected from different base transmitters as weil as on different street locations, a 

meaningful evaluation of signal fading effects cannot be performed. Stated below are 

several experimental considerations in carrying out an investigation of long term and 

short term fading in urban areas. 

(a) Concept !li. U!l2.m! 'mjcro-envjronment' fi.fJ.d surveving; Much previous work has 

been reported on urban mobile propagation, however, it appears that not much attention 

has been devoted to local environmental effects. Such effects are inherent to urban 

radio propagation and need to be investigated in their own right. The study of urban 

propagation on a street to street level basis is referred to as a microscopie ~ 
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characterization, and the importance of this approach (using test signais in the FM 

broadcast band) was demonstrated by the present work. The term w:l:z.m! 'mjero-environ­

mm..t.:. th us refers to the study of small scale effects of the local surroundings. 

The significance of urban miero-env;ronment studies is that further insight of the 

propagation phenomena May be gained from measurements, thus leading to the 

development of empirical models. 

(b) Need l!JJ:. automated measurements; Single point measurements at a given 

location are not meaningful. A statistically significant number of measurements (see (c» 

is required to characterize the fading behaviour along different streets. This emphasizes 

the need of gathering and storing field strength data in an automated manner. It is 

suggested that similar data logging equipment be used in future work. 

(c) B.!l1J!. ai. sam DUng: A proper rate of sampling (at least twice the signal 

bandwidth) must be used to provide a unique signal representation. For long term 

fading, a sampling interval of about one wavelength (T -A) provides uncorrelated 

sampling for estimating the local Mean field strength. For short term fading, a sampling 

interval of the order of one-quarter wavelength or less (T sAj4) should be used in view 

of Aj2 fluctuations of the envelope. 

(d) ~ J!!I!Î.flJ!.; Single street measurements in a micro-environment field survey 

are not meaningful unless compared with similar measurements along other streets of 

different physical makeup. Ideally, a wide variety of street types should be surveyed, 

each with different amounts of buildup (such as shadowed, partially shadowed, and 

unshadowed streets). Street orientation effects should also be considered, for example, 

radial and circumferential streets. 
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2). Application Q{ Statistical Methods 

Due to the large number of measurements taken, suitable statistical methods should 

be employed to reduce the data to meaningful parameters. The use of statistical methods 

becomes necessary as the fading effects cannot be studied directly from the original 

data. 

The statistical methods examined in the course of the present work were the 

following: 

• Moving Averages - to separate the long term and short term fading 

components. In the present work, an averaging length of twenty wavelengths at the 

measured frequency was consistently used in separating the slow (long term fading) and 

fast (short term fading) variations of the received signal; 

• Quantite-Quantite (Q-Q) Plots - to compare the cumulative distribution 

behaviour of a set of data versus a theoretical distribution (theoretical Q-Q) or another 

set of data (empirical Q-Q) [6.2]. In the present work, both the theoretical and 

empirical Q-Q plots were used to describe the cumulative distribution (CDF) of the long 

term fading signais of different. streets; 

• Probability Density Function (PDF) - to describe the first order statistical 

behaviour of the short term fading using the central moments of the PDF. In addition, 

an analytical description of the experimental PDF was achieved based on a piecewise 

construction of the lognormal and log-Rician PDFs. Such a procedure was observed to 

give a better fit to the data than either the lognormal or the log-Rician PDFs. 

• Autocovariance Function (ACVF) - to examine the spatial correlation charac­

teristics of the short term fading in the micro-environment. In particular, the spatial 

decorrelation interval was compared for different streets. Although not examined in the 



CHAPTER 6: SUMMARY AND CONCLUSIONS 6-5 

present work, it is suggested that the .second order statistical behaviour be investigated. 

The concept of spatial wide sense stationarÎty could be applied to investigate the spatial 

interval over which the statistics remain unchanged. 

• Crosscovariance Function (CCVF) - to examine the cross-correlation behaviour 

between the vertical and horizontal short term fading signais in the micro-environment. 

In particular, the maximum cross-correlation coefficient and the zero shift cross-correla­

tion coefficient were compared for different streets. 

• Power Spectral Density (PSD) Function - to examine the spectral characteris­

tics of the short term fading in the micro-environment. 

3). Characterization Qi ~ Micro-Environment Behaviour 

Based on the application of the statistical methods outlined above, a number of 

effects were characterized with regard to the spatial fading phenomena in the urban 

micro-environ ment. These effects are described beiow. 

a) l&!u:. ~ Fading EUects 

Several effects were identified, Iisted as follows: 

i) Effect of building obstruction on a given street, 

ii) Effect of shadowing among parallel streets, 

iii) Effect of different transmitter locations, 

iv) Effect of street orientation. 

v) Comparison of polarization behaviour on radial and arc streets. 
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In addition, the COF behaviour of the long term fading on individual has 

compressed ta ils when compared to the lognormal behaviour. This shows agreement with 

similar measurements reported by Oavis and Bogner [6.1J. 

The COF behaviour of the long term fading (as compared with the lognormal 

model) can be conveniently studied by the use of theoretical quantile-quantile plots [6.2]. 

Such plots show a comparison between the experimental data versus a known theoretical 

distribution (e.g. Gaussian), or between two experimental distributions (empirical Q-Q 

plot). In view of the behavioural jn formation provided by Q-Q plot techniques, a more 

general use of Q-Q plots is therefore suggested for the analysis of propagation data in 

other frequency ranges (e.g. 800/900 MHz cellular range). 

b) ShQrJ. 'l:.m!! Fading Effects 

The following analytical methods were tried in the study of the short term fading, 

and the salie nt points of each method are summarized as follows: 

(i) The probability density function (POF) is weIl described by a logarithmic 

Rician distribution (a Rician distribution plotted on a dB scale). A new statistical 

description, called the 'combinalion lognormal log-Ridan' (CLNLR) evidently offers a 

consistently better fit to the data than either the lognormal or the log-Rician. This 

distribution is composed of two parts: for negative dB values, the CLNLR distribution 

matches the lognormal, while for positive dB values, the CLNLR matches the best fit 

log-Rician. 

It is concluded that the experimental POF can be studied on a street level basis by 

comparing the expected value (mean), the standard deviation, the coefficient of 

skewness, and the coefficient of kurtosis. These parameters are indicative of the shape 

of the POF. From the results, it is evident that differences in behaviour occurs for 

changes in polarization and among different streets. The use of scatter plots is helpful 

in illustrating differences among Iike statistical parameters. 
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(ii) The spatial atltocovariance function (ACVF) revealed behavioural differences 

between the vertical and horizontal polarizations and among different streets. The 

spatial decorrelation interval was compared for both polarizations and on different 

streets using scatter plots. 

(Hi) The spatial cross-covariance function (CCVF) revealed behavioural differ­

ences in the amount of cross-correlation between the vertical and horizontal polarizations 

on different streets. Two parameters of interest are the cross-correlation coefficient at 

zero spatial shift, and the maximum cross-correlation coefficient. The parameters can 

be compared for different streets through the use of scatter plots. 

(iv) The power spectral density (PSO) has been considered with the objective of 

describing the spectral characteristics of the fast fading component. In general, it was 

found that the spectral behaviour decreases in magnitude at the higher spatial 

frequencies. However, the shape of the PSO characteristic differs from one station to 

another on a given street. 

CONTRIBUTIONS AND SUGGESTIONS FOR FURTHER WORK 

The three major contributions of the thesis were (i), the concept of 'micro-envi­

ronment' field measurements, (ii), the manner in which statistical and time series 

analysis methods were applied, and (Hi), the statistical description of long term and short 

term fading phenomena in a particular micro-environment based on field measurements. 

With the adoption of the experimental and statistical methods described, it is evident 

that greater understanding of fading in urban environments can be obtained from 

measurements. 

To suggest a possible direction for future work, one could attempt to model the 

situations physically at smaller wavelengths [6.3]. Such methods would have to 

incorporate the physical details of the urban environment, including the shape, size, and 
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location of ail buildings, and other obstacles. Precise geographical terrain data may be 

difficult to obtain in practice. Nevertheless, assuming that such data are available, the 

analytical results could be compared against experimental results (for example, the spatial 

long term fading patterns). Differences between theory and experiment could be 

examined to evaluate the validity of the model. 

Based on the accuracy of the analytical model, propagation requirements of land 

mobile radio systems (LMRS) cao be planned in a cost-effective manner. However, it is 

important to keep in mind that a single model may not give a good prediction of the 

actual behaviour in ail situtations. Therefore, it is also recommended that modeling 

work of this kind be supplemented by ongoing experimental work. 

Characterization of the urban micro-environment as applied to radio propagation is 

essential to the development of reliable wireless communication systems. The 

contributions of the present work should therefore be directed to those engaged in 

devel.oping indoor or outdoor wireless radio systems. In view of recent interest in 

cellular radio system development, measurement and characterization of long term and 

short term spatial fading is suggested for other urban micro-environments and other 

frequency ranges, particularly the 800/900 MHz cellular band. 

Finally the development of the 'combined' distribution modeling merits special 

comment. Such combined modeling techniques, although not properly an objective of 

this thesis, may bear further examination, elsewhere, of their significance. Such an 

examination would of course be outside the do main of radio wave propagation and 

would lie in the domain of mathematics. 
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APPENDIX A: 

PDF AND SHORT TERM FADING 

The probabiljty density function (PDF) [A,I] is a useful method for describing the 

behaviour of random data. The PDF of the short term fading, denoted by p(s), can be 

expressed in terms of its cumulative distribution function (CDF), P( s), as follows : 

d 
p(s)= -P(s) 

ds 
(A. 1) 

where the expression for P( so) is given by the relative number of occurrences of 

s less th an or equal to S=So : 

( ) 
n(sSso) 

P 5=5 0 =~-N-""::"":' CA .2) 

In practice, p( s) is computed for discrete samples by sorting the data in ascending 

order, dividing the data into L discrete bins (bin size is 1 dB), and obtaining the 

relative number of occurrences in each bin. This results in a discretized version of the 

continuous PDF, denoted as p(i), (i=1,L). The sorted data will be denoted by 

uppercase, S( j), to avoid confusion with the original data, s( j). 

For example, for a signal range of 20 dB, there would be L = 20 - 1 = 19 bins of 

width 1 dB each. The d;screte orobabWtv density, p(i), in the ith to 0+1 )st. bin 

inclusively, (i=1" .. L), is thus obtained as follows: 

(
') n(i,i+l) 

p l = 
N 

O=!. .. ·,L) (A.3) 
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L'" {S(N)-S(l)} 
BIN 

A-2 

(A .4) 

ln Eq.(A.3), n(i.i+1) is the number of samples lying between the ith and 0+1 )st 

bins, N is the total number of samples contained in L bins, and BIN is the width of a 

bin (BIN = 1 unless stated otherwise). It should be noted that n(J .L+1) = N, the total 

number of samples in the record, s( j). The number of bins, L, is the nearest integer to 

the range of s( j). 

The experimental PDF, as given by Eq. (A.3) thus completely describes the 

statistical behaviour of a sample record, s(j). j=1 ..... N. 

ln order to compare the characteristics between different PDFs, corresponding to 

different sample records s( j), the following descriptive statistics are helpful: mean (s), 

standard deviation (11), coefficient of skewness (y), and coefficient of kurtosis (p). 

Except for the mean, ail the above parameters are obtained from the central 

moments Mj representing the jth central moment of s( x). The statistics mentioned are 

computed on the basis of the discrete PDF, p(i), as follows: 

s = E {s(x)} (A.S) 

where E( s( x)) denotes expected value of s( x), defined as follows: 

... 
E{s(x)} = J S· p(s)ds (A .6) 

-.. 

ln discrete terms, the expected value, E (s(i)), may be written as, 

/- L 

E{s(i)} = L S(i)' pei) = s (A .7) 
/-1 
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The jth central moment of s(x). Mj, is given by the following expression: 

M, = E{[S(i) - s]'} 

Assuming p(s) is known, the central moments can be computed from the 

following equation: 

+CD 

M i = J p(s)'[S-s]ids 
-CD 

(A .8) 

(A.9) 

In the discrete variable case, S(i) replaces S(x), p(i) replace p(s), and a 

summation (over L discrete bins) replaces the integration (over the range of s). Hence 

the expression for the discrete jth central moment becomes, 

j-L 

M i= L[S(i)-S]i. pei) (A.lO) 
j-l 

Thus the standard deviation, coefficient of skewness, and the coefficient of 

kurtosis [A.2], may be expressed in terms of the central moments of the discretized 

PDF as follows : 

(A.ll) 

(A.12) 

(A.13) 
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APPENDIX B: 

ACVF AND SHORT TERM FADING 

The aUlocovariance ("nction (ACVFJ of a continuo us time (or spatial) series, 

s(x), denoted as RII(x,x+t'), where 1" is the amount of positive (or negative) shi ft w.r.t. 

the origin (x=O), and T is the record length (in meters) of s( x). 

Rs(x, x + T) - E {(s(x + T) - s)· (s(x) - s)} (B.l ) 

Assuming ergodicity of s( x), ensemble averages equal time averages, Eq. (B.l) 

May be expressed in terms of a time (spatial) average as follows: 

T 

1 J - -Rs(X,X+T)= lim- [S(X+T)-S]' [s(x)-s]dx 
. T .... 2T 

-T 

Since for practical series, s( x), the averaging interval T is finite and the 

parameter x is positive, Eq. (B.2) can be written as follows: 

T-T 

R 1 J - -I\.(x,x + T) a -- [s(x + T)- s]· [s(x) - s]dx 
T-T o 

(B.2) 

(B.3) 

Equation (B.3) represents a biased estimale of the true autocovariance function, 

RII(x,x+ 1") because the average is taken over a finite length (T -1") instead of an infinite 

interval, T ... CI> [B.I]. 
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In equation (B.3), the maximum length of the record, s( x), is x=T, and the 

spatial shift parameter is T. In practice, the ilutocovariance function is computed upto 

a maximum spatial shift of T_ O,IN in order to keep the lag error to about 11% [B.2]. 

In the discrete case, equation (B.3) reduces to equation (B.4) where the continuo us 

parameters (X,T,n are replaced by their dis crete counterparts (i,m,N), and the 

integration replaced by summation : 

1 j-N-m 

Rs(i,i+m)'" N- L [s(i+m)-s]' [s(i)-s] 
m j_1 

(B .4) 

m = O,I ..... M " M = O.IN 

In the present work, the auto covariance function is computed for shifts up to ten 

percent of the record length, that is e < m < O,IN, where N is the number of samples 

in the series, s(i). Using larger shifts (m > O.IN) introd~ces a correspondingly larger 

[ag error in the estimate, where the lag error is defined by K : 

K = lag error in ACVF estimate 

m ---N-m (B.S) 

From equation (B.S), it is seen that the lag error in the estimate of Ra(i,i+m) is 

11% for m=O.IN. while for m=O.2N, the bias error ris es to 2S%, which is rather high. 

Therefore, it was decided to use m=O.1 N in ail computations of the ACVF. 
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At this point, we introduce the concept of (spatial) stationarity in the wide sense 

(WSS) in order to assess whether the statistical behaviour of s(x) is independent under 

shifts of the inde pendent parameter, x. This particular property has not been 

examined in the present work, however it is suggested to be examined in further 

studies. In ail references to the ACVF, it is assumed that the spatial origin is at x=O 

meters. 

Recalling the definition of a wide sense (as opposed to strict sense) stationary 

random process, and replacing the independent parameter, time (t), by space (x), it 

follows that· the first and second order statistics are not influenced under shifts of the 

spatial origin x (or time, t, hence the term stationary) [B.3]: 

( 1 ) (B.6) 

(2) (B.7) 

The first condition, Eq.(B.7), implies that the expected value of s( x) is invariant 

under shifts of x. The second equation, Eq.(B.8), implies that R(x. x - T) is a function 

of the space difference, T, alone, and is therefore independent of the value of x. If 

conditions (1) & (2) are satisfied, the random process s(x) is said to be stationary to 

the second order, or wide sense stationary (WSS). For a real WSS random process, the 

auto covariance function May be expressed in terms of T alone, that is, 

(B .8) 

In addition, if s(x) is real and WSS, then it can be shown that its autocovariance 

function is even, that is, 
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(B.9) 

The normalized aUlocovariance lunction (NACVF), is a convenient parame ter for 

evaluation of Many ACVF curves since the NACVF curves are normalized to a starting 

value of 1.0 at zero (spatial) shift. In the present work, only the normalized covariance 

functions are used, and any reference to ACVF must be understood to actually Mean 

the NACVF. 

Assuming that s(x) is a WSS random process, the NACVF, p,(t'), is obtained from 

the ACVF, R.(t'), as follows: 

[B.1] 

[B.2] 

[B.3] 

Rs(T) 
psCr) == Rs(O) 

End Notes 

(B.I0) 

W.C.Y. Lee, Mobile Communications Engineering, New York, McGraw-Hill, 
1982, p.54. 
R.H. Leal'er and R.H. Thomas, Analysis and Presentation 01 Experimental 
Results, New York, MacMillan Press, 1974. 
W.B. Dal'enport, Probability and Random Processes, New York, Mc­
Graw-Hill, 1970, p.325. 
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APPENDIX C: 

CCVF AND SHORT TERM FADING 

The crosscovarianc.e. ("ncUo" (CCVFJ of two continuous real random processes, 

a(x). b(x), denoted as Rab{X,x+1'), where l' is the spatial shift of b(x) w.r.t. a(x), is 

given by, 

C-1 

Rab(x ,x + T) "" E{(a(x) - a)' (b(x + T)- o)} (C.l ) 

Analogous to the ACVF, and assuming ergodicity of a(x) and b(x), a biased 

estimate of the discrete CCVF is given by Eq.{C.2) below. The lag error (K) in the 

estimate of the CCVF is given by Eq.(B.5) in Appendix B. 

1 j-N-m 

Rab(i,i+m)= N- L [a(i)-a]' [b(i+m)-o] 
m j-1 

m =O ..... M M = O.IN 

For real, WSS random processes a(x). b(x), the CCVF is a function of the 

parameter l' alone: 

Rab ( X , X - T ) = R ab ( T ) 

(C.2) 

(C.3) 

The following symmetry property is true for real WSS random processes, a(x) and 

b(x) [C.I]: 

(C.4) 
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As with the case of the ACVF, it is convenient to express the CCVF in terms of 

its normalized value w.r.t. its value at zero spatial shift, giving the normalized 

cross-covariance lunction, NCCVF [C.2]. In the present work, a11 references to the 

CCVF must be understood to actua11y refer to the NCCVF, expressed as follows : 

[C.I] 

[C.2] 

(C.S) 

End Notes 

J.J. Freeman, Principles 01 Noise, New York, John Wiley, 1958, p.162 

H.R. Raemer, Statistical Communication Theory and Applications, Englewood 
Cliffs, New Jersey, Prentice-Hall, 1969, pp.65-66. 
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APPENDIX D: 

PSD AND SHORT TERM FADING 

The IlJlJJ!.fX. spectral density (PSD) of a continuous stationary random process 

(CSRP), s(x), denoted as F,(w}, where w is the angular spatial frequency, is given in 

terms of its complex (continuous) frequency spectrum, s(w), as follows [D.l] : 

F,(w)= III IS(w)1
2 

f IS (W)1
2

dW 
o 

The continous fourier transform (CFT) of s(x) is given by, 

.111 

S(w) = f s(x)e- Jwx dx 

(D.l ) 

(D .2) 

In view of the recent availability of Fast Fourier Transform (FFT) algorithms, it 

is feasible to compute the Discrete Fourier Transform, S(k), directly from the original 

sequence, s(i), without first computing the correlation function [D.2]. This gives the 

following expression for S(k), where T is the sample spacing, k is the frequency index, 

and N is the number of samples [D.3] : 

j-N-I. (j2nik) 
S(k)=T L s(t)'exp - k=O,1,2, ... ,N/2 

/-0 N 
(D .3) 

The magnitude spectrum of S(k) is of interest obtaining the PSD. The magnitude 

spectrum is given by, 
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1 S(k) 12 = [ReS(k)]2 + [ImS(k)]2 (D.4) 

Thus there are half as many frequency points as time points for real sequences; 

computing beyond k=N /2 results in an even symmetry wrap of the spectrum about the 

Nyquist frequency. 

The PSD estimate can be expressed terms of a discrete spectrum, A(k), where A(k) 

is obtained from S( k) as follows: 

A(k) = ~S(k) 1
2 

k--
2 

I: ]S(k)1 2 

k-O 

(D.5) 

The discrete PSD estimate, F.(k), can expressed in terms of A(k) as follows, where 

bar denotes averaged spectral components : 

P §(k) = A(k) k=O ..... N/2 (D .6) 

Two considerations worth mentioning in representing discrete (time) signaIs in the 

spectral domain are the resolution bandwidth, B=l/NT, and the spectral stability, TI 

[D.4]. 

The first parameter, B, is an indicator of the spacing between adjacent frequency 

components. A larger sample size (N) or a smaller sampling interval (T) gives rise to a 

higher spectral rcsolution [0.4]. 

The second parameter, TI, is an indicator of the averaging interval of ,S(k) l'. 

Generally speaking, the larger the number of samples used in the averaging, the greater 

the spectral stability, or conversely, the less 'noisy' the spectrum [D.4]. 
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[D.l] 

[D.2] 

[0.3] 

[0.4] 

End Notes 

See, for example, D.E. Kerr (Ed.), Propagation of Short Radio Waves, New 
York, Dover Publications, 1951, p.558. 

It is also possible to estimate the PSD by first computing the autocovariance 
function. For this approach the Wiener-Khintchine theorem May be used to 
advantage. 

A brief discussion of the Wiener-Khintchine theorem is found in, H.R. 
Raemer, Statistical Communication Theory and Applications, Englewood 
CHffs, New Jersey, 1969, pp.59-60. 

A thorough treatment of OFf computation methods is found in, R.K. Otnes 
and L. Enochson, Applied Time Series Analysis, New York, John Wiley, vol. 
1, 1978, pp.222-224. 

Computational aspects of PSD estimation are discussed in, R.K. Otnes and L. 
EnochsoD, Applied Time Series Analysis, 1978, vol.1, pp.316-358. 
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APPENDIX E: 

ABBREVIATIONS 

ACVF 

AM 

AMPS 

BDRS 

CCVF 

CDF 

CFT 

CLNLR 

CRC 

DFT 

DOC 

EGA 

ERP 

FFT 

FM 

FORTRAN 

IBM 

LMRS 

MCENV 

LTF 

MFIV 

NACVF 

Autocovariance function 

Amplitude Modulation 

Advanced Mobile Phone Service 

Basic Data Retrieval Software 

Crosscovariance function 

Cumulative Distribution Function 

Continuous Fourier Transform 

Combination Lognormal Log-Rician 

Communications Research Centre 

Discrete Fourier Transform 

Department of Communications 

Enhanced Graphies Adapter 

Effective Radiated Power 

Fast Fourier Transform 

Frequency Modulation 

Formula Translator (programming language) 

International Business Machines (Corp.) 

Land Mobile Radio Systems 

Micro-Environment 

Long Term Fading 

Mobile Field Instrumentation Vehicle 

Normalized Autocovariance Function 

E-l 
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NCCVF 

PC 

PDF 

PSD 

Q-Q 

RAM 

RF 

RMS 

SDAS 

SLTF 

STF 

TV 

UHF 

VHF 

WSS 

Normalized Crosscovariance Function 

Personal Computer (micrcomputer) 

Probability Density Function 

Power Spectral Density 

Quantile-Quantile 

Random Access Memory 

Radio Frequency 

Root-Mean-Square 

Statistical Data Analysis Software 

Spatial Long Term Fading 

Short Term Fading 

Television 

Ultra-High Frequency (300 MHz-3 GHz) 

Very High Frequency (30-300 MHz) 

Wide Sense Stationary 

E-2 
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