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Abstract

Wireless Communications are revolutionising personal and telecommunications 

services and the way in which they are utilised. Overall growth in cellular, fixed and 

satellite communication system markets in recent years has exceeded expectations. 

There is a widespread anticipation that customer demand for wireless 

telecommunication systems will continue to expand in the foreseeable future. Such 

systems rely in their planning, design and implementation on the availability of 

radiowave propagation models. These models are required to describe and 

characterise with sufficient accuracy the interaction of radiowaves with the 

environment, especially the various obstacles in the radio path. Prediction tools are 

highly desirable to radio planners in achieving appropriate coverage planning, 

determination of the propagation modes and the prediction and control of mutual co- 

channel interference between existing and new radio links. In the case of land mobile 

systems as well as wireless fixed access systems, trees, singly or in a group, are 

usually present in the radio cell environment, giving rise to both absorption and 

scatter of radio signals. An important part of the modelling process applied to 

vegetation effects is aimed at analysing the radio propagation modes and the 

identification of individual signal contributions to the scattered signal caused by 

various elements of the tree. Past research work on vegetation available in the 

literature does not account for the interaction between an incident plane wave and 

individual elements constituting the tree.

The work reported in this thesis describes detailed studies aimed at the 

characterisation of propagation mechanisms arising in single trees of various types. It 

explores effects of geometrical and physical properties of the tree on radiowave 

propagation modes arising specifically, i.e. absorption, scatter and depolarisation. 

These have been addressed through a combination of analytical, computational and 

experimental modelling, based on thorough examination of the re-radiation functions 

of single trees. Appropriate measurements performed in both anechoic and outdoor 

environments at microwave and millimetre wave frequencies, covering frequency 

band from 2 to 62.4 GHz, provided both model validation and a deeper insight into



the problem. Single tree scatter has been shown to be modelled adequately in terms 

of a re-radiation function with parameters which can be deduced from measured 

data. This is an important extension to the Radiative Energy Transfer (RET) model, 

which hitherto has been applied to a homogeneous forest half space. Forward, side 

and back scatter regions have been identified and characterised. Depolarisation 

effects were subjected to detailed study with the help of an idealised metallic 

structure. Analyses of measured results provided deep insight into the causes of 

depolarisation and the specific polarisation states likely to arise in vegetation. 

Reasons for signal fades or nulls in the re-radiated signals are established. Wideband 

channel measurements performed at 2 GHz provided valuable information on the 

dispersive effects of single trees, whose subsequent analyses revealed the sources of 

scattering, effects of tree elements, e.g. leaves and branches, and wind effects.

The thesis provides also a novel method based on the Finite Difference Time 

Domain (FDTD) technique, used in studying the propagation modes due to 

interaction with single trees, starting from primary models for leaves, trunk and 

branches. Re-radiation fields in 3D of the entire tree are predicted by combining the 

effects of the single elements forming the tree. The model is shown to be capable of 

predicting the near-field radiated signal and the radar cross section (RCS). RCS 

predictions yielded good agreement with measurements and have provided a good 

basis for a planning model capable of accounting for single trees in the radio path.

Overall, the thesis contributes new information, results and models which are very 

useful in radio system planning and design of broadband wireless communication 

services.

-in



Glossary of Terms

3G Third Generation

ABC Absorbing Boundary Conditions

AR Axial Ratio

CCW Counter Clock-Wise

CDF Cumulative Distribution Function

CIR Complex Impulse Response
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CTF Complex Transfer Function
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IF Intermediate Frequency

IFFT Inverse Fast Fourier Transform
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ITU-T International Telecommunication Union - Telecommunication Sector

LAI Leaf Area Index
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LMDS Local Multipoint Distribution System

LMSS Land Mobile Satellite Systems

LNA Low Noise Amplifier 

LOG AMP Logarithmic Amplifier

MBS Mobile Broadband System

MED Modified Exponential Decay Model

MITU-R Modified ITU-R Model

MOM Method Of Moments

NZG Nonzero Gradient Model

OMT Orthogonal Mode Transducer

PDF Power Delay Profile

PLL Phase Lock Loop

PLO Phase Locked Oscillator

PML Perfectly Matched Layers

PN Pseudo Noise

PO Physical Optics

RAL Rutherford Appleton Laboratory

RCS Radar Cross Section

RET Radiative Energy Transfer

RF Radio Frequency

RH Right-Handed

SoBE School of Built Environment

SoC School of Chemistry

TDS Time Delay Spread

UHF Ultra High Frequencies

UMTS Universal Mobile Telecommunication System

UoG University of Glamorgan

UPT Universal Personal Telecommunications

UTD Uniform Theory of Diffraction



VCO Voltage Controlled Oscillator

VH Vertical-Horizontal polarised signal component (Cross-polar)

VHP Very High Frequencies

VNA Vector Network Analyser

VV Vertical-Vertical polarised signal component (Co-polar)

WCS Wireless Communication Systems

XPD Cross-Polarisation Discrimination
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Chapter One 

Background and Aims

1.1. Introduction

In 1995 the centenary celebration of Guglielmo Marconi's invention of wireless 

communications reminded us of the early significant milestones in modern 

telecommunications history [1]. These maybe listed as (i) the theoretical 

formulations of electromagnetic wave (EM) propagation by James Clerk Maxwell in 

the 1860s, (ii) the demonstration of the existence of these waves by Heinrinch 

Rudolf Hertz during the 1880s and (iii) the invention and subsequent demonstration 

of wireless telegraphy by Guglielmo Marconi during the 1890s, first in Bologna, 

Italy and then in the United Kingdom. Since then, telecommunication requirements 

spurned on by military necessity have stimulated rapid developments in various 

forms of radio communications, including the significant utilisation of microwave 

and millimetre wave technologies in terrestrial and satellite radio links and radar 

systems.

At the start of the twenty first century, the continuing development of spectrally 

efficient wireless communication technologies represents a challenge for radio 

system planners and designers engaged in the realisation of Universal Personal 

Telecommunications (UPT) [2]. UPT will offer access to a wide range of 

information transmission and exchange demanded by the consumer market at 

reasonable cost. Cellular and cordless telephony providing speech and data 

transmission facilities for both wide and local area networks represent first steps in 

this development.

Due to additional demands of users for advanced mobile services with broadband 

capacities and the desirability of seamless integration between fixed and mobile 

communication networks, the third generation (3G) of mobile radio communication 

systems covering the 1.7 to 2.7 GHz frequency band is being rolled out. Digital
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systems are being developed to include cellular, cordless, satellite and fixed wireless 

services. The International Telecommunication Union - Radio communication sector 

(ITU-R) and telecommunication sector (ITU-T) are developing specifications, 

standards and recommendations for the Future Public Land Mobile 

Telecommunications System (FPLMTS) [3]. For commercial reasons FPLMTS is 

renamed the International Mobile Telecommunications by the year 2000 (EVIT2000). 

The Universal Mobile Telecommunications System (UMTS), being developed in 

Europe, represents an opportunity to exploit the radio spectrum resources in the 2 

GHz band and to bring together the various mobile services into a more unified and 

universal framework in multi-operator environments [2]. Work on UMTS has been 

progressing rapidly, with a number of operators and manufacturers announcing 

system trials. Some of the Japanese operators are aiming for early system 

deployment by the year 2000. Within Europe, deployment is generally expected to 

start around 2002, with large-scale deployment by 2005. The new generation of 

Wireless LANs, named as HIPERLAN system [4], operating in the 5 GHz and 17 

GHz bands and providing up to 25 Mbits/s digital links, are aimed at multimedia 

applications. HIPERLAN will provide a combination of portable computer and 

cellular telephone applications, giving the user facilities for data transmission, fax, 

electronic mail, paging and voice telephony [2]. The 4th generation Mobile 

Broadband Systems (MBS) operating in the 42.5-43.5 GHz band and 65-66 GHz 

band are also under investigation. The MBS, earmarked for use beyond 2005, is 

intended to provide data links at rates up to 155 Mbits/s for small indoor cells [3].

Cellular Radio Access for Broadband Services (CRABS) is one of the European 

ACTS programme projects focussing on MBS. Project (AC215) [5] has been 

developed and demonstrated a Local Multipoint Distribution System (LMDS) 

operating in the frequency band 40.5 to 42.5 GHz. The project enabled several major 

aspects of LMDS to be studied and a number of trials performed, which included 

technical evaluation, propagation data and user reactions [5]. Utilisation of 

microwave and the millimetre wave bands for these systems is both advantageous 

and necessary when considering the information capacity required by future 

applications.
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Future systems are characterised by their high flexibility, spectral efficiency and high 

data communication rates, and will support integration of satellite links with 
terrestrial networks providing worldwide roaming and global coverage. Services 

envisaged will provide advanced video facilities and data services to meet the 

multimedia information transfer and exchange required by society. This demand is 

creating new challenges in the design, planning and development of high capacity 
wireless telecommunications networks.

1.2. Propagation Modes

To implement a fixed or mobile radio communication system, wave propagation 
models are necessary to determine the propagation characteristics for any arbitrary 
radio link. Predictions are required for appropriate coverage planning, the 
determination of propagation modes as well as co-channel interference to and from 
existing radio links. These form the basis for the planning process of high-level 
networks. Therefore, these systems rely in their design and implementation on the 
availability of radiowave propagation models which describe accurately the 
interaction of radiowaves with various obstacles in the radio path [6].

In the mobile radio system, part of the electromagnetic radio signal radiated by the 
antenna of the transmitting terminal reaches the receiving terminal by propagation 
through different paths. Along these paths, interactions may occur between the 
propagating radio signal and the various objects encountered in the path. Propagation 

modes arising from the interaction with obstacles may include specular reflections 
from large flat surfaces such as buildings; diffraction from edges in the form of 

rooftops and hilltops; diffuse scattering from smooth surfaces or from electrically 
small size objects; absorption caused by dense material like walls or floors; or 

shadowing by obstacles like buildings and trees. What follows, is a brief discussion 
of the various propagation mechanisms and factors pertinent to radiowave 

propagation at microwave and millimetre wave bands [7].
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1.2.1. Free-space Propagation

In free-space, electromagnetic energy spreads out uniformly in all directions from an 

isotropic source. The power received by a receiving antenna separated from a 

radiating antenna by a distance d, is given by Eq. 1.1, provided there are no objects 

in the radio path that absorb or reflect energy. In this equation Pt is the transmitted 

power, Pr is the received power, /I is the wavelength, / is the frequency and c the 

velocity of propagation.

The amount of energy available to a receiving antenna of a given effective area is 
inversely proportional to the square of the distance from the source [1][8]. Path loss 
models describe the signal attenuation between transmit and receive antennas as a 

function of the propagation distance and other parameters. Generally, free space 
conditions can be deemed to prevail if there is clearance for the first Fresnel zone for 
the path between transmitter and receiver and no reflections are present from ground 
or from hills, trees, buildings and other obstacles. The free space path loss (fsl) in dB 
is therefore given by Eq. 1.2, which clearly shows that the fsl falls by 6 dB 
approximately when the distance is doubled. Similarly, the path loss increases with 

the square of the transmission frequency, so that losses also increase by 6 dB 
approximately if the frequency is doubled.

(dB) (1.2)

1-4
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1.2.2. Propagation in the presence of building clutter, obstacles and 
vegetation

In urban and rural areas, propagation is generally dominated by shadow loss and 
reflections from buildings, man-made structures and natural features, such as 
vegetation. In the case of land mobile systems, these are usually found in the 
environment surrounding the receiver. The receiver environment may vary between 
that found in indoor locations and that covering large rural areas, representing, in 
radio planning terms, the whole range of macro-, micro- and pico-cells scenarios.

Macro-cells have been deployed to provide mobile services in rural, suburban and 
urban environments. Typical examples of these are the GSM and DCS-1800, where 
the base station is placed higher than the surrounding objects, providing a uniform 
(omni directional) coverage for cell radii stretching from 0.5 km up to 30 km. The 
path loss in this case is determined by diffraction and scattering at rooftops, hills and 
mountains in the vicinity of the mobile terminal, where the main rays propagate 
above the rooftops. In micro-cells, the base station antennas are placed generally 
below the rooftops of buildings, and therefore limiting the coverage to under 1 km, 
normally defined by the geometry of the 'street canyons'. Propagation is determined 
by diffraction and scattering around the buildings, from walls and trees as well as 
from individual scatterers which can be found in street canyons, such as windows, 
cars, lamp posts, balconies and trees [9J. Frequencies from VHP to UHF are 
common, but services in the 40 GHz (LMDS) and 60 GHz bands have already been 
proposed. Pico-cells have been designed especially for wireless local area networks 
between computers as well as for mobile users, covering mainly indoor or very small 
outdoor areas. The coverage will depend on the layout of the room and the presence 
of furniture and people. Wave propagation is determined mainly by reflection from 
and transmission through windows, partitions, walls, floor and ceilings.

Land-mobile communications suffer, therefore, from particular propagation 
complications when compared to fixed point-to-point and point-to-multipoint radio 
links employing stationary antennas. For wireless subscribers moving along a cily
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street, these are generally located among buildings, other urban structures and also 

trees, so that the base-station antennas are seldom visible to the mobile user. 

Furthermore, the antenna height at a mobile terminal is usually quite low, typically 

2-3 metres above street level. The antenna has thus very little "clearance", so that 

obstacles and reflecting surfaces near the antenna will exercise a substantial 

influence on the characteristics of the radio propagation path. Moreover, the radio 

propagation characteristics change spatially and temporally due to the mobility of the 

user. The received signal can be considered as a combination of plane waves with 

amplitudes, spatial angles of arrival and relative phases, which are random. At any 

one position of the receiver, these waves are superimposed creating a standing wave 

with a time varying envelope. The superposition produces considerable variability in 

the received envelopes, which results in short-term multipath fading. In general and 

due to this variability, it is difficult to determine or predict the received signal level 

accurately and hence there is a need to formulate approximate prediction models 

based on and supported by experimental measurements.

1.2.3. Propagation Effects of Vegetation

In macro-cells, as well as in micro- and even in pico-cells scenarios, trees are likely 

to be in the radio path giving rise to both absorption and scatter of radiowaves. 

Effects arising from such scatter and absorption bodies must be identified and 

investigated to improve the accuracy of modelling of the mobile radio 

communication channel, which in turn will contribute to the improvement of 

prediction tools for radio coverage. Most of the interest has been centred at 

frequencies around the GSM and DCS-1800 bands, where tree attenuation is 

considered as one of the dominant effects influencing radio propagation in rural and 

suburban areas [2] [3].

Progress achieved in present research work in performing analytical studies based on 

experimental measurements, has shown that the presence of trees, singly or as a 

group, in the radio path of a point-to-point link, can influence the level of the 

received signal: (i) directly by providing an additional (excess) attenuation to that
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caused by free space propagation [10] [11] [12]; (ii) indirectly by scattering which 
results in lateral contributions to the received signal [12]; and (iii) through 
depolarisation of the incident wave which represents another significant factor 
influencing radiowave propagation. The latter is especially significant at higher 
frequency bands, where the wavelength becomes comparable to the physical 
dimensions of the scattering elements of the tree [13]. Propagation modes associated 
with absorption, scatter and depolarisation are addressed in this thesis. For practical 
applications and due to mathematical and physical complexities, prediction of 
propagation in real environments including obstacles and trees, these modes must be 
characterised by approximate models. For the accurate modelling of the propagation 
of microwaves and millimetre waves through tree foliage generally requires accurate 
electromagnetic description of the tree geometry, including its branches and leaves, 
valid over a wide range of frequencies. Also because of the complex physical 
processes arising from the propagation modes involved, approximate prediction 
models appropriately validated are very useful to radio systems planners and 
designers. At their most basic form, these models, referred to as empirical, express 
the excess attenuation (that in addition to freespace attenuation) of vegetation media 
as a function of frequency and path length through vegetation. More developed 
forms of prediction models would take into consideration more specific details of the 
vegetation medium such as vegetation density, spatial distribution of trees, size and 
orientation of branches and leaves, and seasonal factors relating to foliation and 
moisture content.

1.3. Identification of Areas of Research and its Strategy

The fundamental aim of this research project is to understand the physical 
propagation mechanisms in vegetation media taking the form of single trees, and to 
use this understanding in the formulation of practical models applicable in the 
quantification of the effects of vegetation on radio system design. This is particularly 
important at present, with the rapid growth of broadband radio communications 
services, especially at microwave and millimetre wave frequencies, such as LMDS 
and MBS. Scattering from and shadowing by vegetation of radiowaves, which have
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been shown to be very significant in wireless fixed access systems, are not well 

understood and insufficiently modelled at present. This makes it difficult to plan 

these systems in a spectrally efficient manner.

Much of the previous research in this field has involved empirical modelling of the 

attenuation functions by vegetation, and although many of the models have been 

rather simplistic, the development of the model based on the Radiative Energy 

Transfer (RET) [10] [14], has provided a means of modelling the re-radiated energy 

in terms of the absorption and scatter modes only. Deep signal fades in fixed 

wireless access links are increasingly being attributed to the effects of surrounding 

trees. Reasons for these fades may be attributed to multipath and/or depolarisation 

due to the orientation of the trunk, branches and leaves. There is a need to have a 

better understanding of the effects of the constituent parts of the tree on the 

propagation modes. With specific reference to the RET model, further work is 

required on the model parameters to include the effects of depolarisation, and its 

dependence on the physical attributes of the trees. Investigation is also required of 

the effects of moisture content, density of scatterers and trunk/branch relative sizes 

in the modelling process. Thus vegetation can be treated in a more microscopic way, 

rather than at a macroscopic level based on bulk parameter characterisation. 

Examples of microscopic modelling, where individual elements of the tree are 

modelled, can be found in [15] and [16]. The Finite Difference Time Domain 

(FDTD) technique provides another tool for microscopic analysis. The individual 

components of the vegetation specimen will be modelled and simulated in this 

research using the FDTD technique at frequencies of interest, e.g. in the 2 and 20 

GHz frequency bands. Validation of prediction results has been achieved by 

performing appropriate measurements on a metallic tree and an indoor plant in the 

anechoic chamber. At the outset, the main objectives of the research project can be 

outlined as follows:

(i) Characterisation of the re-radiation functions of single trees using 

appropriate measurements in the frequency bands 2, 20 and 62.4 

GHz. Measurements will be conducted in the anechoic chamber and 

in outdoor locations, as appropriate. Depolarisation will be

i-s
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investigated by measuring the co-polarised and cross-polarised signal 

components.

(ii) Study and analysis of the relationships between the parameters of the 

re-radiation (scatter) function and the physical attributes of specimen 

trees. In establishing such relationships, consideration should be given 

to idealised structures such as an appropriately designed metallic 
artificial tree.

(iii) Modelling which can adequately represent the re-radiation and 

depolarisation processes occurring as a result of the incidence of 

radiowaves on single trees. Such modelling will include factors 

associated with the distribution of the scatterers and their relative 

sizes on the predicted results.

(iv) Application of FDTD in the prediction and characterisation of the re- 

radiation fields of single elements of an idealised metallic tree at 20 

GHz.

(v) Development of the model using FDTD applied to the complete metal 

tree and indoor tree for the prediction of the 3-D re-radiation 

functions for the complete structures. These are to be validated with 

measurements.

(vi) Investigation of the feasibility of formulating an entire tree model 

from primary models relating to single elements obtained in (iv). This 

is to be followed by assessment and validation of the overall model.

(vii) Applicability of model in radio system planning.

i-o
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1.4. Structure of the Thesis

This research involves two approaches to the study of microwave and millimetre 

wave propagation through single trees. The first involves experimental modelling 

based on measurements on various tree specimens inside an anechoic chamber and in 

outdoor environments, and the second is the numerical modelling of a tree of 

different dielectric properties using the Finite Difference Time Domain approach 

(FDTD).

Chapter One introduces the effects of vegetation in Wireless Communication 

Systems (WCS) and identifies areas of research covered in this thesis.

Chapter Two is concerned with the theoretical background aimed at modelling the 

effects of vegetation at frequencies above 1 GHz. A summary of previous research 

work is presented. Although a large number of methods to predict the path loss are 

available [14][15][16][17][18], in this chapter, we restrict the survey to propagation 

through foliage with particular emphasis on the physical interpretation of the 

propagation environment. The survey examines the physical properties of single 

trees, including their dielectric properties and the orientation of different elements 

forming the tree. In this chapter a numerical approach using FDTD is presented, 

which has been found to be a highly effective tool in solving problems in the 

radiowave propagation modelling. It is rapidly becoming one of the most widely 

used computational methods in electromagnetics. Complex geometries such as 

vegetation media can be modelled using this technique which allows arbitrary 3-D 

dimensional model geometries, interaction with objects of varying conductivity 

ranging from a perfect conductor (e.g. a metallic tree-like structure) to more realistic 

trees.

Chapter Three provides a detailed description of the experimental programme 

carried out to investigate the propagation modes set up in and from single trees. A 

full description of the various measurement systems and analysis of their accuracy at 

2, 20 and 62.4 GHz are presented. The development of new and existing software
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and hardware systems used to assist and in systematically performing the 

measurement campaigns, are also presented.

Chapter Four describes in detail various measurement procedures used in the study 

at 20 and 62.4 GHz. Progress achieved in the solution of identified problems is 

outlined. The results that were obtained from various measurements performed 

inside an anechoic chamber on different tree specimens and their analyses are also 

included. The identification of three distinct regions of interest in the scatter (re- 

radiated) field is discussed in this chapter, where it is shown that good agreement 

exists between the measured signals behaviour and that which may be predicted 

qualitatively from the RET theory described in [14].

Chapter Five presents the depolarisation studies performed in the region around the 

deep fades identified in Chapter Four. The polarisation pattern method has been 
used to investigate the effects of depolarisation and to further characterise the 

changes in the polarisation state of the re-radiated signal occurring as a result of the 

currents induced in the trunk, branches and leaves, which are significantly influenced 

by the complex permittivities of the various materials making up the tree. 
Experiments conducted on a metallic tree-like structure and investigation of the 

change in the signal as a result of its interaction with the individual components 

forming the structure, are also presented.

Addressed in Chapter Six are the wideband propagation measurements performed at 

2 GHz in outdoor environment. The complex characterisation of the radio channel is 

presented which include the Complex Impulse Response (CIR), Direction of Arrival 

(DOA), Time Delay Spread (TDS), and frequency dependence of the propagation 

channel, made up of a single tree. The results and analysis of an experimental 

campaign conducted in Autumn/Winter and Spring/Summer on a mature deciduous 

tree are also presented.

The development and general theory of the FDTD method is introduced in Chapter- 

Seven. The development of the prediction model is presented which will enable 

accurate modelling of leaves, trunk and branches. The results obtained from the FDTD 

simulations in terms of orientation, relative sizes and moisture contents of the trunk.
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branches and leaves used in the model are analysed. The frequency dependence of the 
model and Near-Field and Far Field results in terms of Radar Cross Section (RCS) are 
also included and discussed.

The final Chapter reviews the objectives of the thesis, and the extent to which they 
have been fulfilled. Potential avenues of future work, both to improve and to 
increase the general utility of the technique developed in this thesis are proposed.
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Chapter Two

Review of Related Work

2.1. Introduction

The interaction of radiowaves in the microwave and millimetre wave bands with 

vegetation matter, e.g. single trees, has considerable effects on the planning and 

design of radio links operating at these frequencies. When a radiowave propagates 

through the vegetation medium, it experiences three different effects. These are 

absorption (attenuation), scatter and depolarisation of the incident wave [19].

In this chapter, a number of models available in the literature to predict the level of 

the signal propagating through a vegetation medium are presented.

2.2. Propagation Modelling of Attenuation and Scatter of Vegetation

Propagation effects on terrestrial communications systems in the microwave and 

millimetre wave frequency bands have been the subject of considerable study in the 

last few years. The modelling of attenuation and scatter due to the presence of 

vegetation represents a significant problem in macro- and micro-cellular geometries, 

in which errors yielded by prediction models amount to several dB. Accurate 

modelling of the propagation modes arising in vegetation media depend, on the one 

hand, on several parameters specific to the tree, such as tree type, size, width, 

orientation of branches and leaves, and on the other hand, on the parameters of the 

radio link, such as frequency, incident and azimuth angles, antenna heights, and 

polarisation of the incident wave.

Most of the vegetation models found in the literature have been formulated for 

military purposes for the development of new numerical communication techniques 

and radar systems. Empirical and theoretical (statistical and analytical) models have
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been developed to characterise the effects of vegetation on the propagation of 
radiowaves [20]. Empirical modelling has received limited interest over the last six 
years, though it was very popular in the period of 1985-1995 [21]. Statistical 
modelling seems to have been the favourite modelling approach over the last 10 
years, as well as numerical techniques aimed at solving the wave equations.

2.2.1. Empirical Modelling

Empirical models typically take the form of curves fitted to measured data. The 
considerable advantage of empirical models is the simplicity of the final 
mathematical expressions which describe them, and hence, their easy application. 
One of the drawbacks of this type of modelling, is that formulated models are strictly 
related to a specific measured data and fail to give any indication as to the physical 
processes involved in the propagation within the channel [21].

Such models usually refer either to the mean attenuation of the propagation signal 
caused by vegetation or to the calculation of the link budget needed to compensate 
for propagation losses and deep fades caused by vegetation. Parameters in these 
models, e.g. frequency, incident angles, path length through vegetation and other 
parameters associated with the specific environment under which measurements 
were performed, are usually computed through regression curves fitted to 
measurement data.

2.2.1.1. Exponential Models

Measurements available in the literature up to about 1982 are summarised in 
Weissberger's report [17], where fifty reports, journal articles, and texts are 
reviewed. The contents of the report fall into two broad categories: the available 
prediction models and the available measurements data.
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The Modified Exponential Decay Model (MED)

Weissberger developed a Modified Exponential Decay model (MED) after reviewing 

several exponential decay models, which were based on the specific attenuation in 

terms of dB per meter of path length, and comparing them with several sets of 

available measured data carried out in different environments in the United States at 

frequencies from 230 MHz to 96 GHz. He concluded that an exponential decay 
model was appropriate for those situations where the propagation occurred through a 

body (grove) of trees rather than by diffraction. The model is described by Eqs. 2.1 
and 2.2,

L = 1.33f°-284 d°-588 for 14m<d< 400m (2.1) 

L = 0.45f° 2*4 d forOm<d<14m (2.2)

where L is the loss in dB, / is the frequency in GHz, and d is the depth of trees in 

meters. The difference in path loss for trees with and without leaves has been found 
in [17] to be 3 to 5 dB in the frequency range of 450-950 MHz. The model shown in 
Eq. 2.1 and 2.2, for prediction of attenuation caused by vegetation, was assessed in 
[22] and was found to offer a very poor fit to measured data at higher frequencies 
(11.2 - 20 GHz) compared to that obtained at UHF and VHP frequencies. It is 

desirable that an empirical model should also consider other factors, such as type, 
density of trees and moisture contents of leaves in the canopy. However, the 
inclusion of these factors in such a model is not a straight forward, and further 

research supported by measured data is necessary to arrive at an appropriate 

formulation. This is actively considered at present [16].

The ITU-R Model and its Derivatives

The International Telecommunications Union of Radio sector (ITU-R) model and its 

derivatives can be found within the published literature for predicting the attenuation

2-3
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of vegetation media. These empirical models, as mentioned in [19], have been 

optimised for different dimensions and types of vegetation, providing quick and 

general estimates of the amount of attenuation caused by a particular vegetation 

medium.

The model proposed in COST 235 [18] takes the form of Eqs. 2.3 and 2.4, for the 

case of vegetation in-leaf and out-of-leaf.

L = 15.6/-° 009 d 026 (dB) In-leaf (2.3) 

L = 26.6/"°-2 d as (dB) Out-of-leaf (2.4)

Further optimisation of the three numerical values of the ITU-R model has resulted 

in the Fitted ITU-R ( FITU-R) model [23]. The optimisation was carried out using 
measurement data at 11.2 and 20 GHz for each of the foliation states and this has 
resulted in the following formulas:

L = 0.39/ 03V125 (dB) In-leaf (2.5) 

L = 0.37/°- 18 flf°- 59 (dB) Out-of-leaf (2.6)

The COST235 and FITU-R models indicate that the signal level received with a 

small number of trees obstructing the signal path decays at a considerably faster rate 
relative to that obtained with a larger number of trees. This is in good agreeement 
with the predictions obtained from a theoretical model described in [10] [14] based 

on the radiative energy transfer theory. It can be explained by the interplay between 
the coherent (direct path) component, which dominates at short distances into the 

vegetation depth but is strongly attenuated, and the incoherent (multiply scattered) 

component, which is less attenuated and takes over at relatively large depths. The 
foliage attenuation is shown to be higher for trees with leaves, due to the higher 

absortion per unit volume, and at higher frequencies, where the wavelength becomes 

comparable to the dimensions of leaves and small branches.

2-4
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2.2.1.2. Semi-Empirical Models

The attenuation of trees as a function of vegetation depth has been shown in the 

literature to be more accurately represented by dual slope attenuation functions [22]. 

The nonzero gradient (NZG) model has been developed by researchers at Rutherford 

Appleton Laboratory (RAL) to accommodate this dual slope attenuation function 

seeking to follow the dual gradient of the measured attenuation curve. The initial 

slope describes the loss experienced by the coherent component, whilst the second 
slope describes that mainly experienced by the incoherent component, which occurs 

at a much reduced rate. This empirical model consider both of these components and 

optimise the parameters to give the best fit with measurement data obtained recently 
at 11.2 and 20 GHz. The model can be expressed as Eq. 2.7,

l-e k (2.7)

where L is the excess attenuation in dB, Rn and R°° are the initial and final specific

attenuation values in dB/m, respectively, d is the vegetation depth in metre and k the 

final attenuation offset in dB. The values for these three parameters were estimated 

in [19] and are given in Table 2.1.

Constant Parameter

R^dB/m)

R () (dB/m)

k (dB)

In-Leaf

0.33

19.82

37.87

Out-of-Leaf

0.24

6.25

6.45

Table 2.1 - NZG model parameters.

This model was further developed by researchers at RAL to accommodate the 

difference in the received signal levels, when using antennas of different
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beamwidths, resulting in the dual gradient (DG) model. In [18] and [24] the site 
geometry is taken into account, which considers the extent of illumination of the 

vegetation medium. This is characterised by the illumination width, W , the 
maximum effective coupling width resulting from the interaction between the 
transmit and receive antenna beamwidths inside the vegetation medium, as shown in 
Figure 2.1. The DG model also includes the frequency of the propagation as a 
parameter and takes the form shown in Eq. 2.8,

Rx

CO

O

Figure 2.1 - Vegetation measurement geometry.

L = - /?oorw"-d + \-e
— d

(2.8)

where a,b,c,k,R0 and /?TC are constants described in [18] [24], and given in Table 

2.2, and /is the frequency in GHz. W is the maximum effective coupling width 

between the two antennas and is defined by Eq. 2.9. The DG model shows the 
frequency dependance in its equation, which, unlike the NZG, seems to contradict 
that in the ITU-R recommendations [19]. The inverse relationship with frequency 

(/"and a>0) suggests a decreasing attenuation as frequency increases, which 

contradict both the antecipated behaviour and that observed in the measured data. 
Preliminary testing of this model by Stephens et al [19] have revealed certain 
shortcomings and inaccuracies. It was concluded that further work on this model is 

needed in order to eliminate its inconsistencies.
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Furthermore, Schwering et al [25] have conducted similar propagation measurements 

in vegetation with CW signals at 9.6, 28.8 and 57.6 GHz. Their results show a clear 

trend for the vegetation loss to increase with frequency, which seems to occur in a 

consistent but not necessarily uniform fashion. In particular, for trees in leaf, the 

foliage loss is shown to increase substantially as the frequency is raised from 9.6 to 

28.8 GHz, but that increase occured at a much slower rate between 28.8 and 57.6 

GHz.

Constant Parameter

a
b
c
k
*0

fl~

In-Leaf
0.7

0.81

0.37

68.8

16.7

8.77

Out-of-Leaf

0.64

0.43

0.97

114.7

6.59

3.89

Table 2.2 - Constant values for Eq. 2.8.

r, + d + r2 )tan(fin )tan(j3Rx ) 
tan(/7rJ+tan(/?,J

W = min

CO

(2.9)

2.2.1.3. Performance of models based on Measured Data

The models described in the previous section have been validated with measured 

data, conducted at various frequencies and in various outdoor environments 

[10][11][12][19][22][24][26]. A highly relevant paper by Al-Nuaimi and Stephens 

[11], describes the models performance analysed against measured data at two 

frequencies. Results obtained by the authors are given in Table 2.3, where it can be 

seen that the FITU-R model results in the smallest RMS error, for both in-leaf and
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out-of-leaf generic cases. The DG model was not included in this study, due to the 

inconsistencies outlined above.

Model RMS Error, dB

Foliation State ITU-R FITU-R NZG

In-leaf 9.85 9.42 16.31

Out-of-leaf 15.36 8.98 12.74

Table 2.3 - Performance of empirical models.

2.2.2. Analytical (theoretical) Modelling

In contrast to empirical models, analytical models offer an insight into the physical 

processes involved in the propagation of radiowaves through vegetation. However, 

they usually require the use of numerical analysis methods to provide solutions to the 

intractable analytical formulations.

In [20], two different types of theoretical models are presented. The first type is 

based on the consideration that the vegetation medium is homogeneous and should 

be treated as an isotropic dielectric material with constant permittivity and 

conductivity [27] [28] [29] [30]. In the second, the material is considered to be 

heterogeneous, where vegetation is described as a mixture of trunks, branches, leaves 

and air [16] [31] [32] [33]. In the latter case, each material is represented by a simple 

geometrical shape and characterised by its complex permittivity, the effective 

volume it occupies and by the statistical distribution of the spatial orientation of its 

elements. The radiative energy transfer model is another type of theoretical 

modelling, which gives relatively accurate predictions of the propagation modes, but 

requires a rather precise and extensive database.

2-8
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2.2.2.1. Geometrical and Uniform Theory of Diffraction (GTD/UTD)

Propagation models used for mobile communication network planning need a precise 

and fast prediction model with a relatively simple description of vegetation that takes 

into account the propagation environment, including the physical attributes of 

vegetation and their electromagnetic characteristics. For this purpose, various ray- 

based models can be found in the literature, e.g. [20] [30]. Ray methods are high- 

frequency methods and are not applicable to objects with dimensions less than a few 

wavelengths. The geometrical theory of diffraction (GTD) provides equations for the 

interactions of rays with specific geometries. The definition of ray-tracing 

interactions also means that the illuminated object must be placed in the far field 

region of the source.

In [34], a simple dielectric slab model of a jungle is capable of explaining the 

experimental propagation data over a wide range of parameters. The model, which 

considered only vertical polarisation with both antennas placed in the jungle, is 

applicable to frequencies of up to 100 MHz. Recently, Li et al [30] have proposed a 

novel full-wave analysis of the radiowaves propagating along mixed paths inside a 

four-layered forest model, as shown in Figure 2.2, applicable to frequencies up to 3 

GHz. The model proposed initially in [27] consists of four dielectric regions (or 

layers), which are isotropic and homogeneous. The first layer is the semi-infinite 

free-space, whereas the second layer represents the forest canopy. The third and 

fourth layers, model the trunk and the semi-infinite ground plane, respectively. As 

the distance between the transmitter and the receiver is very long, the radio wave 

propagation through the stratified forest is characterised by the lateral wave that 

mainly propagates on top of the canopy along the air-canopy interface. For short 

distances, however, such a propagation is denominated by the direct or coherent 

component.

Another ray-based model has been proposed in the literature [20], based on the 

Uniform Theory of Diffraction (UTD). The model associates a double-diffracted 

component over the canopy and a transmission component which includes the exact 

calculation of refraction angles. This model has been validated with propagation
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measurements taken at 1.9 GHz, in a wooded cross road configuration, and gives an 

mean error of -0.27 dB and a standard deviation a of 2.03 dB.

Layer II (Canopy)

J'runk

fry
Layer IV (Ground)

Figure 2.2 - Four-layered model of a typical forest.

2.2.2.2. The Radiative Energy Transfer Theory

An analytical model based on the theory of radiative energy transfer may be used to 

predict the attenuation curves and directional spectra due to propagation of a 
microwave signal through vegetation [10] [14] [35]. The vegetation medium is 

modelled as a statistically homogeneous random medium of scatterers ds which is 

characterised by the absorption cross section per unit volume <5 a , the scatter cross- 

section per unit volume <5 S and the scatter function of the medium p(s, I'). The 

scatter function (phase function) is characterised by a narrow forward lobe and an 

isotropic background, where the unit vectors £' and s indicate, for each event, the 

incidence direction and the scatter direction, respectively, as shown in Figure 2.3.

The model considers a plane wave incident from an air half space upon the planar 

interface of a vegetation half space. The basic equation of the radiative energy
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transfer theory is expressed in terms of the specific intensity I and is given in Eq. 
2.10.

ds

Figure 2.3 - Scattering from a homogeoneus random medium of scatterers ds

,s) = -^f p(s,s')l(r,s')ctn' (2.10)

The theory gives the specific intensity at a given point within the vegetation medium, 

/ , as a sum of a coherent component, /,.,., which is reduced in intensity due to 

absorption and scatter of the incident wave, and an incoherent (diffuse) component, 

Ij , due to the scattered wave. Each scatterer is assumed to have a directional scatter

profile, or phase function. As the constituents of the tree are relatively large relative 

to the wavelength at micro- and millimetre wave frequencies, the scatter function is 
assumed to consist of a strongly scattering forward lobe, which can be assumed to be 

Gaussion of width, J3S , with an isotropic background level. The forward lobe takes 

the form in Eq. 2.11,

(2.11)

where <p = cos~'(s,s') and ftx is the beamwidth of the forward lobe. The scattering 

pattern shown in Figure 2.4 is given by Eq. 2.12, where a is the ratio of the forward 

scattered power to the total scattered power.
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(2.12)

a. -6
E

= -10

o -12
C/5

o -16

-18

-20

a = 0.4

-150 -100 -50 0 50 

Azimuthal Angle <)>, 9

100 150

Figure 2.4 - Typical normalised scattering pattern of a vegetation medium.

The parameters aa , <7,, or and /?5 are specific to a vegetation medium and may be 

estimated for the medium under study by comparison of experimental and predicted 

results [10] [26]. The relative magnitudes of au and cr s are described in terms of the 

albedo w which is given in Eq. 2.13.

w = • (2.13)

The implementation of this deterministic approach using numerical techniques gives 

a good understanding of the physical processes affecting propagation through 

vegetation. Indeed, this theory predicts the dual slope nature of the measured 

attenuation versus vegetation depth curves and provides a physical interpretation. 

The equation based on the RET theory that allows the prediction of the attenuation 

curve is given in [19] and [26] and takes the form of Eq. 2.14:

P=Pl) (e -a"i +cle-ff"'[e ff >""J -l (2.14)
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where P is the received signal power, P(> is the free space signal power, a, is the 

extinction cross section and is related to ao and <r v by a, = a a + a s , q is a 

weighting factor related to the scattering pattern p(tp] and the radiation patten of the 

receive antenna [19]. For the initial part of these curves, the received signal is 

reduced linearly by scatter and absorption of the incident signal. As the receiver is 

moved deeper into the vegetation, and the direct coherent component is reduced 

further still, the isotropically scattered component becomes significant. Due to the 

increasing scatter volume as we move deeper into the medium, the scatter signal 

level tends to be maintained, leading in turn to an attenuation rate which is 

significantly reduced at these depths.

2.2.2.3. Physical Optics

Another theoretical model has been presented in [16] to include the effects of trees 

on the propagation loss in residential areas. In this model, the properties of a tree are 

characterised by the mean field, the attenuation, and phase delay. Physical Optics 

(PO) are then used to evaluate the diffracting field at the receiver by using a multiple 

Kirchhoff-Huygens integration for each absorbing/phase half-screen combination. 

Trees are represented as an ensemble of leaves and branches, all having prescribed 

location and orientation statistics, as shown in Figure 2.5. Leaves are modelled as 

flat, circular, lossy-dielectric discs, as shown in Figure 2.6, and branches as finitely 

long, circular, lossy-dielectric cylinders.
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Figure 2.5 - Incident plane wave on slab with thin discs and cylinders.

Figure 2.6 - Leaf (thin-disk) orientation with respect to the slab.

The mean field in the canopy is calculated using the discrete scattering theory and 

can be written as

(E(x,z,q)} = qe ih'-*° cm(0' ]z

where

(2.15)

(2.16)
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Here, k is the propagation constant in the x direction of polarisation q , 6, is the 

angle on the incident plane wave and p, is the volume density of the scatterers. 

\fpq A'' 1')} 'ls me mean forward scattering amplitude over the scatterers orientation

and the sum is over scatterer type t. The mean forward-scattering amplitude can be 

written as Eq. 2.17, where p(0) is the probability density function of the inclination 

angle 9 .

(2,17)

In solving the wave equation for the mean scattered field propagating through a tree, 

it was found that the wave propagation constant has both real and imaginary 

components [16]. The integrated effect of the propagation constant over the tree 

volume leads to expressions for the attenuation and phase delay of the tree. The 

imaginary part of k (Imag(k)) gives the specific attenuation in dB/m, as given by 

Eq. 2.18.

««/«/,„ = 8.686 lmag(k) (2.18)

The implication of the loss due to the scatterers is that the mean field in the canopy 

decays in the respective direction of propagation. A measure of this decay is the skin 

depth d s in meters and is given by Eq. 2.19.

Torrico et al [16] have concluded that the specific attenuation for vertically polarised 

radio waves is higher than for horizontal polarisation. The reason lies in the 

statistical distribution of leaves and branches with respect to the incidence angle of 

the incident plane wave. In their particular example, the distribution of branches was 

more vertical than horizontal. The model shows the effects of trees on the

propagation loss and identifies those physical properties of the trees that are
___-
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significant in computing their propagation constants. These properties include the 

probability density functions of the scatterers, the electromagnetic characteristics of 
the scatterers, and their dimensions.

Numerical calculation of the specific attenuation and the skin depth of a tree 

becomes a rather difficult process to implement, when considering the randomness 

of the scatterers within the canopy. In addition, the model requires a full wave 

analysis of the scattered signal in order to obtain the mean-field and subsequently the 

propagation constant in the canopy, in which their derivation are based on the 
determination of the scattering amplitude tensor elements of arbitrarily orientated 
branches and leaves. Such complex electromagnetic problem can hardly be solved, 
without resorting to numerical techniques, such as the FDTD approach. This 

approach allows near and far-field analysis and visualisation of the interaction of the 
individual scattereres of the canopy with the incident plane wave. The application of 
the FDTD in the analytical solution of such a problem has been applied in chapter 
seven for the prediction of the radar cross section (RCS) of single leaves and trees.

2.2.3. Other Prediction Models for Vegetation Attenuation

Other prediction models available in the literature have been developed to 
characterise signal attenuation as a function of vegetation depth. These models are 
mainly applicable at frequencies lower than those addressed in this thesis. A brief 

summary of related work is included below.

Vogel and Goldhirsh [36] [37] [38] carried out an extensive tree attenuation 

measurements for Land Mobile Satellite Systems (LMSS). Their results were 

derived from an experiment performed using a helicopter and remotely piloted 

aircraft as the source platform at L-band (1502 MHz) and UHF (870 MHz). Much 

information was generated by this set of field experiments in a variety of situations 

such as line of trees in a road scenario, mountain regions, various types of trees etc. 

The attenuation was calculated by comparing the power changes for a scenario in 

which the receiving antenna was placed in front and behind a particular tree. A
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summary of static single tree attenuation results at 870 MHz using circularly 

polarised antennas is given in Table 2.4.

Based on their measurements for attenuation due to roadside trees, they introduced 

the model given in Eqs. 2.20 and 2.21, which predict the attenuation, L, due to a 

single tree as a function of elevation angle 6 , for both in-leaf and out-of-leaf cases 

[20]. The attenuation L is given in decibels (dB) and 9 is the elevation angle in 

degrees. The model is valid for elevation angles from 15° to 40°, which shows that 

foliage increases the attenuation of the signal by several dB, which can rise by 15 dB 

or more at higher frequencies [10] [12] [19].

. ,_ Attenuation Coef. 
Attenuation in da ,,_.

Tree Type

Burr Oak
Holly

Pin Oak
Pine Grove
Sassafras

Scotch Pine
White Pine

Overal Average

Largest

13.9
19.9
18.4
17.2
16.1
7.7
12.1

14.3

Average

11.1
12.1
13.1
15.4
9.8
6.6
10.6

10.6

Largest

1.0
2.3
1.85
1.3
3.2
0.9
1.5

1.8

Average

0.8
1.2
1.3
1.1
1.9
0.7
1.2

1.3

Table 2.4 - Summary of a static single tree attenuation at UHF (870 MHz).

= 0.480 + 26.2 In-leaf (2.20) 

L(0) = 0.356* + 19.2 Out-of-leaf (2.21)

2.3. Depolarisation Studies

Dual polarised transmission is a means of doubling channel capacity in a given band 

and thus helps to make better use of valuable frequency spectrum resources and also 

leads to lower transmission costs. Hence, all effects in the propagation channel 

which degrade polarisation performance need to be carefully studied and eventually 

modelled in order to plan and design more efficient communication systems. Many
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investigations were carried out in the past, both theoretically and experimentally, 
with the latter mainly covering Ku - band (11-18 GHz) frequencies. From these

studies which addressed rain effects, a prediction procedure evolved. This linked rain 
attenuation experienced by the co-polar signal to the cross coupling arising in the 
orthogonally polarised transmission channel on an equal probability basis. This 
procedure has been widely accepted also within the ITU Radio communication 
Bureau (formerly the CCIR), is extensively used now in system planning throughout 
the world [39].

A change in polarisation suffered by an electromagnetic wave as a consequence of 
propagation, reflection, scattering, diffraction, or any other interaction with a 
vegetation matter, will be called depolarisation [40]. Research into the depolarisation 
by given shapes is described in [19] and [40]. Models are available for predicting 
depolarisation from backscattered signal, crop and forest type recognition in the field 
of remote sensing. However little research on the prediction of the signal that has 
been depolarised as a result of passing through a volume of vegetation, has been 
reported in the literature.

As mentioned in [19], the models available from current literature do not provide a 
quantitative prediction of the depolarisation effects of a vegetation specimen. Since 
vegetation in the radio path has significant influence on the propagation of the radio 
signal at microwave and millimetre frequencies, it becomes necessary to increase 
knowledge of the radio propagation modes causing depolarisation [13][41].

2.4. Numerical Electromagnetic Modelling Techniques

Of the three methods of predicting electromagnetic effects, i.e.; experiment; analysis; 
and simulation, simulation based on electromagnetic fields computations is the 
newest and fastest-growing approach [42]. Of the many approaches to 
electromagnetic computation, including method of moments (MoM), finite 
difference time domain (FDTD), finite element (FE), geometric theory of diffraction
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(GTD), and physical optics (PO), the FDTD technique is applicable to the widest 

range of problems [43].

The FDTD approach is rapidly becoming one of the most widely used computational 

methods in electromagnetics. It has been succesfully applied to an extremely wide 

variety of problems, such as scattering from metal objects and dielectrics [44] [45], 

antennas [46] [47], microstrip circuits [48] [49], and electromagnetic absorption in the 

human body exposed to radiation [50] [51] [52].

The FDTD method, as first proposed by Yee in 1966 [53], is a simple and elegant 

way to discretise the differential form of Maxwell's equations. Yee used an electric 

field (E) grid which was offset both spatially and temporally from a magnetic field 

(H) grid to obtain updated equations that yield the present fields throughout the 

computational domain in terms of their past values. The updated equations are used 

in a leap-frog scheme to incrementally march the E and H fields forward in time, in 

the very well known 'marching technique'.

Previous work with the FDTD method regarding electromagnetic field penetration 

through complex structures was published by Taflove [54] [55]. A study of the 

external transient response of an airframe using the FDTD method was published by 

Kunz and Lee [42] and was reviewed by [56]. The author is of the opinion that, no 

previous work is available in the literature which treats vegetation of any sort on a 

macroscopic/microscopic level using the FDTD technique. Such a complex dielectric 

geometry can be modelled using this approach, and this has been found in this study 

to assist in interpreting the radiowave propagation modes and their interactions with 

the individual elements of a single tree.

2.5. Summary and Interim Conclusion

Propagation prediction models initially have been aimed at providing estimates of 

the path loss for a specified frequency band, based on a few parameters relating to 

the vegetation medium. Prediction models are very helpful to mobile radio service

_.--
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providers in planning radio networks, because they allow optimisation of the cell 

coverage, while minimising the intercell interference.

Propagation modes, which influence radiowaves in a vegetation medium, can 

generally be described by three basic mechanisms: attenuation (caused by 

absorption), scatter and depolarisation. For the practical prediction of propagation in 

a real environment these mechanisms must be described by approximate models. 

Analytical studies of propagation modes offer certain advantages over experimental 

investigations: the environment and the geometry are more easily described and 

modified. However, theoretical investigations should always be validated using 

appropriate measurements.

The Radiative Energy Transfer theory has sought to model the re-radiated energy in 

terms of the absorption and scatter propagation modes only. The results presented in 

this thesis have demonstrated that depolarisation of the propagating signal should 

also be considered in the characterisation and modelling procedures. With specific 

reference to the radiative energy transfer model, further work is required on the 

model parameters to include the effects of depolarisation, and its dependence on the 

physical attributes of the trees. Indeed, the inclusion of these effects in the RET 

model represents a challenging objective.

Prediction models available in the literature have taken the form of empirical models 

expressing the excess attenuation as a function of frequency and path length through 

the vegetation medium. There is however, a lack of models capable of ascertaining 

the propagation effects of single trees. The statistical models available in the 

literature do not account for the interaction of the incident plane wave with the 

individual elements making up the tree. There is a need to characterise their 

influence on the various propagation modes based on a deeper understanding of the 

causes giving rise to them. An important part of gaining better understanding of the 

physical processes can be achieved through appropriate measurements. These were 

obtained through an experimental programme described in the next chapter.
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Chapter Three 

Experimental Programme

3.1. Introduction

In view of the lack of models and analytical tools, which are capable of describing 

the interaction of radiowaves with single trees, it was decided to conduct 

experimental investigations carefully designed in a controlled environment (e.g. 

anechoic chamber). The work presented in this thesis seeks to build on progress 

achieved hitherto in performing analytical studies, based on experimental 

measurements, in establishing models capable of adequately describing the process 

of attenuation, scatter and depolarisation associated with single trees of various 

types. The propagation of radio waves through foliage is difficult to model due to 

several complexities associated with the tree geometry and its constituent parts, 

whose dimensions are comparable to the wavelength over a wide band of 

frequencies. Due to the complexity of the physical processes encountered in the 

propagation through trees arising from the random orientation of leaves, secondary 

and main branches, practical work is essential to gain knowledge of the various 

propagation mechanisms. This was aimed at providing sufficient information to 

determine the relative effects of the tree components, as no consistent set of 

biophysical parameters has been defined by which a single tree may be characterised 

and modelled adequately as a physical and electromagnetic entity.

This chapter describes the measurement systems used to obtain measured data 

presented in this thesis. Experiments have been carried out indoors in an anechoic 

chamber under controlled conditions, and outdoors at a site containing a single tree, 

in Newport. Measurements designed to investigate and obtain further understanding 

about propagation mechanisms in vegetation, can be categorised as follows:

a Attenuation measurements - to measure the insertion loss caused by the 

tree in the radio path;
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a Bistatic scatter measurements - to characterise the re-radiation 

functions of single trees as a function of receiver rotation angle around 

the tree specimen;

a Depolarisation measurements - to investigate the cause of deep fades 

observed in the co-polar signal due to the presence of trees in the radio 

path, and also to investigate the change in the level of the cross-polar 

signal component, especially in the vicinity of the fades;
a Polarisation pattern measurements - to investigate the changes in the 

polarisation state of the re-radiated signal occurring as a result of the 

currents induced in the trunk, branches and leaves forming the tree 

specimens.

Measurements were performed at all frequencies (2, 20 and 62.4 GHz) in both 
environments, with the exception of the 2 GHz indoor measurements. These could 

not be performed accurately due to the physical limitations of the anechoic chamber.

3.2. Measurement Systems

Three distinct measurement systems were developed and extended for the purpose of 

this study, covering three frequency bands. These are 2, 20 and 62.4 GHz. Part of the 

study however, has concentrated on frequency dependence issues in the models to 

accommodate the interest focused recently on UMTS, LMDS and MBS radio system 

applications.

Since the intention of the work is to determine and characterise the propagation 

modes arising from specific regions in a single tree, it. is preferable to use directional 

antennas. In all the experiments described in this thesis, the receiving antennas have 

been placed in the far field of the transmitting antennas, satisfying the far field 

equation, as given by Eq. 3.1. The far field, or Fraunhofer region, of a transmitting 

antenna is defined by [57] as the region beyond the far field distance d, which is 

related to the largest linear dimension of the transmitting antenna aperture D and the 

signal wavelength A.

__
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For vegetation modelling, a large dynamic range (DR) is required to resolve deep 
fades caused by blockage and multiple interactions within the canopy of the tree. DR 
is defined as the range available for excess loss measurement, i.e. the difference 
between the maximum and minimum detectable powers in addition to that of free 
space loss for a given path d . Eq. 3.2 gives the maximum acceptable propagation 

loss amax in dB, where apred is the predicted excess loss caused by the specimen

under investigation including free space loss, fsl , given by Eq. 3.3, and /marg is the

fade margin. A is the wavelength in meters and d , the distance between transmitter 
and receiver, also in meters. The greater the fade margin, the greater the reliability 
and quality of the system [7].

(3.2)

(3.3)

3.2.1. The 2 GHz Outdoor System

Spurned on by the development and subsequent deployment of third generation 
mobile radio systems in the near future, vegetation studies in the 2 GHz band were 
performed to characterise vegetation propagation effects on the radio channel. A 
measurement system configured around a vector network analyser (VNA) was 
utilised to perform swept frequency measurements on a single tree outdoors, thus 
yielding the radio channel response under specific conditions. As a result of using 
this channel sounder, very useful measurement data was obtained.

Wideband measurements (swept frequency), subsequently processed using inverse 
Fourier transform yield the impulse response of the radio channel. This yields
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important characteristics of the radio channel, such as the mean excess delay time, 
and the rms delay spread. Explanation and implications of these parameters are given 
in chapter six. The channel sounder is described in the next section.

3.2.1.1. The 2 GHz Channel Sounder

The channel sounder used for the 2 GHz measurements in outdoor environments, 
was built around the HP8714C economy network analyser, as shown in Figure 3.1. 
The sounder allowed swept-frequency measurements in the 1720-2000 MHz. The 
280 MHz bandwidth was found to be useful in assessing the channel wideband 
channel characteristics, enabling time domain resolution of about 3.57 ns. Each 
sweep consisted of 801 sampling points separated from each other by 350 KHz. An 
intermediate frequency (IF) filter of 3.7 KHz bandwidth was applied for each sample 
point. Each measurement point consisted of 10 sweeps, where both magnitude and 
phase of the frequency sweep were written into a file for subsequent post-processing.

At the transmitter port of the VNA, the frequency was swept at the rated 10 dB 
maximum power over the frequency range defined above. The output of this port 
was connected through a power amplifier of 39 dB of gain to a horn antenna of 10- 
dBi gain, using a 50 m low-loss flexible cable and a coaxial-to-waveguide adaptor. 
This arrangement allowed movement of the mobile receiver station including the 
receiving horn antenna, low noise amplifier and the VNA.

As shown in Figure 3.1, the receiving horn antenna of 15 dBi gain is attached to the 
low noise amplifier (LNA) of gain 31.8 dB using a waveguide to coaxial adaptor and 
a 10 m low-loss cable. The output of the amplifier is fed back to the VNA receiver 
port. A laptop computer is used to control the mobile receiver movement and the 
download of the measurement data via a GPIB interface for subsequent processing.

3-4
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Figure 3.1- The 2 GHz frequency-domain swept channel sounder.

3.2.1.2. Antennas

The system uses standard horn antennas with relatively broad beamwidths but high 

gains. The 10 dBi horn antenna employed at the transmitter has a beamwidth which 

varies from 63° to 48° for both E and H planes for the frequency range of 1.72 GHz 

to 2.61 GHz, respectively. On the other hand, the 15 dBi horn antenna used at the 

receiver has a beamwidth of 42° to 28° over the same frequency range. Figures 3.2 

and 3.3 show how both gains 1 and beamwidths change with frequency 1 . The 

response over the measurement bandwidth is linear, thus no correction needs to be 

applied to the measured magnitude and phase data, although the VNA would 

calibrate these effects out. The system is suitable mainly for use in outdoor 

environments, so both antennas are mounted on variable height masts (maximum 

height of 9 m), which can perform a 360° manual azimuthal scan. Due to the physical 

dimensions and weight of the antennas, special mechanical rigs have been designed

Typical performance data provided by the manufacturer.
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and constructed to ensure mechanical stability and safety of the equipment during 
use.
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Figure 3.2 - Performance gain as a function of frequency for both 10 and 15 dBi horn
antennas.
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Figure 3.3 - Performance 3-dB beamwidth as a function of frequency for both 10 and
15 dBi horn antennas.
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3.2.1.3. Link Budget

The dynamic range (DR) of the sounder is governed by the VNA specifications, 

which for an IF filter bandwidth of 3.7 KHz gives a noise floor level of -60 dBm. 

Another 30 dB reduction in the noise level can be achieved by using a finer 

bandwidth of 15 Hz, at the expense of an increase in the sweep time. However, due 

to movements of foliage caused by the wind, a faster sweep time is desirable for 

better measurement accuracy. This has the added advantage of reducing the overall 

measurement time.

The sounder developed for this study is constrained in radio path length by the 50 m 

low loss cable connecting the transmitting antenna to the VNA, and hence the 

maximum free space loss expected will correspond to the 50 m path, which results in 

fsl = 72.44 dB. Other losses in the system are associated with losses in the cables 

and connectors. The link budget is given in Table 3.1 for the following two specific 

outdoor measurement arrangements:

(i) the maximum path length is used, and therefore the power amplifier 

must be added to the system to boost the signal level, and hence 

increase the dynamic range, which otherwise would be small.

(ii) The path length is reduced to 14.64 m, which was the distance used in 

the measurement campaigns.

The power amplifier is an active element whose performance has been subject to 

uncertainties, due to its phase non-linearity and its high noise figure of 10 dB, 

although the VNA would be capable of calibrating these out. However, these 

uncertainties would lead to phase inaccuracies resulting in significant errors in the 

data post-processing stage. For this reason, the amplifier was removed from the 

system, which resulted in the dynamic range being reduced by 15-16 dB, as 

indicated in the total link budget of Table 3.1. The general characteristics of the 

frequency-domain swept channel sounder are summarised in Table 3.2. This shows 

the minimum detectable power to be 10 dB above the noise floor level of the VNA. 

———————————— .___. __-
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50m Path Length

Parameter

Maximum VNA port 
power

Power Amplifier'

50 m cable

Transmitter Antenna

Free Space Loss

Receiver Antenna

10 m cable

Low Noise Amplifier

Connectors/ Adaptors

Total Link Budget

Value

-2.36

+39.00

-5.80

+9.00

-72.44

+ 13.00

-1.20

+31.80

-1.00

+ 10

Units

dBm

dB

dB

dBi

dB

dBi

dB

dB

dB

dBm

14.64m Path 
Length

Value

+ 10.00

-

-5.70

+9.00

-61.77

+ 13.00

-1.20

+31.80

-1.00

-5.87

Units

dBm

-

dB

dBi

dB

dBi

dB

dB

dB

dBm

Table 3.1- The link budget of the channel sounder in outdoor measurements.

Frequency

Span (Bandwidth)

IF System Bandwidth

Stability of source

Maximum specified port power

Mininum specified port power

Dynamic range of the VNA

Noise level

Polarisation

Transmit antenna beamwidth

Receive antenna beamwidth

Overall system dynamic range

Minimum detectable received 
signal

1720-2000 MHz in 801 steps of 350 KHz each 

280 MHz 

3.7 KHz

±5 ppm at 0 to 55° 

+ 10 dBm

-60 dBm 

66 dB

-60 dBm

VV, VH

63-48° for E & H

42-36° for E & H
44-45 dB (without power amplifier) 

60 dB (with power amplifier)

-50 dBm

Table 3.2 - Specifications of the frequency-domain swept channel sounder.

' Power amplifier has not been used in the current study.

3-8
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3.2.1.4. Response Calibration

The response calibration provides vector normalisation of the system magnitude and 
phase frequency response. The frequency response error, tracking and crosstalk 
errors are therefore removed in this calibration. The system must be re-calibrated 
following each occasion in which the system is dismantled or the settings are altered. 
The calibration function performs a single frequency sweep through the designated 
band and the values recorded will serve as a reference, eliminating any effects due to 
system components, such as antenna patterns, cable and amplifier performances. To 
minimise the errors in the system, the calibration set-up is performed with all 
components assembled. The reference for all the measurements is taken when the 
antennas are aligned 2 m apart in free space, and in the far field of each other. Using 
the sounder, a typical measured frequency response of the lateral scatter signals re- 
radiated by a tree, is shown in Figure 3.4. This clearly shows the severe frequency 
selective fading observed over the 280 MHz swept bandwidth.

-14

-26 •

-28
1700 1750 1800 1850 1900 

Swept Frequency, MHz
1950 2000

Figure 3.4 - A typical measured side scattered frequency response from a tree.
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3.2.1.5. Data Files

Measurement data can be stored in the VNA temporarily in the non-volatile memory 

and next moved to laptop computer storage after every sixth measurement location. 

An example of a measurement file is shown in Figure 3.5. The file consists of a 

header listing the type of measurement performed (i.e. transmission), format of the 

measurement data (i.e. in polar form), followed by the frequency, amplitude and 

phase of the 801 swept points. Filenames consist of a letter referencing each file to a 

particular measurement scenario, followed by three numbers referencing the location 

of the receiver in the azimuthal plane (the first two numbers) and the sweep number. 

All files have a suffix '*.prn'. For example, the filename given below, i.e. 'A260.prn' 

stores data from measurement batch 'A', at location 26 of sweep number '0'.

£&A2GO.pm - Notepad

File Edit Search Help

HI-ID

"Transmission .Format :Polarllr lFreq(MHz) li ,"U", 1- Deg' 
1728.888.8.83583,-12.43, 
1720.358,8.83594,-18.98, 
172 8.7 88, 8. 03555,-211.92, 
1721.858,8.83534,-38.09, 
1721.488,8.83581,-34.69, 
1721.758,8.83598,-48.28, 
1722.188,8.83566,-45.7, 
1722.450,8.03562,-58.3, 
1722.888,8.0361,-54.86, 
1723.158,8.83672,-60.64, 
1723.588,8.83691,-66.47, 
1723.858,8.83695,-72.27, 
1724.288,8.03699,-78.

Figure 3.5 - An example of a measured frequency response file.

3.2.2. The 20 GHz System

Fixed Wireless Access (FWA) covers the frequency bands between 3 and 29.5 GHz 

and can be provided by using systems based on infrastructure of cordless, cellular, 

point-to-point, point-to-multipoint, and multipoint-to-multipoint systems. In most 

cases FWA systems in the frequency range 3-29.5 GHz can be provided by using 

either point-to-multipoint or multipoint-to-multipoint systems operating in frequency

3-IO
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bands allocated to the fixed service. However, in some cases, point-to-point FWA 
systems can be used to connect subscribers. FWA system can provide data rates from 
9.6 kbits/s up to several Mbits/s [5].

Measurements at 20 GHz are thus highly relevant to FWA system planning 
requirements. CW measurements were carried out at both indoors, inside an 
anechoic chamber, and outdoors on a single tree in a nearby site. The measurement 
system configuration used at 20 GHz is described below.

3.2.2.1. The Transmitter

The transmitter of the 20 GHz system consists of a 100 mW voltage controlled 
oscillator (VCO) rated at 20 dBm. The frequency of operation can be varied between 
19.89 GHz and 20.05 GHz by applying a voltage in the range of 0 V to 20 V to the 
varactor diode. In the experiments performed, the 20 GHz frequency is obtained by 
applying 7 V to its terminals. The output of the oscillator is connected to an 
attenuator and fed to a horn antenna with 20 dBi gain, as shown schematically in 
Figures 3.6 and 3.7.

Waveguide

Attenuator
20 dBi horn antenna

Figure 3.6 - Schematic diagram of the 20 GHz transmitter.
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Figure 3.7 - The 20 GHz transmitter as used in the anechoic chamber.

3.2.2.2. The Receiver

The receiver consists of a lens horn antenna of 19 dBi gain, which is attached to an 

orthogonal mode transducer (OMT) enabling the measurement of both co-polar and 

cross-polar components simultaneously. For attenuation measurements, a standard 

gain horn antenna of 20 dBi with a beamwidth of 19° has been used instead. A 

waveguide switch was used to switch between the two modes, controlled by a 

personal computer synchronised with the rotary tables. The output of the switch was 

connected to a balanced mixer, mixing the received signal with a 19.78 GHz signal 

of the local oscillator, which comes from a manually tuneable oscillator. The mixer 

has an insertion loss of 4 dB. The intermediate frequency IF of the output from the 

mixer can be adjusted by varying the tuning. The IF was set to 220 MHz, whose 

output was connected to a LNA of 32 dB gain and fed into a logarithmic amplifier 

(log amp), as shown in Figures 3.8 and 3.9. The log amp operating at the IF 

frequency converts the signal strength into a voltage level monitored by the data 

acquisition board (DAQ).

3-12
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Orthogonal Mode 

Transducer

Dual Polarised Lens 

horn Antenna

V V : Co-polar signal 

V H : Cross-polar signal

vv

V H

Waveguide

A

LNA

Figure 3.8 - Schematic diagram of the 20 GHz receiver.

Figure 3.9 - The 20 GHz receiver as used in the anechoic chamber.

The system configuration of the receiver is slightly modified when used outdoors, 

see Figure 3.10. The logarithmic amplifier and the data acquisition are replaced by a 

HP8590A Spectrum Analyser, which is used as a radio receiver and records the 

received power levels. An LNA of 27 dB of gain and with a noise figure of 3.2 dB
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has been used instead. A run of 10 m low-loss cable is used to carry the IF signal 

from the receiver enclosure, placed at the top of a mobile mast, to the inside of the 

mobile station (van), where the data acquisition and peripherals are located. A laptop 

computer is connected via the GPDB bus to the radio receiver, and is used to control, 

monitor and store the measurement data.

Waveguide

10m low loss cable

Standard horn 

Antenna
Laptop

- •^•Tf^P®^

GPIB 

Bus•4 —— >

av-iJT^y,.

r

Spectrum

Analyser

Enclosure on top of the mast Data acquisition setup inside 
the mobile van

Figure 3.10- Schematic diagram of the 20 GHz receiver as used outdoors.

3.2.2.3. Antennas

Standard horn antennas were also chosen for the 20 GHz experiments. At the 

transmitter, a 20 dBi gain horn antenna with a 3 dB beamwidth of 19° was 

employed. The receiver, a lens horn antenna of 19 dBi gain with a 3 dB beamwidth 

of 23° was used. The lens antenna was attached to an OMT. However for attenuation 

measurements, a standard gain horn antenna similar to that of the transmitter was 

used instead. The radiation patterns of the microwave horn antennas were measured 

in the anechoic chamber and the measured patterns for both azimuthal and elevation 

patterns are shown in Figure 3.11.

The antenna under test was mounted on a rotary table, which is controlled remotely 

by a computer. The table was made to rotate by 360° in the azimuthal plane in 

increments of 0.1°. The elevation pattern has been measured by reversing the
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polarisation of the transmitting and receiving horn antennas by using a waveguide 

twist.

-10

-20

-30

-40

-50

-60

-70
-200 -150 -100 -50 0 50 

Angle, 9
100 150 200

Figure 3.11- Measured radiation patterns (azimuthal and elevation) of 20 dBi horn
antenna.

3.2.2.4. Link Budget

The link budget of the system is given in Table 3.3 for both indoor and outdoor 

arrangements. The noise floor of the receiver was measured to be -60 dBm and -85 

dBm using the indoor and outdoors system configurations, respectively. These levels 

are dictated by the logarithmic amplifier and spectrum analyser specifications. The 

dynamic range available to measure excess loss due to vegetation attenuation, is 

about 57 dB for the case of indoors arrangement, when a 20 dBi standard horn 

antenna is employed at the receiver, and the distance between transmitter and 

receiver is set at 4 m. An extra 10 dB increase in the DR can be obtained in the 

indoor arrangement by removing 10 dB of attenuation at the receiver. However, 

special care must be taken in order not to saturate the input of the logarithmic 

amplifier, which subsequently can lead to erroneous conversions. A DR of 84.23 dB 

is available for outdoor measurements, assuming a distance between the transmitter 

and receiver of 14.64 m. However, a maximum DR of 100 dB can be achieved by
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reducing the distance between antennas and hence reducing the free space loss 

without saturating the input of the LNA, which is rated at +15 dBm maximum output 

power. General specifications of the system are summarised in Table 3.4.

Indoor
Parameter

Maximum Transmitted 
power 

Transmitter Antenna

Free Space Loss

Receiver Antenna

Insertion Loss of Mixer

Low Noise Amplifier

Connectors/ Adaptors/ 
Cables

Additional Attenuation 
at the Transmitter
Total Budget Link

Value
+21.20 

+20.00

-70.50

+20/19.00

-4.00

+32.00

-1.00

-20.00

-2J/-3.3

Units
dBm 

dBi

dB

dBi

dB

dB

dB

dB

dBm

Outdoor
Value
+21.20 

+20.00

-81.77

+20.00

-4.00

+27.00

-3.20

0

-0.77

Units
dBm 

dBi

dB

dBi

dB

dB

dB

dB

dBm

Table 3.3 - The link budget of the 20 GHz CW system for both indoors and outdoor
measurements.

CW Frequency

Source Power

IF Frequency

Noise Level

Max. Dynamic Range

Polarisation 

Transmit antenna beamwidth

Receive antenna beamwidth

20 GHz

+21.2 dBm

220/600 MHz

-60 dBm'/-85 dBm2

70 VlOOdB2

VV. VH
19°

19° for Standard Horn antenna 
23° for Lens horn antenna

Table 3.4 - Specifications of the CW 20 GHz measurement system.

In the anechoic chamber 
In the outdoor environment
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3.2.3. The 62.4 GHz System

In order to meet the increasing demands of society for multimedia applications in the 
21 st century, high capacity systems with data rates greater than 2 Mbits/s will be 
required. The Mobile Broadband Systems, MBS, will provide complementary 

services to UMTS, through the proposed use of the 40 GHz to 66 GHz frequency 
bands. Propagation studies at 62.4 GHz through vegetation will therefore contribute 
significant knowledge to system planners aiming to design future systems. The 
measurement system configuration used at 62.4 GHz is described next.

3.2.3.1. The Transmitter

The transmitter of the millimetre band system consists of a highly stable CW phase 
locked loop oscillator (PLO) with a 100 MHz crystal reference. The 62.4 GHz 
source is rated at 100 mW. The source provides a phase lock alarm, which is 
connected to a voltmeter indicating when the system is locked. A 15 V DC supply is 
required to power up the source. The output of the oscillator was fed to an isolator 
with an insertion loss of 0.7 dB, which provides a 30 dB isolation, preventing any 
signal being reflected back, which otherwise can damage the source. The output of 

the isolator was connected to a horn antenna of 25 dBi with a beamwidth of 14°. The 

62.4 GHz transmitter block diagram is presented in Figure 3.12.

Waveguide

PLO at 

62.4 GHz

^ -^

Isolator 25 dBj norn 
antenna

Figure 3.12- Schematic diagram of the 62.4 GHz transmitter.
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3.2.3.2. The Receiver

The receiver consists of a horn antenna similar to that used in the transmitter, which 

is fed to a balanced mixer through an attenuator. The mixing between the incoming 

wave at 62.4 GHz and the 61.8 GHz local PLO results in an IF of 600 MHz. The 

insertion loss of the mixer and filter together was measured to be 6 dB. The IF 

frequency is connected to an LNA with a 32 dB gain and 2 dB noise figure. The 

output of the LNA is connected to a bandpass filter with a center frequency of 600 

MHz and then connected to a logarithmic amplifier, which converts the signal 

strength into a voltage level monitored by the data acquisition board. The 62.4 GHz 

receiver block diagram is shown in Figure 3.13. Both transmitter and receiver are 

housed inside metallic cases for portability, safety and ruggedness (see Figure 3.14).

Waveguide

filter

DAO 
PC

^

4 —————

^

\

Lo 

Amp

^

r

9- 
(tier

Figure 3.13- Schematic diagram of the 62.4 GHz receiver.

Figure 3.14- The 62.4 GHz receiver system inside a metallic case.
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As in the 20 GHz system, the system configuration of the receiver is altered when 

used outdoors. From Figure 3.15, it can be seen that the logarithmic amplifier and 

the data acquisition are replaced by a HP8590A Spectrum Analyser, similarly to the 

20 GHz system set-up, but with the 10 m run of low-loss cable carrying an IF signal 

of 600 MHz instead of 220 MHz. The LNA of 27 dB of gain has been used instead.

Waveguide

filter

Laptop

GPIB 

Bus* —— >

^

\

^

T

Spectrum 

Analyser

Enclosure on top of the mast Data acquisition setup inside 
the mobile van

Figure 3.15- Schematic diagram of the 62.4 GHz receiver as used outdoors.

3.2.3.3. Antennas

The millimetre wave system employs standard horn antennas at both transmitter and 

receiver terminals. Two identical antennas of 25 dBi of gain are used with a 3 dB 

beamwidths of 14° for E-plane and 1 1° for H-plane. The antennas used vertical 

polarisation. The radiation pattern of the antenna was measured for both the 

azimuthal and elevation planes. These are shown in Figure 3.16.
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Figure 3.16- Measured radiation patterns (azimuthal and elevation) of 25 dBi horn
antenna.

3.2.3.4. Link Budget

Similarly to the microwave (20 GHz) system, the noise floor of the indoor millimetre 

system is limited to -75 dBm by the logarithmic amplifier, whereas the outdoor 

system has a noise floor of -85 dBm limited by the spectrum analyser. The link 

budgets of the two systems are detailed in Table 3.5.

Taking into consideration the maximum signal level at the input of the 600 MHz 

logarithmic amplifier to be +5 dBm, another 5 dB increase in the DR can be 

achieved by setting the receiver attenuation to 15 dB, thus resulting in overall DRs of 

80 dB and 100 dB, respectively, for the indoor and outdoor systems. The general 

specifications of the millimetre wave systems are summarised in Table 3.6.
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Indoor

Parameter
Maximum Transmitted

Power
Insertion loss of

Isolator
Transmitter Antenna

Free Space Loss

Receiver Antenna

Insertion Loss of Mixer
Insertion Loss of
Bandpass Filter

Low Noise Amplifier
Connectors/ Adaptors/

Cables
Additional attenuation

at the transmitter
Total Link Budget

Table 3.5 - The link budget
and

Value

+20.00

-0.70

+25.00

-75.42

+25.00

-3.40

-2.60

+31.80

-1.00

-20.00

-1.32

of the 62

Units

dBm

dB

dBi

dB

dBi

dB

dB

dB

dB

dB

dBm

.4 GHz

Outdoor

Value

+ 18.50

-0.70

+25.00

-91.31

+25.00

-3. .40

-2.60

+27.00

-3.20

0

-5.71

CW System

Units

dBm

dB

dBi

dB

dBi

dB

dB

dB

dB

dB

dBm

for both indoors
outdoor measurements.

CW Frequency

Stability of Source

Source Power

IF Frequency

Noise Level

Max. Dynamic Range

Polarisation

Transmit antenna beamwidth 

Receive antenna beamwidth

62.40 GHz

±2 ppm at 0 to 50°

+20.00'/+18.502 dBm

600 MHz

-75 dBmV-85 dBm2

80'/100dB2

VV. VH
14°

14°

Table 3.6 - Specifications of the CW 62.4 GHz measurement system.

' In the anechoic chamber 
1 In the outdoor environment
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3.3. The Anechoic Chamber and Peripherals

The anechoic chamber is used for indoor measurements to enable experiments to be 

performed under controlled conditions. The chamber has a length of 5.75 metres, a 

width of 2.5 metres and a height of 2.5 metres. The walls and the roof of the chamber 

are lined first with a metal foil, preventing any outside electromagnetic wave from 

influencing the inside measurement, with absorption panels bonded on top of the 
foil. The floor is also covered with these absorption panels, minimising any 

reflection from the floor of the chamber. Each absorption panel being square in 
shape, has an area of 0.36 m2 with 256 pyramid shaped cones. The specified 

operating frequency range of the chamber is between 10 and 90 GHz, where 
measurements in the chamber have shown a performance of 40 dB absorption [19] 

by the wall and floor covering material.

In order to make it possible to fully automate the measurements, a high precision 
three-axis mobile turntable is located inside the chamber. Each axis can work 
independently (stand alone mode), allowing movements in any plane anywhere 

inside the chamber. In addition, they can rotate simultaneously or independently in 
steps as small as 0.01°, with the help of moveable rigs which have been constructed 
for the purpose. Each of the axes is controlled by an indexer housed outside the 
chamber, allowing each axis to be remotely controlled by a computer via a serial 

link.

A computer is located outside the chamber used primarily to control the automated 

measurements performed inside the chamber. This has the additional advantage of 

eliminating the need for human presence in the chamber while measurements are in 
progress. Software has been developed in the University of Glamorgan (UoG) [10] 

and modified to include a third axis for the purpose of this study to control the three- 

axis high precision turntable and the data acquisition board (DAQ). This device 

interfaces with the computer allowing automated collection of the measured data. 

The DAQ takes the output voltage level of the logarithmic amplifier at a maximum 

sampling rate of I MHz returning to the computer a 12 bit binary number that 

represents the voltage. This 12 bit binary number is then converted to its

1-22
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corresponding power level in dBm. A summary of the settings of both turntables and 

data acquisition used in the measurement campaigns are given in Table 3.7.

Settings

Parameter
Acceleration

Velocity

Increments

Sampling Rate
Number of 

samples/increment

Value

0.5

0.5

0.1

100

10500

Units
deg s"2

deg s" 1

o

KHz

-

Table 3.7 - Summary of the settings of turntables and data acquisition.

3.4. Description of the Outdoor Measurement Site

The experimental outdoor site shown in Figure 3.17 was chosen carefully to 

complement and validate measurement results obtained from single trees taken in the 

anechoic chamber. Here, a suitable ground clearance near the tree would be essential 

to avoid any reflections from other vegetation bodies or man-made structures, like 

buildings, cars etc. In addition, both transmitter and receiver would have to be placed 

in direct line of sight, at a suitable distance away from the tree and on a flat level 

ground accessible by the mobile van receiver. After extensive search for sites in the 

nearby area of the University, an appropriate site was found 32 km away at Tredegar 

Country Park, in Newport.

An isolated tree, as shown in Figure 3.17, was identified as a suitable vegetation 

specimen. This represents a mature tree with dimensions of the order of 9 m high, 

having a trunk of 0.4 m wide and foliage spread of about 6 m. The size of leaves and 

branches, density and distribution of the foliage, and the height of the tree relative to 

the receiver and transmitter antennas are considered further in chapter six.



Chapter Three Experimental Programme

During the measurement campaigns, the data acquisition system was located inside a 

mobile measurement laboratory including power points and storage of accessories 

and mechanical rigs. The receiver was attached to a manual positioner mounted on 

top of the 9 m extendable mast of the van. Similarly, the transmitter was attached to 

another manual positioner on top of a 9 m extendable fixed mast, as shown in Figure 

3.18.

Figure 3.17- Photograph of the experimental scenario in Tredegar House car park in 
Newport: tree in-full-leaf (left) and out-of-leaf (right).

Figure 3.18- Photograph of the mobile measurement laboratory (on the left) and the 
transmitter extendable fixed mast (behind the tree).
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3.5. Measurement Errors

In microwave and millimetre wave propagation measurements, there are many 

sources of error. In power measurements, the largest errors are usually caused by 

sensor and source mismatch. Mismatch uncertainties related with impedance 

mismatches, are somewhat complicated and poorly understood and are associated 

with such components as waveguides, cables, isolators, amplifiers, mixers, antennas 

etc. In this section, calibration of the IF components used in the measurement 

systems is described and errors are evaluated. The calibration of the components was 

performed with the help of the VNA. The power reference of the VNA was obtained 

by calibrating it using a 0.6-m low loss cable.

3.5.1. Accuracy Analysis of the 2 GHz System

Errors in the system are minimised with the response calibration performed with all 

components assembled, thus eliminating the errors in the amplifiers, antennas and 

cables. However, components were calibrated individually, where possible using the

VNA.

The low noise amplifier was calibrated, as shown in Figure 3.19, and this ensured an 

accuracy of ±0.5 dB over the frequency band used in the measurements, i.e. 1720- 

2000 MHz. The high specification cables (10m and 50 m) were measured with both 

connectors (Cable A) and with flexible cable interfaces (Cable B). These were used 

to avoid breaking of the VNA connectors, since the high-specification cables are not 

flexible and any abrupt movement could lead to broken connectors. Extra losses 

were introduced by connector adapters and the two short runs of flexible cables. 

Results revealed an accuracy of ± 0.05 dB and ± 0.15 dB for 'Cable A' and 'Cable B', 

respectively. An example of a calibration graph of the cables is given for the 10m 

cable in Figure 3.20. The horn antennas used in the system yielded an accuracy of 

±0.25dB.
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500 1000 1500 2000 
Frequency, MHz

2500 3000

Figure 3.19- Calibration of the low noise amplifier.

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 

Frequency, MHz

Figure 3.20 - Calibration of the 10m low-loss cable including the flexible cable
interfaces.

One of the disadvantages of microwave and millimetre wave sources is their 

frequency instability caused by any variation of the operating frequency.
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Specifications given by the manufacturer in [58] describe the VNA performance 

over the temperature range of 25°±5°C . The frequency stability of ± 5 ppm of the 

VNA has been improved by locating it inside the mobile measurement laboratory. 

The level of accuracy of the output power is ±1 dB. Measurement uncertainty 

curves, given in [58], gives a 0.5 dB and 5° for both magnitude and phase in the 

frequency range of 1.3-3 GHz, respectively.

3.5.2. Accuracy Analysis of the 20 GHz System

Measurement errors in the 20 GHz play an important role in the overall system 

performance, unlike the 2 GHz system, where the VNA is capable of calibrating any 

irregularities out. Components were calibrated and error analysis is performed 

individually. The antennas are specified by the manufacturer to have an accuracy of 

±0.25 dB. The antenna radiation patterns were measured in the anechoic chamber, 

as shown in Figure 3.11, and can be considered to have an error of ± 1 dB. Both low 

noise amplifiers were calibrated with the help of the VNA and ensured a gain 

flatness accuracy of ± I dB. The micrometer attenuator was also calibrated resulting 

in an accuracy of ±0.5 dB in the whole attenuation range [0 - 30 dB]. The 

calibration curve of the 10 m low-loss cable used in the outdoor arrangement is 

shown in Figure 3.20. However, in this particular case where a fixed IF frequency of 

220 MHz is used, errors introduced by the cable and connectors are considered to be 

systematic errors.

The 220 MHz logarithmic amplifier, which converts the power level into a voltage 

level to be used subsequently by the data acquisition unit, was calibrated using a 

signal generator and a high precision 4-digit voltmeter. The power level, P , of the 

signal at the input of logarithmic amplifier was swept from -60 to +5 dBm, and for 

each swept point, the corresponding voltage level was recorded by connecting the 

voltmeter to its video signal output. Figure 3.21 shows the best fit to the 

measurement data modelled by Eq. 3.4, which is used by the data acquisition unit.
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V =0.025/>+2 (3.4)

An error analysis was carried out representing the difference between measured and 

the best fit data, by using Eq 3.5. Results presented in Figure 3.22 shows a maximum 

of 4.4 % error which falls within the ±1 dB of accuracy provided by the 

manufacturer.

AP 40 A V 
40(V - 2)

jclOO (%) (3.5)

The VCOs employed in this system are characterised by their poor frequency 

stability when compared to phase lock loop (PLL) oscillators. Frequency drift was 

observed in the received signal when used in the anechoic chamber, but especially 

outdoors due to wind conditions and changes in the temperatures. Improvements in 

stability were obtained by placing both terminals inside metal enclosures and 

attaching heat sinks to the sources. Measures were adopted to accommodate 

problems caused by frequency instability by choosing a logarithmic amplifier with a 

wide bandwidth. In the case of the outdoor system, a wide span of 50 MHz 

maximum was used in the spectrum analyser.

2.4

2.2

2

8 1.4 

I
* 1 2

1 1o
O

0.8 

0.6 

0.4
-60 -50 -40 -30 -20 -10 

Input Signal Strength, dBm
10

Figure 3.21 - Calibration of the 220 MHz logarithmic amplifier.
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-50 -40 -30 -20 -10 
Input Signal Strength, dBm

10

Figure 3.22 - Error analysis of the 220 MHz logarithmic amplifier.

3.5.3. Accuracy Analysis of the 62.4 GHz System

Error analyses were also carried out on the components comprising the millimetre- 

wave system. Accuracy in the measurement of the radiation patterns of the 25 dBi 

horn antennas is within of ± I dB. The low noise amplifiers used in the system were 

the same as in the 20 GHz system, assuring a gain flatness accuracy of + 1 dB. The 

same cables were used outdoors as in the previous two systems. The 600 MHz 

logarithmic amplifier was calibrated using the same approach, as described in the 

previous section and a maximum error of ± 1 dB was observed. Calibration results 

of the 600 MHz bandpass filter, demonstrated a rather constant gain flatness in the 

5.88 MHz span, as shown in Figure 3.23. Frequency stability of the PLL sources is 

±2 ppm. This has also been improved by housing both transmitter and receiver 

terminals inside metal enclosures and attaching an appropriate heat sink to the 

oscillators. The bandpass filter, used primarily to reduce the noise level, coupled 

with the logarithmic amplifier or the spectrum analyser, as in the 20 GHz 

arrangement, has sufficient bandwidth to accommodate this frequency drift.
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-120
575 580 585 590 595 600 605 610 615 620 625 

Frequency, MHz

Figure 3.23 - Calibration of the 600 MHz bandpass filter.

3.5.4. Accuracy Analysis of the Measured Angles 

3.5.4.1. Anechoic Chamber

High precision three axis rotary tables coupled with specialised mechanical rigs are 

used inside the anechoic chamber to assist in the measurement campaigns, 

eliminating the need for human presence, when measurements are in progress. 

Measurements were fully automated and a high degree of repeatability was achieved 

in the results. However, errors can occur due to mis-alignment of the antennas in the 

experimental setup. Although a laser pointer together with high precision levellers 

were used for precise alignment of the antennas, a ± 1° of accuracy was estimated.

3.5.4.2. Outdoor System

Difficulties in the outdoor environment arose when trying to maintain the same level 

of accuracy as in the anechoic chamber. A theodolite was used initially to determine
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the physical dimensions of the tree. Despite the fact that the rotary tables were not 

present outdoors, a less accurate method was employed to mark the measurement 

location points on the ground around the tree under investigation. The method 

consisted of using a string line to mimic a drawing-compass around the tree. The 

mobile receiver was driven along this circle and careful care was taken to position 

the van, ensuring that the receiving antenna was always pointing to the trunk of the 

tree. Initial line of sight alignment of the antennas was achieved by scanning the 

receiver in the azimuthal plane until a peak in the received signal level was detected. 

Errors in the measured angle were considered to be around ± 3°.

3.6. Summary and interim conclusion

A detailed description of the three experimental systems used in this study and their 

accuracy analyses, are presented. A wideband system designed to operate at L-band 

has been developed to provide vector (amplitude and phase) information of the radio 

propagation channel. Narrow band measurement systems operating at microwave 

and millimetre frequency bands are also presented.

Measurement environments are discussed which include the indoor anechoic 

chamber, enabling experiments to be performed under controlled conditions, and an 

outdoor site located at Tredegar Country Park, in Newport. The latter was used to 

validate the performance of the models presented in the next chapters, in real 

environments, in which effects of the wind and ground reflections are additionally 

considered.

Description of various experiments and measurements are given in the relevant 

chapters. Results obtained from the use of these measurement systems to obtain 

measured data relating to microwave and millimetre wave propagation modes 

through single tree specimens, are presented in the next chapters.
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Chapter Four

Re-Radiation Functions of Single Trees

4.1. Introduction

The effects of single trees on the propagation of radiowaves in the microwave and 

millimetre wave frequencies on radio design and system planning are investigated in 

this chapter. As mentioned previously, measurements play an important role in the 

understanding of propagation modes in such an electromagnetically complex medium 

that makes up a tree. Previous work reported in [19] has studied the effects of trees, 

singly or in a line. Deep fades of the co-polar component were observed at certain 

positions of the rotation angle of the tree when both transmitter and receiver terminals 

were aligned on either side of the tree(s). Measurement results carried out at 11.2 GHz 

and 20 GHz on ficus trees have shown deep nulls in the received signal envelope 

observed to be in the region of 15 to 30 dB below the median signal level.

The study presented in this chapter establishes the reasons for the deep nulls observed 

in the co-polar component. A set of propagation measurements were designed and 

carried out at 20 GHz and 62.4 GHz to investigate and characterise the attenuation 
function of single trees in the anechoic chamber. Bistatic scattering measurements 

around the tree specimen helped in the identification of the various propagation 

modes induced in the tree. Results were also obtained for an idealised metallic tree 

like structure to assist in the identification of the major contributions to the observed 

signal behaviour.

4.2. Attenuation Measurement at 20 and 62.4 GHz

These initial experiments allowed the attenuation functions of various trees to be 

characterised at 20 GHz and 62.4 GHz. Subsequent analysis of results led to further 

investigations of the re-radiated signal from a tree, which are reported in this chapter.
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reported in this chapter. The attenuation effect of the tree on the radio path 
corresponding to its insertion loss was measured as a function of tree rotation angle. 

From previous work, as discussed in [19], deep nulls in the co-polar component were 
observed when the tree was made to rotate around its vertical axis. Three different tree 
specimens were used for which measured results are given.

4.2.1. Measurement Environment

Measurements were carried out on three different plants of the type used indoors, as 
illustrated in Figure 4.1. The first two specimens were Ficus Benjamina trees whose 
average height and width were 1.7 m and 0.7 m, respectively, with leaves of 5 cm 
long and 3 cm wide. The main trunk had a 5 cm diameter with branching covering 
the top 1.3 m of the tree height. In comparison with Ficus 1 tree, Ficus 2 tree had less 
density of leaves and more gaps in the canopy. The third specimen used was a conifer 
tree with similar dimensions and needle like leaves. Measurements performed on the 
conifer tree were done first when the canopy was green, and similarly at a later time, 
these measurements were repeated when the leaves had dried up and brown in 
colour.

Figure 4.1 - The Ficus Benjamina tree (left) and the Conifer tree (right).

4-2
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4.2.2. Description of Measurement Procedure

The attenuation measurements have been performed on various deciduous trees as a 

function of O, the rotational angle of the tree. The tree under investigation was 

placed on the top of a turntable described in chapter three, and made to rotate around 

its vertical axis through a full turn of 360° in increments of 0.1°. During the 

measurement, the receiver was kept in line with the transmitter on either side of the 
tree, as shown in Figure 4.2.

0.7m

1m30

0.4m

d1 d2

Figure 4.2 - The 360° attenuation measurement geometry.

The distances di and ^2 were chosen to be 3 m and 1 m for the 20 GHz set-up and 

1.5 m and 0.85 m for the 62.4 GHz set-up, respectively. The values for di in both 
systems were carefully calculated taking into account the beamwidth of the 

transmitting antenna, ensuring that only 2/3 of the canopy was illuminated by the 
main lobe. This minimised any contribution to the received signal due to any lateral 

diffraction mode. The distance between the transmitter and the start of foliage, places 

the tree in the far field region of the transmit antenna using the Rayleigh far field 

distance criterion [11]. Similar consideration was applied to the tree receiver 

distance. In both experiments, the antennas were placed at position 1.38 m high 

relative to the floor, as indicated in Figure 4.2. This is to ensure the illumination of
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the centre of the tree canopy. The transmitting and receiving antennas were both 

vertically polarised.

4.2.3. Measurement Results

The following plots give examples of results of the attenuation measurements 

performed on deciduous ficus and conifer trees. The measured signal level received 

when the tree was in the path was normalised with respect to free space level, i.e. 

when the tree was not present in the radio path.

50 100 150 200 250 
Rotation Angle of the Tree, 9

300 350

Figure 4.3 - Measured attenuation of Ficus 1 as a function of its rotational angle at
20 GHz.
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Ô -T

No
rm

ali
se

d 
Re

ce
ive

d 
Si

gn
al 

St
re

ng
th

, d
Bf

o N
P

 
oo P 3

 
O r*

-f o' 3
 

O 3 o P

3
 

o

P 3 P
P



Chapter Four_____________________________Re-Radiation Functions of Single Trees

4.2.4. Analysis and Discussion of Measured Attenuation Results

Significant insertion loss values of the tree were observed especially at millimetre 

wave frequencies, where the transmitted signal was observed to be attenuated by 5- 

15 dB for the ficus trees and 20-30 dB for the conifer. In the microwave frequency 

(20 GHz), the signal was attenuated by 5-10 dB and 10-15 dB for the ficus and 

conifer trees, respectively. Greater attenuation was noted at higher frequencies due to 

the smaller size of the wavelength, relative to the sizes of the physical components of 

the tree. A greater Fresnel clearance will exist at higher frequencies for signals to 

penetrate gaps in the foliage. A rather interesting behaviour of the received signal 

level was observed particularly in the ficus 2 tree case. This revealed seemingly 

frequency independent effects on radiowave propagation through the tree. This 

might be explained by the large gaps of tree foliage encountered in the canopy of 

ficus 2, giving rise to a strong coherent component in the received signal. The nulls 

were observed to be around 10 dB less when compared to the ficus 1 tree. It was also 

noted that the conifer tree inserted more attenuation due to a higher density of leaves 

in the canopy and this resulted in deeper nulls in the transmitted signal. This may 

also be due to the nature of the conifer's relatively long needle-shaped leaves, in 

which currents are induced producing re-radiated signals in random directions and 

significant diffuse scattering. The same measurement was performed on the conifer 

tree a few days later, when the leaves were dried out. Available results at 20 GHz 
show a decrease in attenuation, indicating that higher attenuation is influenced by 

moisture content in leaves.

Deep nulls were observed at specific angular positions of the tree under investigation 

when both the transmitter and receiver were aligned on either side of the tree. The 

graphs in Figures 4.3 to 4.9, clearly show the transmitted signal being significantly 

attenuated with signal levels at the nulls being 12-45 dB lower relative to their free 

space level at 20 GHz and 15-68 dB at 62.4 GHz. These nulls, indicated by a sharp 

decrease in the received signal level, could not be explained simply by localised 

blockages of the signal caused by branches and leaves. A summary of results is 

given in Table 4.1. Previous work as described in [19], considered the depolarisation 

of the signal as it propagates through the tree being the most likely process 

_ _ ..___.
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responsible for the signal nulls. The nulls were subjected to further analysis by 

investigating the behaviour of the co-polar and cross-polar components of the 

received signal in the vicinity and around the angular positions of the nulls.

Specimen under 
investigation

Ficus 1

Ficus 2

Conifer Green

Conifer Dried

Mean attenuation 
(dBf)

20 GHz

6.13

8.71

10.37

6.90

62.4 
GHz
13.45

8.10

25.69

n/a

Standard deviation 
around the mean 

level (dB)

20 GHz

3.26

2.58

4.74

4.24

62.4 
GHz
4.84

4.60

5.79

n/a

Maximum depth of 
fades (dBf)

20 GHz

-22.39

-17.97

-45.28

-37.80

62.4 
GHz

-33.20

-22.67

-67.85

n/a

Table 4.1- Attenuation data of single trees measured in Anechoic Chamber.

4.3. Scatter Function Characterisation at 20 GHz and 62.4 GHz

The Radiative Energy Transfer theory presented in chapter two, provides a useful 

analytical tool for explaining the propagation modes of a wave travelling through a 

homogeneous vegetation medium containing randomly orientated scattering elements, 

e.g. branches, twigs and leaves. The model presents four parameters as explained in 

[14], whose numerical values may be determined with the help of measured data. 

These are the absorption cross-section per unit volume oa , the scatter cross-section 

per unit volume os , and parameters defining the scatter function of the medium p((f)),

see Eq. 4.4. The scatter function (or phase function) is characterised by a narrow 

forward lobe and an isotropic background and is the subject of study in this section. 

Only the bistatic scattering pattern of a tree foliage has been measured for different 

tree types in the anechoic chamber and for a mature outdoor tree, to determine the 

value of the theoretical parameters used in the model to predict the scatter function.

4-9
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4.3.1. Prediction from the Radiative Energy Transfer Theory

The random nature of the tree foliage supports the use of the transport theory 

[14][15] for modelling radiowave propagation through the canopy. Although tree 
foliage consisting of randomly distributed scattering elements with complex shapes, 
which individually may exhibit highly complex and polarisation-dependent 
scattering patterns, an elemental volume dV containing many of these elements is 
likely to exhibit a relatively simple scattering pattern [15]. Based on the observations 
made in the study of the bistatic scattering from trees, Schwering et al [14] have 
proposed a scattering pattern of the form of Eq. 4. 1 .

(4.1)

The scatter function proposed p(§) is assumed to be azimuthally symmetric with 

respect to the forward-scattering direction (0 = 0°), and hence it has to satisfy the 

condition given in Eq. 4.2, where d£2 is the differential solid angle about the 

scatterer direction s' .

**»•"''"' ' (4 - 2)

The scatter pattern is also assumed to consist of a narrow Gaussian forward lobe 

/(0), in the form of Eq. 4.3, superimposed over the isotropic background given by 

(l-a), where a is the ratio of the forward scattered power to the total scattered 

power. The effective beamwidth of the forward lobe /? v , is related to the half power 

beamwidth of the measured pattern fiidB by /?WB = kf3x . The multiplying coefficient 

k is obtained experimentally by satisfying the condition given by Eq. 4.2.

(4.3)

4- 10
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Predictions of the bistatic scattering received power can be obtained numerically by 

evaluating the expression given in Eq. 4.1 for various values of the model 

parameters, i.e. fis and a. Parameter values applicable to the various curves are 

presented in Figures 4.10 to 4.13. Numerical results presented in all graphs are 

normalised to the maximum signal level p(0°). Hence, the normalised scattering 

pattern is given by Eq. 4.4.

_
p(Q)

(4.4)

Prediction results show how the shape of the scatter pattern is affected by changing 

the parameters of the model. For instances, in Figure 4.10 the bistatic scatter pattern 

is computed for various values of J3S given a constant value for a. By increasing the 

value of J3S , the level of the isotropic background is consequently raised. Similar

analogy is found in Figure 4.11 when increasing the a, resulting in beam broadening 

of the forward lobe [14].

0

-2

-4

-6

-10

-12

-14

-16

-18

-20

CD •a

0)

a = 0.4

-150 -100 -50 0 50 
Azimuthal Angle $, 9

100 150

Figure 4.10 - Theoretical bistastic scatter function computed for various values of
0S , with a = 0.4.

4-11



I
31 CT

Q C 3

?̂ 3

K
) i H n> o o p co CO a P c o O o 3 C D
.

O c CO

en
 

• 
o o o

N 3' CQ
_ 

CD -e
-

S

N
or

m
al

is
ed

 S
ca

tte
rin

g 
Pa

tte
rn

 p
(0

), 
dB

 

o 
en

 
o 

en

R 
R

p
 p

 
bo

 4
^

n> o O P
 

V
) O en

II 
3

P 
8.

00
 

O o o O
.

?
 

< o c CO

>
 

o
N

' -
0)

_ 
(D -e-

N
or

m
al

is
ed

 S
ca

tte
rin

g 
Pa

tte
rn

 p
(Q

), 
dB

rb
 

-^
 

-*
 

i
O

 
m

 
O

 
en

 
o

p
 

bo

a
p.

 
c" O> CO



Chapter Four Re-Radiation Functions of Single Trees

-5

Q.

e
-10

S -15
CO

-20

-25

a = 0.4 
a = 0.8

=19°

-150 -100 -50 0 50 
Azimuthal Angle <|), q

100 150

Figure 4.13 - Theoretical bistastic scatter function computed for various values of a,
with =19°.

4.3.2. Experimental Procedure Description

As indicated previously, specific measured data was required from appropriate 

measurements on single trees, to assist in the numerical evaluation of the scatter 

function of the re-radiated signals from a single tree. Two measurement 

environments were used in the investigation. These are described next.

4.3.2.1. Measurements in Anechoic Chamber Environment

Measurements have been performed inside an anechoic chamber to characterise the 

scatter function of trees when illuminated by radiowaves at millimetre and microwave 

frequencies. The experiment geometry adopted is shown in Figure 4.14. The tree under 

investigation was placed on top of a rotary table in the radio path. For each 1° 

increment of the receiver position defined by <t>, the tree was made to rotate around its

4-13
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vertical axis by 360°, in increments of 1°. The receiver terminal was housed inside a 

metallic box for ruggedeness and placed on top of a moveable mechanical rig, which 

allowed controlled rotational movements around the rotary table, on which the tree 

specimen under investigation was placed. Special care was taken during the course of 

the measurements to keep the receiver stationary, when acquiring sample data after 

each rotational movement. This was possible by setting a somewhat slow acceleration 

and speed values on the rotary table software controlling the moveable rig, as well as 

allowing a settling time before acquiring each sample data. The received power 

obtained at each rotation angle of the receiver, represented the average of 10,500 

samples. The scatter function was calculated by averaging the received signal level 

over 360° rotation of the tree, for each receiver position.

Both transmitter and receiver were placed in the far field region of the antennas, 

illuminating the centre of the canopy at 1.38 m of height. The distances between the 

transmitter and receiver to the centre of the tree, dj and <^, were 1.5 m and 0.85 m, 

respectively. The area of illumination by the transmitting antenna is approximately 2/3 

of the crown volume of the tree.

In these experiments, two linearily polarised horn antennas of 20 dBi and 25 dBi gain, 

were used for the 20 GHz and 62.4 GHz systems, respectively. The transmitted signal 

was vertically polarised for both experiments. The theory assumes that propagation 

conditions are very similar for vertical and horizontal polarisation, so that the change 

of direction of polarisation of the transmitted signal is of no consequence. However, 

the theory is based on the scalar transport equation, which means that the received 

signal level is obtained as the total signal intercepted from both the co-polar and cross- 

polar field components. In these experiments, which employ linearly polarised 

antennas, only the co-polar component (VV or HH) contributes to the received signal 

level.

4.3.2.2. Measurements in Outdoor Environment

In order to complement the anechoic chamber measured results, similar measurements 

were carried out on an outdoor mature decidous tree at both frequencies. The

TTT
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dimensions of the tree are detailed in section 3.4 of chapter three. During the 

experiment, the transmitter was placed on top of a mast at 4.5 m of high, and at 8 m of 

distance from the tree, thus illuminating partly the canopy. The receiver, also placed at 

4.5 m high, was made to rotate around the tree, in a radius of 6.4 m and in discrete 

increments of 5°. The receiver was housed in a transit van, as described in section 3. 4.

cp= +90°

.Rx

b)

Figure 4.14 - Indoor measurement geometry : (a) top view and (b) side view.

4-15
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4.3.3. Measurement Results

The results of scatter measurements performed on two similar ficus and a mature 

outdoor tree in full-leaf, with dimensions as described earlier, are presented in the 
following graphs. Results are given in Figures 4.15 to 4.20 for both frequency bands. 
The solid line represents the average signal level received during the azimuthal scan 
of the receiver. The signal level is normalised to the free space measurement 
(reference level) obtained with no tree in the radio path, where both transmitter and 
receiver are aligned, so that the curves show the insertion loss caused by the 
vegetation specimen in the radio path.

-5

-10

2 -15
CO"co

O> 
CO

"<!)
Os

-20

-25

-30

-35 
-150 -100 -50 0 50

Rotation Angle of the Receiver §, e
100 150

Figure 4.15 - Measured scatter function of Ficus tree 1 at 20 GHz.
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Figure 4.20 - Measured scatter function of mature deciduous tree at 62.4 GHz.

4.3.4. Analysis and Discussion of Measured Results

The insertion loss caused by single trees in the radio path increases with frequency, 

as shown in Table 4.1 and discussed in section 4.2.4. The effect can be substantial 

and in the order of 6-8 dB when the trees are in full-leaf.

Analysis of the measured data at 20 GHz shows that the 3 dB beamwidth of the 

forward lobe is wider than 19° of the transmit antenna, due to beam broadening and 

the strong forward scatter of the vegetation specimen. Similar measurements were 

performed at 62.4 GHz, where results obtained were found to be very similar to 

those at 20 GHz, as shown in Figures 4.15 to 4.20. Moreover, the 3 dB beamwidth of 

the forward lobe is found to be wider than the 14° of the transmit antenna. It was also 

observed that the power scattered in the forward direction at 20 GHz is significantly 

higher compared to that obtained at 62.4 GHz. The power scattered in the backward 

direction (- 135°< ())< -90° and 90° «|) < 135°) is characterised by a rather uniform
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directional distribution, whereas in the side scatter direction (-90°< (j)< -45° and 

45° < (() < 90° ) the scattered power is slightly higher.

Good qualitative agreement with theoretical predictions is observed. The test fit' of 

the measured data is obtained for values given in Table 4.2, with these parameters 
having been selected carefully to give the smallest 'rms' fit error. Results of the best 

fit' to the measured patterns are shown in Figures 4.21 to 4.26, which show the 

normalised function p(<p) for each tree at each frequency of operation. The small 

'rms'error obtained throughout indicates that the scatter function given by Eq. 4.1, is 

appropriate in characterising the bistatic scattering pattern of trees and hence for 

obtaining reasonable estimates of the parameters a and (3S of the model.

At short vegetation depths, i.e. corresponding to a single tree in the radio path, the 
contribution of the coherent component was evident by the strong narrow peak of the 

re-radiation function in the forward direction. Although the peak at 0 = 0° was 

reduced in amplitude when compared to free space, this is due to further attenuation 
caused by signal obstruction of the main trunk, in addition to absorption by leaves 
and interference effects (fading). The fluctuations in the main lobe varied rapidly 
with the azimuthal movement of the receiver, resulting in maximum and minimum 
signal levels. This was particularly observed in the outdoor tree, and more 
specifically at 20 GHz, as shown in Figure 4.17. This also arose since no averaging 
of the 360° rotation measurement of the tree could be implemented in outdoor 

measurements. The net effect of the various propagation modes set up in the tree, 
caused by the random orientations of leaves, twigs and branches, may result in deep 
fades (nulls) as large as 68 dB relative to their free space level, as observed in 

section 4.2. Fast fading effects are neglected in the RET theory which only considers 

slow fading effects, which results in smoother curves when compared to the 

measured results of Figures 4.15 to 4.20. In particular, the theory has been applied to 

a forest half-space illuminated uniformly by a plane wave. This is in contrast to the 

actual measurement set up, where a single tree is partly illuminated. Also, it may be 

possible that due to the finite height of the tree, further losses may occur caused by 

propagation modes set-up around the tree and ground reflection. Covering the floor 

around the tree with absorbent material removed the ground reflection.
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Depolarisation of the transmitted radio signal may be another contributory factor for 

the deep nulls observed at various locations around the tree. Although further 

investigation is required, it is remarkable that simple trees can exhibit phase 

functions which maybe modelled as assumed by RET.

The re-radiation function parameters obtained from the best fit of experimental and 

theoretical results presented in Table 4.2, clearly give a good indication as to the 
propagation and scatter properties associated with each vegetation medium. The ratio 

a of the forward scattered power to the total scattered power, was adjusted to give 
the smallest 'rms' fit error, yielding a reasonable overall agreement between the 

measured and computed results. It appears that a assumes values close to unity, 
which indicates significant forward scattering in single trees. The scattering process 

appears to overcome the absorption processes set-up in a single tree. Of special note 

is the relatively higher values of a established from the measurements at 20 GHz. 
when compared to its values at 62.4 GHz, confirming greater attenuation at the 
higher frequencies.

To include the depolarisation effects in the RET theory requires the formulation of a 
vector transport equation. This is an ambitious task which requires extensive study. 
In this study, the depolarisation effects from single trees are addressed and these are 
related to the signal scatter process as postulated by the RET. This is explained in the 

next sections.
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Figure 4.21 - Measured and modelled Scatter function of Ficus tree 1 at 20 GHz.
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Figure 4.22 - Measured and modelled scatter function of Ficus tree 2 at 20 GHz.
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Figure 4.23 - Measured and modelled scatter function of mature deciduous tree at 20
GHz.
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Figure 4.24 - Measured and modelled scatter function of Ficus tree 1 at 62.4 GHz.
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Model Parameters

PUB 0

P, o
a

rms error (dB)

Ficus

20 GHz

29.00°

18.70°

0.87

1.74

Anechoic

Tree 1

62.4 
GHz
18.00°

11.84°

0.66

2.64

Chamber

Ficus Tree 2

20GHZ GHt

39.00° 20.00°

22.54° 12.99°

0.88 0.75

2.11 2.41

Outdoors

Mature

20 GHz

28.75°

18.43°

0.7

3.52

Tree

62.4 
GHz
14.99°

9.61°

0.5

2.98

Table 4.2 - Re-radiation function parameters obtained from best fit of experimental
and theoretical results.

4.4. Depolarisation Measurements at 20 GHz

The work presented in section 4.2 has shown that the presence of single trees in the 

radio path of a point-to-point link can influence the level of the received signal 

directly by providing an additional (excess) attenuation to that caused by free space 

propagation. Sharp decreases in the received signal level strength, referred to as 

nulls, have been observed in the re-radiated signal. In [19] and [23], the 

depolarisation of the signal as it propagates through the tree was considered to be the 

most likely process responsible for the signal nulls.

A set of propagation measurements was conducted on various trees to investigate the 

behaviour of both co-polar and cross-polar components of the received signal in the 

vicinity of the nulls. Analysis of the measurement results at 20 GHz, which include 

average signal levels and correlation between the two components of the received 

signal, have led to the identification of three regions of interest. These regions will 

be discussed here, where it is shown that good agreement exists between the 

measured signals behaviour and that which may be predicted qualitatively from the 

Radiative Energy Transfer theory [25]. Experiments conducted on a metallic tree-
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like structure and investigation of the change in the signal as a result of its 

interaction with the individual elements forming the structure are also investigated.

4.4.1. Rationale of using Idealised Structures

Investigation of the change in the signal as a result of its interaction with individual 

components forming a metallic tree-like structure is quite useful in understanding the 

propagation modes arising from single trees in the radio path. The structure consisted 
of a main vertical metal rod representing the trunk, to which was attached a number 

of smaller rods fixed at appropriately chosen angles to mimic the branches. 

Presented in Figure 4.27 are the physical dimensions of all elements of the metallic 

tree. Measurements were performed on the metallic tree at interim stages of its 

construction, as illustrated in Figure 4.28. First the main metallic trunk, 1 m long 

with a 4.5 cm diameter, was placed vertically in the radio path between the 

transmitter and receiver to mimic the tree trunk, see Figure 4.28a. In the next stage, 

another metallic rod, 50 cm long and a 2 cm diameter, was attached to the main trunk 
at an angle of 45° to mimic a main branch (see Figure 4.28b). This corresponds to 

Branch 2L in Figure 4.27. The third stage was to add another metal rod similar to the 

one described in the second stage, but placed symmetrically to Branch 2L with 

respect to the metal trunk ( see Figure 4.28c). This is referred to in Figure 4.27 as 

Branch 2R. The fourth and final stage consisted of the addition of two bottom 

branches of 1.6 cm diameter (Branch 1L/1R) and two top branches of 2 cm diameter 

(Branch 3L/3R), as shown in Figure 4.28d. All branches were 50 cm long.
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Figure 4.27 - Physical dimensions of the metallic tree-like structure and its
orientation.

Figure 4.28 - Photographs of the metallic structure used in the experiments at
interim stages of its construction: (a) Metal trunk (b) Metal trunk + 1 branch (c)

Metal trunk + 2 branches (d) Metal trunk + 6 branches.
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4.4.2. Experimental Procedure Description

Two different propagation measurements were conducted on various trees inside the 

anechoic chamber to investigate the deep nulls in the signal strength observed in the 

re-radiated signals from a tree at certain angular positions, when both transmitter and 

receiver were aligned on either side of the tree. The measurements were only 

performed at 20 GHz.

The first set of measurements was aimed at investigating the behaviour of both co- 

polar and cross-polar components of the received signal around the vicinity of the 

nulls, by rotating the tree around its vertical axis through 360° in 0.1° increments, as 

described earlier in section 4.2.1. In the microwave set-up, a waveguide switch was 

used to switch between the two modes, controlled by a personal computer 

synchronised with the rotary tables. Similar procedure was difficult to implement at 

62.4 GHz, due to the unavailability of waveguide switches operating at these 

frequencies. The second set of measurements consisted of investigating the 

behaviour of both co-polar and cross-polar components of the received signal in the 

vicinity of and around the nulls, by rotating the receiver around the tree in 

increments of 0.1° of the angular position, denoted as (j). Figure. 4.14 shows the 

geometry adopted. Both transmitter and receiver were placed such that the specimen 

fell in the far field of the antennas. These were placed at a height of 1.38 m, 

illuminating the centre of the canopy at distances of d, =3 m and d 2 = 1 m. The 

tree specimens used in the investigation were ficus plants of the type used indoors, 

with leaves about 3 cm wide and 5 cm width with a main trunk diameter of 5 cm. 

Similar investigation was performed on the metallic tree-like structure.

In the next section are presented results from both 360° rotation attenuation and 

bistatic scatter measurements performed on all the trees mentioned above. These are 

expressed in terms of normalised received signal strength for each tree over the 

rotational angle of the tree or the receiver, accordingly.
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4.4.3. Measurement Results

Co-polar and Cross Polar Attenuation Measurements

50 100 150 200 250 
Rotation Angle of the Tree, 9

300 350

Figure 4.29 - Measured attenuation of a ficus tree, as a function of its rotational
angle at 20 GHz.

-20

1 g> 
CO -30

-40

-50

-60

VV Main Trunk 
VH Main Trunk

50 100 150 200 250 
Rotation Angle of the tree, 9

300 350

Figure 4.30 - Measured attenuation of a metallic tree with main trunk only, as a 
function of its rotational angle at 20 GHz.
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VV Main Trunk + 1 Branch 
VH Main Trunk + 1 Branch

50 100 150 200 250 
Rotation Angle of the tree, 5

300 350

Figure 4.31 - Measured attenuation of a metallic tree with main trunk and one branch 
only, as a function of its rotational angle at 20 GHz.

VV Main Trunk 
VH Main Trunk

50 100 150 200 250 
Rotation Angle of the tree, 3

300 350

Figure 4.32 - Measured attenuation of a metallic tree with main trunk and two 
branches only, as a function of its rotational angle at 20 GHz.
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VV Main Trunk + 6 Branches 
VH Main Trunk + 6 Branches

100 150 200 250 
Rotation Angle of the tree, 9

300 350

Figure 4.33 - Measured attenuation of a metallic tree with main trunk and all six 
branches, as a function of its rotational angle at 20 GHz.

Bistatic Scatter Measurements

VV Ficus Tree 
VH Ficus Tree 
VV Ref. 
VH Ref.

-60 -40 -20 0 
Rotation Angle of the Receiver, 9

Figure 4.34 - Scatter measurement for ficus tree, as a function of receiver rotation
angle <p.

4-31



3
 

TO
'

c 3 4^
 

O
J

00
 

O P S n>

- 
I

a. 
3

o 
d

3
 

3

8.
1 s -

p Crq
_ FT

-

D
- 

O ft
 

0
" p

No
rm

al
ise

d 
Re

ce
ive

d 
Si

gn
al

 S
tre

ng
th

, 
dB

f

§ U
)

00 o p §

CD
 

O 2. re i-t o 
o

3 
q

P 
o>

3 
H)

rn 
.

r^
- 

^
 
^ £. r^

- ?r
 

o P on P

•a fc

No
rm

al
ise

d 
Re

ce
ive

d 
Si

gn
al

 S
tre

ng
th

, d
Bf

s T
]

O ^ ;?



Chapter Four Re-Radiation Functions of Single Trees

VV Main Trunk + 2 Branches 
VH Main Trunk + 2 Branches 
VV Ref. 
VH Ref.

-80 -60 -40 -20 0 
Rotation Angle of the Receiver, 9

Figure 4.37 - Scatter measurement for metallic tree with main trunk and two 
branches, as a function of receiver rotation angle 0.

VV Main Trunk + 6 Branches 
VH Main Trunk + 6 Branches 
VV Ref. 
VH Ref.

-70
-60 -40 -20 0 

Rotation Angle of the Receiver, -

Figure 4.38 - Scatter measurement for metallic tree with main trunk and all six 
branches, as a function of receiver rotation angle 0.
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4.4.4. Analysis of Regions based on Scattered Signal Behaviour

4.4.4.1. Average Signal Levels

The depolarisation effects of the tree-specimen on the radio path were investigated as 

a function of tree rotation angle. The measurement results presented in Figure 4.29 to 

4.33 exhibit similar behaviour for both co-polar and cross-polar components at 

specific angular positions of the tree. The graphs show the co-polar signal being 

significantly attenuated, with the signal levels at the nulls being 5-23 dB down 

relative to their free space level, as seen previously in section 4.2 of this chapter. 

Consequently, the cross-polar component in all graphs has been shown to be highly 

enhanced, especially at certain angular positions of the tree, coinciding with the deep 

nulls observed in the co-polar component. This behaviour suggests an exchange of 

signal energy between the two components and their dependence on the strong 

forward scatter caused by the tree. Table 4.3 shows some of the statistical analysis 
and behaviour descriptors of the measured co- and cross-polar signals performed on 

the ficus tree, and on the metallic tree at its various stages.

The average co-polar signal level is fairly constant throughout. The results obtained 

with the metallic tree at interim stages of its construction, show how the transmitted 

signal (vertically polarised) degrades as the number of branches are added to the 

main trunk (rod). Both ficus (see Figure 4.29) and 6-branches metallic (see Figure 

4.33) trees exhibit similar trends of co-polar signal, in terms of average (Vv ),

standard deviation of mean received signal levels (cr) and depth of fades. The 

similarity in trend demonstrates that depolarisation of the incident signal is caused by 

the branches and possibly the leaves of the tree, and that the fades in the re-radiated 

signal are associated with the interaction of the incident signal and the branches. It is 

indeed remarkable that an artificial structure with one trunk and 6 branches has 

resulted in similar signal behaviour as the natural ficus tree.

The exchange of energy between the two components is indicated by the 

enhancement of the average cross-polar signal being 8-15 dB higher relative to its
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free space level in the case of the ficus and 6-branch metallic trees. Opposite 

behaviour is observed in the metallic trees with only the main trunk (see Figure 

4.30), 1-branch (see Figure 4.31) and 2-branches (see Figure 4.32), where the 

average cross-polar signal is below the threshold (corresponding to its free space 

level), despite some peak values at certain angular positions of the tree 

corresponding to the nulls observed in the co-polar component, as described above. 

The main metallic trunk on its own (see Figure 4.30) shows a rather small change of 

both component levels, suggesting no exchange of energy between components and 

this has resulted in an average cross polar descrimination (XPD) slightly higher than 

that in free space. This may be explained by the trunk vertical orientation which 

tends to maintain, through forward scattering, the level of the co-polar signal. The 

cross-polar descrimination (XPD) in free space was measured to be 39 dB. The 

XPD is defined as the instantaneous difference between the co-polarised signal level 

and the signal level measured in the cross-polarised direction which is orthogonal to 

the originally transmitted vertical (or horizontal) polarisation. This is given by Eq. 
4.5.

XPDVH =20 log
\

h 
\ J

(dB) (4.5)

The XPD was observed to decrease as the number of branches were added to the 

main trunk of the metallic tree-like structure. This behaviour suggests that the 

depolarisation occurs as a result of the currents induced in the branches, twigs and 
leaves. This in turn is significantly influenced by the complex permittivities of the 

various materials making up the tree. The relatively small value of XPD found in the 

case of the ficus tree compared to the metallic tree, is due to two factors: (i) the 

different complex permittivities of the biological materials in the tree, and (ii) 

because there are many more random scatterers in the ficus tree than those in the 

metallic tree.

Deep nulls in the 360° attenuation measurements were investigated further. Scatter 

measurements were performed around the ficus tree in order to gain knowledge 

about change in polarisation state and to establish the reasons for nulls. Similar
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experiments were also conducted on the metallic tree at interim stages of its 

construction including a structure with all the branches attached to the vertical trunk. 

Figure 4.34 clearly shows a null in the co-polar signal at angular position $ = 0°. 

Here the signal level observed is about 12 dB below the median signal level. The 

signals have been normalised by subtracting the free space measurement at each 

position of the receiver, to obtain the signal level change due to the presence of the 

tree alone, as shown in Figure 4.39. The average signal level shows a similar trend in 

the received signal mean value around the null. Through studying the behaviour of 

the graphs in Figure 4.39, it was possible to identify three distinct regions of interest 

in the rotational average signal pattern. These may be defined with respect to the 

scattered signal directions as follows:

(i)
(ii)
(iii)

Forward region (- 20° < <|> < +20°);
Transitional region (-60° < (|)< -20°);
Back and side scatter region (- 90° < §< -60°).

These are discussed in more detail in section 4.4.5.

Statiscal 
Parameters

Co-
polar

Cros
s-

polar

Vv (dBf)

(J (dB)
Max. fade
depth (dBf)

V,, (dBf)

<T(dB)
Max. peak
(dBf)

xpd (dB)

Metallic Tree at interim stages of its 
construction

Ficus 
Tree
-6.13

3.26

-22.39

-24.08

5.78

-14.52

17.95

Main 
Trunk

-4.67

0.14

-4.89

-46.45

0.74

-45.34

40.67

One 
Branch

-5.19

1.06

-8.72

-41.35

5.40

-24.86

36.15

Two 
branches

-5.01

1.46

-11.10

-38.63

6.15

-22.40

34.29

Six 
Branches

-5.84

3.64

-22.37

-31.11

6.56

-21.15

25.27

Table 4.3 - Summary of statistical analysis of the measured co-polar and cross-polar
signal levels.
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-60 -40 -20 0 
Rotation Angle of the Receivar, g

Figure 4.39 - Normalised average signal levels for both co and cross-polar 
components of ficus tree, as a function of receiver rotation angle 0.

4.4.4.2. Correlation Coefficients of Signal Behaviour

In order to investigate and measure the degree of linear relationship between the two 

components over the rotational angle of the receiver, the correlation coefficients 

between the co-polar and cross-polar components were computed. Figure 4.40 shows 

the computed correlation coefficient for the ficus tree in the region around the null 

position. The correlation coefficient is an arithmetic measure that is used to determine 

the amount of linear association between the two components. That measure of linear 

association is given by Eq. 4.6, where Vvand Vh are the co-polar and cross-polar 

components, respectively, and the bars denote their mean values.

n<t>) = (4.6)

The correlation coefficient function has been computed as a function of the receiver 

rotation angle. Short-term correlation has been chosen in order to attempt to
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characterise these three regions of interest defined above. This is done using a sliding 

window of 10° containing 100 samples. The correlation coefficient was computed 

between the two components. The window is shifted by half a window each time, over 

the rotational angular range of the movement of the receiver.

The same procedure was repeated for the metallic tree at all interim stages of its 

construction, where each area of interest was investigated separately. Analysis of the 

results in terms of cumulative distribution functions (cdf) of the correlation 

coefficients presented in Figure 4.41 are discussed in the next section.

1
0.8 

0.6

0.4
t:
0)
o 0.2

T5 -0.2

-0.4

-0.6

-0.8 

-1
-80 -60 -40 -20 0 

Rotation Angle of the Receiver, 9
20

Figure 4.40 - Calculated correlation coefficients between co- and cross-polar 
components of ficus tree as a function of receiver rotation angle 0 around the null

(sliding window of 10°).
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Back and Side Region Transition Region Forward Region

O.8 ---i-----

-O.5 O O.5 
Correlation Coefficients

-O.5 O O.5 
Correlation Coefficients

-0.5 O 0.5 1 
Correlation Coefficients

Figure 4.41 - Cumulative distribution functions of correlation coefficients of 
measured co-polar and cross-polar components with different tree specimens: (i) 
Ficus (ii) Metal trunk (iii) Metal trunk + 1 branch (iv) Metal trunk + 2 branches

(v) Metal trunk + 6 branches.

4.4.5. Identification of Three Distinct Regions

4.4.5.1. Forward Scatter Region

The forward scatter region is the region around the tree containing the (j> = 0° position, 

corresponding to the null position and the region either side of it. It is so called 
because the signal received is mostly influenced by the forward-scattered signal. The 
co-polar signal is attenuated by the tree as expected, due to absorption by the leaves, 
branches and main trunk, whereas the cross-polar signal shows a considerable gain 
relative to its level in the absence of the tree. The short-term correlation coefficients 
computed between the two components indicate an inverse relationship, which 
confirms the exchange of the signal energy between the two components, and thus 
the significant depolarisation of the received signal. A comparison of the cdf, for 
each of the trees under test, is shown in Figure 4.41. All tests conducted on these
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trees yielded a similar outcome. The 'cdf indicates that the correlation coefficient is 

negative, i.e. < 0 for 63% of the time (for the ficus), followed by 55% and 50%, for 

the metallic tree with 2 branches and 1 branch, respectively. The main metallic trunk 

on its own shows a highly positive correlation level at > 0.5 for 100% of the time. 

This shows negligible depolarisation caused by the trunk, which is not surprising in 

view of the trunk vertical orientation.

4.4.5.2. Transitional Region

In the transition region, the propagating radio signal is gradually changing from one 

dominated by the coherent (forwardly scattered) component to that mostly consisting 

of a diffused incoherent one, showing large variability in the correlation. This 

behaviour may be explained by the weakening and enhancement, respectively, of the 

coherent (transmitted) and incoherent (scattered) components in the received signal, 

over this region. In the case of the metallic trees, the 'cdf shows a higher level of 

correlation due to the existence of multipath components in this region. The 

multipath observed may be attributed to the presence of diffracted and reflected 

modes arising from the curved surfaces of the rods in the metallic tree, interfering 

with the direct component received through the side lobe coupling between the 

transmit and receive antennas.

4.4.5.3. Back-and-Side Scatter Region

The back and side scatter region contains the signal re-radiated from the tree, as well 

as the direct signal arriving from the source via a side lobe. In this region, both co- 

polar and cross-polar components show comparable levels, which are 15 to 20 dB 

higher than the free space level, as shown in Figure 4.39. This is explained by the 

rise of the diffused or incoherent scattered signal components arising only when the 

tree is in the radio path. The correlation coefficient indicates virtually no correlation 

between the co-polar and cross-polar signals in the case of the ficus tree, as indicated
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in Figure 4. 41. This is consistent with a situation in which the diffuse or incoherent 
component becomes predominant, whose polarisation state may have become 
random. The direct side lobe coupling between the antennas explains the small level 
of correlation at ±0.15 (see Figure 4.40).

4.5. Summary and Interim Conclusion

The results obtained from the measurements and their analyses, show that vegetation 
affects significantly the propagation of radio signals in the microwave frequency 
bands. Depolarisation is shown to have a considerable influence on the level of 
signal received as a result of tree re-radiation. This results in part of the signal energy 
being transferred to the cross-polar component or in a randomly polarised re-radiated 
signal. This affects the transmitted (mainly coherent) forward component and the 
scattered (mainly diffused) components received from around the sides and back of 
the tree. The results obtained from the measurements and their analysis show that the 
forward scattered signal emerging from the tree will have a well defined elliptical 
polarisation pattern, which may result in the co-polar signal experiencing a sharp 
decrease at specific orientations of the tree. However, in the region well away from the 
forward region dominated by the diffused scatter signal, the re-radiated signal would 
be randomly polarised with the re-radiated energy not showing a preferred polarisation 
state. In the transition region between the forward and back scatter regions, the 
situation is rather complex, requiring further investigation, which will be the subject of 
the next chapter.

Results obtained from the metallic tree-like structure are quite useful in 
understanding the propagation modes and signal depolarisation arising in single trees 
in the radio path. The staged construction of the metallic tree shows clearly a 
continually increasing depolarisation of the re-radiated signal as more elements are 
added to the vertical rod simulating the tree branches. This helps in explaining the 
source of depolarisation in natural vegetation specimens, which typically comprise 
many more branches, secondary branches and leaves. The structural simplicity of the
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metallic tree has yielded remarkably similar results to those measured for a natural 
ficus tree.

Chapter seven introduces a novel approach, where complex geometries such as those 

found in a vegetation medium can be modelled using the Finite Difference Time 

Domain (FDTD) method [42]. The individual tree elements are modelled and 

simulated using this technique. Idealised structures, such as the metallic tree, whose 

electromagnetic and geometric properties are easier to define, are shown to be very 

useful in developing the desired model.
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Chapter Five

Depolarisation Studies of Single Trees

5.1. Introduction

The shape and orientation of the various physical elements of the tree relative to the 

incident polarisation govern the degree of depolarisation. This was investigated in 

chapter four to determine the cause of the deep fades observed. Changes in the 

polarisation state of the re-radiated signal occur as a result of the currents induced in 

the trunk, branches and leaves, which are significantly influenced by the complex 
permittivities of the various biological materials making up the tree.

This chapter addresses the characterisation of the polarisation states of the re-radiated 

signal from a ficus tree performed in the vicinity around a null. This was compared 
with results obtained experimentally using a specially constructed metallic tree-like 

structure, in order to study the change in the incident signal as a result of its interaction 

with the tree components. Results obtained in this chapter will explain the signal 

behaviour observed in the various regions around the tree, which will complement the 

characterisation of the re-radiated signal behaviour in the various regions identified in 

chapter four. Measurements were performed at a single frequency only (20 GHz), due 

to availability of the necessary hardware.

5.2. Methodology

The object of this section is to introduce some of the various concepts and notations 

used to describe the polarisation state of an electromagnetic wave, which were used 

to assist in the interpretation of the deep nulls observed in the re-radiated scatter 

signal from the tree, described in chapter four, as well as the signal behaviour in the 

vicinity of the nulls.
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The polarisation of a wave is defined in [23], as the curve traced by the instantaneous 

electric field, at a given frequency, in a plane perpendicular to the direction of wave 

travel. Considering elliptical polarisation as a general case, the linear and circular 

polarisation states can be expressed as special cases of this state. The direction of 

rotation of the electric field vector is one parameter used in the description of 

elliptical, linear and circular polarisation and can unfortunately be ambiguous. The 

EEEE standards [59] define the polarisation rotation sense to be right-handed, if the 

electric field vector rotates clockwise for an observer looking towards a transverse 

plane in the direction of propagation.

The general polarisation of a wave is characterised by the axial ratio (AR), the sense 

of rotation (CW or CCW, RH or LH), and the tilt angle T of the polarisation ellipse 

(dashed line), as in Figure 5.1. Thus, if the wave is travelling in the x direction, the 

electric field components in the y and z directions are E y (cross-polar) and E z (co- 

polar), respectively [8]. These are represented by Eqs. 5.1 and 5.2.

E y = E, sin(cot - pz) (5.1) 

E z = E 2 sin(cot - pz + 5) (5.2)

In Eq. 5.1, E, represents the amplitude of the wave linearly polarised in the y 

direction, while in Eq. 5.2, E 2 represents the amplitude of the wave linearly 

polarised in z direction, and 8 the time-phase angle by which E 7 leads E y . The

instantaneous total vector field E, is obtained by combining Eq. 5.1 and Eq. 5.2, 

resulting thus in Eq. 5.3.

E = yE 1 sin(cot-|3z)+zE 2 sin(cot-pz-i-5) (5.3)

By expanding Eq. 5.3 as described in [40][60], the equation of the polarisation 

ellipse described in Figure 5.1 can be extracted, which takes the form of Eq. 5.4.
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Figure 5.1 - Polarisation pattern and ellipse at tilt angle T showing instantaneous 
components ( E y and E^ ) and peak values ( El and E2 ).

where

aE;-bE y E z +cE;=l

1 L 2cos8 J 1a = —;——-— , b = —————-— and c = —-——-— 
Efsin'o EjE 0 sin" o E; sin" 5

(5.4)

The AR is defined to be the ratio of the minor axis of the polarisation ellipse OB to 

the major axis OA , as in Eq. 5.5.

AR = OB 
OA

(0 < AR < 1) (5.5)

Linear polarisation is a special case of elliptical polarisation. When the phase 

difference between E f and E y components (£) is 0 or nn , then the above

equations reduce to those of linear polarisation and OAor OB axis vanishes, i.e. the 

ellipse degenerates to a straight line. Linear polarisation being non-rotational has no 

sense, but only a tilt angle T between [-90°,+90°] with respect to the chosen co 

ordinate axes, and an axial ratio AR = 0. The same analogy is applied to circular
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polarisation case, when 8 = ±— and E,| = E 2 .In this case, the ellipse becomes a

circle and the angular rotational velocity of the E vector becomes constant and the 

AR = 1 (i.e. OA = OB = E t = E 2 ). The sign of 8 determines the sense of rotation of 

the wave, with '+' and '-' indicating right-handed and left-handed, respectively.

A number of possible methods are outlined in [19][59], which may be employed to 

measure the parameters that yield a complete description of the polarisation states. 

However, for the purpose of this study and considering the availability of the 

necessary hardware, the polarisation pattern method was sought to give information 

about the depolarisation processes occurring due to the presence of single trees in the 

radio path, without the knowledge of phase information [59]. Thus, only the AR and 

r were subjected to investigation, which should indicate the polarisation state and 

the degree of depolarisation of the received signal. The polarisation pattern is the 

amplitude response of a linearly polarised antenna to an elliptically polarised wave, 

as the linearly polarised antenna is rotated through 360° in a plane perpendicular to 

the direction of propagation [59] [61] [62]. The polarisation pattern (solid line) given 

in Figure 5.1 is tangential with the polarisation ellipse (dashed-line) of the field at 

the ends of the major and minor axes. Having derived the polarisation ellipse from 

the polarisation pattern, the axial ratio and the tilt angle of the incident wave may 

then be determined [63]. Implementation of the polarisation pattern method will be 

detailed in the next section.

5.3. Experimental Procedure Description

Measurements have been performed inside the anechoic chamber to characterise the 

polarisation pattern of the re-radiation signal at 20 GHz from a tree in the region 

around the nulls. Investigation in the L-band and millimetre wave bands were not 

possible to perform due to their hardware limitations, and thus all measurements 

presented in this chapter were carried out at a single frequency of 20 GHz. Similar 

experimental setup to the one described in section 4.3.2, was adopted to measure the 

polarisation patterns of the scatter signal. A vertically polarised transmitter was

_
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placed at a 1.5 m from the centre of the canopy and in line with the receiver at 0.85 

m distance from the tree, with both antennas placed at 1.38 m of height. The 

polarisation of the propagating wave was measured using the 'polarisation pattern' 

method outlined above. This was achieved by rotating a linearly polarised receive 

antenna about its central axis in a plane normal to the direction of the incident wave 

(yz-plane), through 360° in 0.1° increments. The receiving horn antenna shown in 

Figure 5.2, was positioned at the center of a high precision rotary table. The voltage 

induced in the receive antenna was recorded as the antenna was rotated, at a 

sampling rate of 10.5 KHz. The measured signal strength was plotted against the 

rotation angle of the receive antenna, resulting in the polarisation pattern of the 

received signal as a function of 6. The receiver was also made to rotate around the 

tree in the azimuthal (xy) plane in discrete increments of 5°, to acquire more 

polarisation information of the scattered signals in the various regions mentioned 

previously. The polarisation pattern was measured at each position of the receiver 

over the angular range of ()) = -1200 to (|) = 0° . In Figure 5.3 is shown the co 

ordinate system adopted in measuring the radiation pattern of the received signal, 

where in this particular illustration, the receiving horn antenna was positioned at 

6 = +90° (vertically polarised) at an azimuthal rotational angle of the receiver 

<|> = 0° . Proper alignment of the antennas boresight was conducted prior to inserting 

the tree in the radio path, using a laser pen mounted on top of the transmitting 

antenna, pointing at the top of the receiving antenna. In addition, an azimuthal scan 

of the receiver was performed over an angular range of 0 = ±5° in increments of 

0.1°, until a peak in the signal level was detected. The position of the receiver 

corresponding to the highest signal level that occurred in the azimuthal scan was 

used to verify the antenna alignment. The elevation alignment was done with a 

leveller which ensured that the vertical rotary table, to which the receiving antenna 

was attached, was placed vertically with respect to ground. The same procedure was 

applied to the transmitter antenna.
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Figure 5.2 - The receiver terminal: the receiving antenna attached to a vertical 
turntable mounted on top of a moveable mechanical rig.

Direction of Propagation

Figure 5.3 - Co-ordinate system adopted to measure the polarisation pattern.
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5.4. Single Tree Measurements

A ficus tree was the subject of investigation to determine the cause of the deep fades 

observed at specific angular positions of the tree. The specimen under investigation, 

referred to as ficus 1 in chapter four, had similar physical characteristics to those 

identified in section 4.2.1. Initially, the 360° attenuation measurement of the tree was 

obtained and consequently various null angular rotations were identified, as shown in 

Figure 5.4.

, -5

O)c
OJ

C/D

-15

M
15
E -20

-25
50 100 150 200 250 

Rotation Angle of the Tree, Q
300 350

Figure 5.4 - Measured attenuation of the ficus tree under investigation as function of
its rotational angle at 20 GHz.

The measurement results presented in Figure 5.4 differ slightly from those presented 

in Figure 4.3. However, this may be explained by the long period of approximately 4 

months separating the two measurements, during which leaves had either fallen off 

or grown in different locations within the canopy, consequently affecting the signal 

behaviour and thus the position of the nulls observed. Under the controlled 

conditions described in chapter two however, repeatability of the measurements 

results were achieved when measurements were taken a few hours apart from each 

other.
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5.4.1. Polarisation Pattern Measurements

5.4.1.1. Free space measurement

The polarisation pattern was first measured without the tree being in the path to 

check the alignment of the antennas, as shown in Figure 5.5, by looking at the tilt 

angle of the vertically polarised transmitted signal. This was calculated to be 90.2°. 

An error of 0.2° was considered to be acceptable. Subsequently, the AR was 

calculated to be AR = 0.0048. The small value of the axial ratio observed, indicating 

little or no depolarisation of the received signal, may be explained by the XPD of the 

horn antennas employed in the system, which at their maximum co-polar response 

(boresight) yielded a measured cross-polar descrimination of 39 dB at 20 GHz. 

Because these were commercial antennas, it would appear that 39 dB represents the 

maximum achievable XPD. Thus, the polarisation pattern of the free space 

measurement was considered to be linearly polarised at a tilt angle of 90° in the yz- 

plane. The assymetry observed around the horizontal axis of the polarisation ellipse 

resulted in an error of 0.75 dB, which was also considered acceptable. The error was 

due to mis-alignment errors of the receiving antenna in the elevation plane.

90
8.8412

120 60

30

330

240 300

270

Figure 5.5 - Polarisation pattern of the free space received signal.
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5.4.1.2. Ficus tree measurement

After having decided upon the nulls to investigate, the tree was positioned at the 

specific nulls position when both the transmitter and receiver were aligned on either 

side of the tree ($ = 0°). The nulls of 10-12 dB below the mean signal level in Figure 

5.4, were found to be at angular positions 47° and 109° of the 360° rotational 

measurement of the tree. The tree was stopped at these angles and its resulting 

polarisation patterns were subsequently recorded. Figure 5.6 and Figure 5.7 show the 

polarisation patterns at the nulls. Analysis of results is given in the next section.

Further investigation consisted of measuring the polarisation patterns in the regions 

around the nulls to ascertain the signal behaviour observed in the distinct areas 

identified in chapter four. It is, however, not possible to present the many obtained 

results pertaining to all of these cases. Consequently, it was decided to investigate 

around the null which exhibited the larger depth, i.e. the null observed at 47°. The 

receiver was then made to rotate around the tree from (|> = -1300 to <|) = 00 in 

increments of 5°. For each position of the receiver ((), the polarisation pattern was 

recorded. Sample patterns are presented for each of the three distinct regions 

identified in the co-polar and cross-polar measurements, these being the back and 

side scatter regions (see Figures 5.8 to 5.13), the transitional region (see Figures 5.14 

to 5.17) and the forward region (see Figures 5.18 to 5.20). Analysis and discussion of 

measured results are presented in the next section.



Chapter Five Depolarization Studies of Single Trees

0.72579
120 60

150 30

£

180

210 330

240 300

270

Figure 5.6 - Polarisation pattern of the re-radiated signal from the ficus tree at a null 
position 47° of the rotational angle of the tree.
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Figure 5.7 - Polarisation pattern of the re-radiated signal from the ficus tree at a null 
position 109° of the rotational angle of the tree.
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Rotation Angle ot the antenna,"

Figure 5.8 - Polarisation pattern at (a) $ = -120° (left) and (b) $ = -115° (right).

: 180 —————————yf—

270 
Rotation Angle ot the antenna. 9

Figure 5.9 - Polarisation pattern at (a) 4> = -110° (left) and (b) $ = -105° (right).

270 
flotalion Angle ol the antenna," Rotation Angle of the antenna."

Figure 5.10 - Polarisation pattern at (a) <|> = -100° (left) and (b) $ = -95° (right).
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270
Reflation Angle ol the antenna,"

Figure 5.11 - Polarisation pattern at (a) $ = -90° (left) and (b) <)> = -85° (right).

270 
Rotation Angle of the antenna, 0

270 
Rotation Angle ot the antenna. 9

Figure 5.12 - Polarisation pattern at (a) <|> = -80° (left) and (b) (J> = -75° (right).

270 
Rotation Angle ol the antenna. y 270 

Rotation Angle of the antenna. 0

Figure 5.13 - Polarisation pattern at (a) ty = -70° (left) and (b) (|> = -65° (right).
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270 
flotation Angle of the antenna."

270 
Rotalion Angle of the antenna, -

Figure 5.14- Polarisation pattern at (a) § = -60° (left) and (b) ty = -55° (right).

Rotation Angle of the antenna."

Figure 5.15 - Polarisation pattern at (a) (j) = -50° (left) and (b) <|) = -45° (right).

270 
Rotalion Angle ot the antenna, 0

270 
Rotation Angle of the antenna, 0

Figure 5.16- Polarisation pattern at (a) (]) = -40° (left) and (b) (J> = -35° (right).
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270 
Rotation Angle of the antenna,"

270 
flotation Angle of the antenna, 9

Figure 5.17 - Polarisation pattern at (a) <|> = -30° (left) and (b) ty = -25° (right).

Relation Angle of the antenna, 9

Figure 5.18 - Polarisation pattern at (a) $ = -20° (left) and (b) $ = -15° (right).

Rotation Angle of Ihe antenna, 0
270 

Rotation Angle ol the antenna, 5

Figure 5.19- Polarisation pattern at (a) 0 = -10° (left) and (b) <|> = -5° (right).
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Figure 5.20 - Polarisation pattern at null position (J) = 0°

5.4.2. Analysis and Discussion of Results

Measurements investigating how vegetation depolarises a propagating signal were 

presented for various nulls observed in the 360° measurement. From these, it can be 

seen that significant depolarisation takes place at the rotation angles which coincide 

with the observed nulls, as shown in Figures 5.6 and 5.7. Polarisation information 

extracted from the polarisation patterns of the two nulls considered is tabulated in 

Table 5.1. This is expressed in terms of co-polar and cross-polar signal levels and 

their XPDs, as well as the AR and tilt angles of the polarisation ellipse. It can clearly 

be seen that, the tree re-radiated signal in general has a well defined elliptical 

polarisation pattern. Results in terms of the axial ratios and tilt angles show that the 

depolarisation of the received signals, particularly at the null positions, mainly 

consisted of conversion from linear to an elliptical polarisation. The latter is 

explained by the large values of AR observed. The relatively small values of the 

XPD (about 0.02-15% of the corresponding free space value) between the co-polar 

and cross polar components, can be explained by the change of the polarisation state 

in which the tilt angle of the polarisation ellipse is found to be around 45°. This 

resulted in a relatively high value of the cross-polar component, with a consequent 

reduction of the co-polar component level. This can explain the significant reduction 

of signal level observed in the co-polar component. Particularly, at the null position
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109° (see Figure 5.7 and Table 5.1), it was observed that the tilt angle of the 
polarisation ellipse was close to 45°, resulting in near equal co-polar and cross-polar 
signal levels, i.e. an XPD = 0 dB.

Polarisation Null 47° Null 109"
information __________________

Co-polar level (VV) -23.42 dBf -21.44dBf

Cross-polar level (VH) -29.65 dBf -21.43 dBf

XPD 6.23 dB -0.01 dB

AR 0.241 0.104

T 106.6° 43.7°

Table 5.1 - Polarisation information of the nulls observed at position 47° and 109° of 
the 360° rotation measurement of the ficus tree.

In [19], it was also shown that, in some cases, the transmitted vertically linearly 
polarised wave was depolarised to a near horizontally polarised wave by the 
vegetation material. The depolarisation occurs as a result of the various components 
of the trees re-radiating as a result of currents induced in them. The various tree 
components are then re-transmitting the waves at different polarisations resulting in 
an overall depolarisation of the originally transmitted wave. This has been assumed 
in chapter four to be responsible for the scattered signal behaviour observed in the 
regions around the tree, especially the relatively high cross-polar component 
enhancement . The polarisation patterns of the received signal in the vicinity of the 
tree are shown in Figures 5.8 to 5.20. The polarisation information presented in 
Table 5.2 was extracted from the polarisation patterns determined for the ficus tree, 
over the entire azimuthal range of the receiver.

The scattered signal behaviour observed in terms of both co-polar and cross-polar 
signal components, was investigated in chapter four. The information presented in 
Table 5.2 is useful in interpreting the degree of depolarisation of the transmitted 
signal. The table also includes the computed XPD for each position of the receiver. 
In some cases, the XPD assumes negative values, indicating the significant exchange

___
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Rotational 
Angle of the 

Receiver, (() (")

-120

-115

-110

-105

-100

-95

-90

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5
^^^——

Polarisation Information

VV 
(dBf)

-24.00

-36.84

-22.66

-23.48

-28.39

-23.73

-27.31

-24.69

-29.44

-22.09

-29.96

-37.42

-22.18

-18.06

-16.76

-20.58

-23.92

-17.01

-18.37

-19.01

-12.39

-16.82

-18.47

-13.44

m-23. 42

VH
(dBf)

-30.43

-35.95

-36.62

-26.82

-34.33

-37.88

-35.97

-37.71

-37.90

-27.88

-25.48

-27.64

-33.57

-29.69

-26.36

-26.94

-28.39

-19.91

-22.77

-28.96

-9.11

-6.59

-9.20

-7.19

-29.65

XPD
(dB)

6.43

-0.89

13.96

3.33

5.93

14.14

8.65

13.02

8.46

5.79

-4.47

-9.77

11.38

11.62

9.60

6.35

4.46

2.89

4.40

9.94

-3.28

-10.22

-9.27

-6.25

6.23

for Ficus Tree

AR
[0,1]

0.374

n/a

0.118

0.353

0.122

0.084

0.286

0.204

0.297

0.529

0.372

0.246

0.235

0.213

0.143

0.197

0.345

0.219

0.173

0.187

0.150

0.230

0.136

0.182

0.241

T 
(")

109.30

n/a

79.30

63.70

110.70

82.80

92.50

87.70

64.30

85.00

151.25

5.50

84.00

101.50

103.00

112.00

37.00

55.00

55.00

98.50

33.00

12.50

19.50

146.00

106.60

Table 5.2 - Polarisation results for ficus tree as a function of rotational angle of the
receiver .

of energy observed between the two components. This was mostly observed in the 

transition between the scatter regions investigated with (|> assuming values around 

-20° and -65°. With reference to Figures 5.21 and 5.22, it was found that the axial 

ratios and corresponding tilt angles of the polarisation ellipses, calculated over the
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measurement range <\>, were best characterised by a polynomial p(())). The 

polynomials were obtained after subsequent curve fittting exercise using a least 

square fitting, in the form of Eq. 5.6. The coefficients in the approximating 

polynomials of degree n that fits the data, are given in Table 5.3 for both parameters. 

<|) in the equation is expressed in degrees.

p n+1 (5.6)

0.55 

0.5

0.45

-c- 0.4

1 0.35
oc
S 0.3
o

I 0.25 

< 0.2

0.15 

0.1

0.05

Measured AR 
Best-fit AR

-120 -100 -80 -60 -40 
Rotation angle of the receiusr, 5

-20

Figure 5.21 - Measured and best-fit axial ratio function for ficus tree as a function of
receiver position $.
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160

Measured Tilt Angle 
Best-fit Tilt Angle

-80 -60 -40 
Rotation angle of the receiver, 9

Figure 5.22 - Measured and best-fit tilt angle function for ficus tree as a function of
receiver position (|).

Polynomial
Coeff.

Pi

P2

PJ

P 4

Ps

P ft

P 7

Ps

P v

Pio

Pn

AR (n=9)

-1.02E-14

-4.19E-12

-6.41E-10

-4.34E-08

-9.62E-07

2.76E-05

1.64E-03

2.18E-02

2.45E-01

-

-

Ficus Tree

T (n=ll)

-1.39E-14

-8.54E-12

-2.24E-09

-3.29E-07

-2.95E-05

-1.65E-03

-5.76E-02

-1.17E+00

-1.21E+01

-4.05E+01

1.11E+02

Table 5.3 - Polynomial coefficients in the approximating polynomial of degree n for
AR and T of the ficus tree.
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The cumulative distribution function (CDF) of the axial ratios and tilt angles in the 

regions of interest are shown in Figures 5.23 and 5.24, respectively. They clearly 

indicate that, for the case of the ficus tree, the axial ratio has tended to be > 0.15 for 

most of the times. The tilt angle varied from 45° to 130° for 80% of the time in the 

case of the back and side scatter and transitional regions. In the forward region the 

tilt angle varied from 0° to 130° for the same percentage of time. Table 5.4 provides 

a summary of the information presented in Figures 5.23 and 5.24, at given 

percentage of the probability of occurance below the abscissas 90%, 70% and 50%.

The results obtained show that the forward region, in the re-radiated field, is 

characterised by a well defined elliptical polarisation pattern which resulted in the 

co-polar signal experiencing high fades at specific orientations of the tree. This is in 

good agreement with the small values of AR observed and the high variability of the 

tilt angle occuring in this region. In the region well away from the forward region, 

dominated by the diffused scatter signal or incoherent signal component, the 

scattered signal has tended towards a more randomly polarised state. This can be 

seen from the polarisation patterns, which demonstrate significant depolarisation of 

the incident signal, see Figures 5.8, 5.11 to 5.13, 5.15 and 5.16.

!5 0.9

-i 0.7

0.6

£ 0.3 

0.2

0.1

^^ Back and Side Region 
Transition Region 
Forward Region

0.1 0.2 0.3 0.4 0.5 
Polarisation Ellipse Axial Ratio

0.6 0.7

Figure 5.23 - CDF's obtained of the polarisation ellipse axial ratios for each of the
regions of the ficus tree.
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40 60 80 100 120 
Polarisation Ellipse Tilt Angle, 9

140 160

Figure 5.24 - CDF's obtained of the polarisation ellipse tilt angles for each of the
regions of the ficus tree.

Moreover, this region is characterised by a rather large variability of the AR (< 0.415 

for 90% of the time) caused by the random polarisation influenced by the diffused 

scatter signal as a result of tree re-radiation. The tilt angle in the transitional region 

was observed to have a preferred vertical position, mostly around the 90°. The latter 

may be explained by the contribution from the direct side lobe coupling between 

antennas, as indicated by the small level of correlation between the co-polar and 

cross polar signal components addressed in chapter four. This is accompanied by 

multipart! propagation components caused by the presence of the tree foliage and 

trunk combination in the Fresnel zone region.

Scatter 
Regions

Back and Side

Transitional

Forward

Axial

50%

0.

0.

0

.263

.209

.203

Ratio
70%

0.325

0.240

0.226

(AR)
90%

0.415

0.283

0.260

50%

83.

79

66

.81°

.59°

.59°

Tilt Angle (t)
70%

99.55°

93.39°

92.69°

90%

122.43

113.09

132.35

o

o

o

Table 5.4 - CDF for 50%, 70% and 90% of the AR and T of the polarisation ellipses 
in the vicinity of the nulls, for the ficus tree.
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5.5. Idealised Metallic Structure - The Metallic Tree

Measurement results obtained in chapter four using a metallic tree-like structure, 

have proved to be quite useful in understanding the propagation modes arising from 

single trees obscuring partially or totally the fresnel zones of microwave paths. An 

attempt was made in the following subsections to characterise the depolarisation 

process occuring in the regions described in section 5.4, using the metallic tree. The 

same approach was followed as in the ficus tree investigation, particularly in 

measuring the polarisation patterns at various locations around the tree specimen. 

The study considered the metallic tree at interim stages of its construction:

(i) firstly, the main metallic trunk only;

(ii) secondly, the main metallic trunk with one branch attached to it;

(iii) thirdly, another branch attached to the main trunk, but symmetrical to

it (ii) and finally; 

(iv) all six branches attached to the metallic trunk forming the complete

metallic tree-like structure.

A detailed description of the physical dimensions of the various stages of the 

metallic tree was given in section 4.4.1. The study sought to establish the major 

contributions to the observed signal behaviour and to relate it to the physical 

orientation of tree trunk and branches with their induced currents. The currents 

distributions cause re-radiated waves in various directions, leading to changes of the 

polarisation state, and in some cases to significant depolarisation of the incident 

signal.

5.5.1. Polarisation Pattern Measurement

An identical measurement setup was used as the one in the ficus tree study. 

However, the specimen was replaced by the metallic tree-like structure. Each 

metallic tree structures was positioned on the rotary table, as shown in Figure 4.24a- 

d. The tree structures were placed in such a way that all branches were located in the
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yz-plane, perpendicular to the direction of the incident signal propagation (x- 

direction as in co-ordinate system of Figure 5.3). Polarisation patterns were obtained 

for all trees over the rotational angle of the receiver. It was not possible to present 

the numerously measured polarisation patterns pertaining to all of theses cases. For 

this reason, measurement results were summarised in Tables 5.5 to 5.8, in terms of 

co-polar and cross polar signal levels, XPD and information describing the 

polarisation states, i.e. the axial ratios and tilt angles. These were obtained for each 

position of the receiver in the angular range - 85 < <)) < +35. Subsequent analysis and 

discussion of the measured results are given in the next section.
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Rotational 
Angle of the 

Receiver, (J) (")

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

Polarisation Information for Metallic Tree with Main 
Trunk only

VV 
(dBf)

-22.09

-22.00

-22.60

-23.83

-25.39

-25.42

-23.87

-22.99

-27.08

-26.25

-13.82

-11.76

-16.40

-6.37

-0.72

-3.74

-5.53

-4.13

-9.09

-0.44

-4.76

-6.03

-10.24

-12.61

-14.27

VH 
(dBf)

-44.97

-48.72

-51.59

-48.87

-48.68

-53.79

-59.17

-58.44

-59.06

-59.26

-50.82

-42.75

-49.77

-45.69

-36.51

-39.69

-38.69

-43.77

-41.97

-41.45

-43.45

-46.22

-43.49

-48.15

-47.78

XPD 
(dB)

22.87

26.72

28.99

25.04

23.28

28.37

35.29

35.45

31.99

33.02

37.00

30.99

33.37

39.32

35.79

35.95

33.16

39.63

32.88

41.01

38.69

40.19

33.24

35.55

33.51

AR
[0,1]

0.007

0.010

0.009

0.008

0.015

0.013

0.006

0.012

0.006

0.015

0.003

0.008

0.003

0.007

0.002

0.010

0.002

0.007

0.003

0.004

0.008

0.011

0.010

0.012

0.018

t 
(°)

89.20

93.00

87.40

90.00

89.90

89.70

90.70

89.90

93.00

88.00

92.60

97.40

90.30

88.30

89.40

91.00

90.20

90.00

89.60

93.60

89.10

89.80

90.00

89.00

88.00

Table 5.5 - Polarisation information for metallic tree with main trunk only, as a 
function of rotational angle of the receiver § .
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Rotational 
Angle of the 

Receiver, (J) (")

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

Polarisation Information for Metallic Tree with Main 
Trunk and one Branch

VV 
(dBf)

-17.15

-20.48

-19.75

-19.34

-19.40

-18.21

-19.72

-17.98

-16.66

-15.95

-24.35

-7.17

-11.26

-1.07

-4.15

-1.11

-8.62

-7.41

-6.98

0.54

-6.49

-7.60

-14.43

-22.62

-14.19

VH 
(dBf)

-37.59

-51.01

-54.37

-46.30

-46.26

-56.60

-39.15

-53.38

-52.55

-48.82

-32.10

-28.03

-31.41

-27.29

-36.62

-36.14

-40.35

-42.17

-40.14

-40.75

-33.13

-29.77

-36.16

-37.90

-49.60

XPD 
(dB)

20.44

30.53

34.62

26.96

26.86

38.39

19.43

35.40

35.89

32.87

7.75

20.86

20.15

26.22

32.47

35.03

31.73

34.76

33.16

41.28

26.64

22.17

21.73

15.28

35.42

AR
[0,1]

0.022

0.015

0.015

0.043

0.021

0.007

0.024

0.010

0.010

0.020

0.022

0.024

0.073

0.007

0.021

0.007

0.009

0.013

0.019

0.006

0.034

0.069

0.056

0.081

0.011

T 
(°)

88.00

93.00

90.00

91.00

88.00

93.00

92.00

93.00

94.00

75.00

90.00

91.00

81.00

91.00

86.00

92.00

90.00

90.00

91.00

90.00

91.00

90.00

92.00

90.00

91.00

Table 5.6 - Polarisation information for metallic tree with main trunk and one 
branch, as a function of rotational angle of the receiver (().
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Rotational 
Angle of the 

Receiver, ()) (°)

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

Polarisation Information for Metallic Tree with Main 
Trunk and two Branches

VV 
(dBf)

-16.94

-18.55

-19.19

-19.02

-18.87

-18.16

-20.56

-17.46

-17.16

-16.04

-14.32

-8.78

-5.91

-3.24

-4.02

1.07

-6.75

-5.61

-7.80

-0.23

-8.54

-7.75

-11.87

-23.70

-16.44

VH 
(dBf)

-40.07

-39.50

-42.81

-45.17

-42.70

-38.67

-40.69

-54.27

-45.12

-39.81

-41.36

-37.49

-41.35

-33.64

-40.52

-30.91

-44.74

-43.46

-40.78

-37.79

-48.96

-40.80

-41.83

-38.37

-36.39

XPD 
(dB)

23.12

20.95

23.62

26.16

23.83

20.51

20.13

36.81

27.96

23.77

27.04

28.71

35.44

30.40

36.51

31.97

38.00

37.85

32.97

37.56

40.42

33.04

29.96

14.67

19.95

AR
[0,1]

0.008

0.050

0.039

0.022

0.011

0.036

0.075

0.014

0.036

0.031

0.032

0.016

0.014

0.008

0.013

0.011

0.011

0.010

0.008

0.008

0.006

0.005

0.016

0.064

0.015

T 
(")

90.00

89.00

98.00

89.00

93.00

91.00

90.00

91.00

86.00

91.00

72.00

91.00

90.00

96.00

90.00

92.00

90.00

81.00

92.00

90.00

91.00

90.00

107.00

91.00

93.00

Table 5.7 - Polarisation information for metallic tree with main trunk and two 
branches, as a function of rotational angle of the receiver § .
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Rotational 
Angle of the 

Receiver, (|) (°)

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

Polarisation Information for Metallic Tree 
Trunk and six Branches

VV
(dBf)

-24.28

-24.49

-22.62

-20.74

-17.38

-17.71

-16.59

-17.10

-14.99

-12.16

-9.16

-9.86

-8.94

-3.49

-3.40

1.14

-5.43

-6.72

-4.56

-0.42

-11.40

-8.37

-12.25

-26.67

-15.10

VH
(dBf)

-37.50

-38.71

-38.56

-36.75

-34.21

-29.64

-37.23

-40.02

-33.29

-38.56

-35.35

-24.45

-26.79

-32.48

-26.85

-23.45

-26.24

-31.38

-39.70

-34.80

-37.14

-42.36

-28.76

-38.64

-42.54

XPD 
(dB)

13.21

14.22

15.94

16.01

16.83

11.93

20.64

22.91

18.30

26.40

26.19

14.59

17.85

28.99

23.45

24.59

20.81

24.67

35.13

34.38

25.74

33.99

16.52

11.97

27.44

AR
[0,1]

0.163

0.140

0.157

0.144

0.088

0.120

0.084

0.071

0.065

0.012

0.035

0.162

0.110

0.021

0.029

0.014

0.087

0.056

0.016

0.018

0.034

0.015

0.128

0.026

0.011

with Main

t 
(°)

104.00

90.00

93.00

90.00

99.00

83.00

90.00

91.00

90.00

100.00

90.00

91.00

85.00

91.00

90.00

91.00

87.00

90.00

91.00

90.00

91.00

89.00

110.00

90.00

91.00

Table 5.8 - Polarisation information for metallic tree with main trunk and six 
branches, as a function of rotational angle of the receiver § .
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5.5.2. Analysis and Discussion of Results

Measurements were conducted on the metallic tree-like structures over the rotational 

angle of the receiver. Analysis and investigation of the change in the signal as a 

result of its interaction with the individual components forming the tree structures, 

were presented above. Both co-polar and cross-polar components of the received 

signal yielded similar signal behaviour as the one identified in section 4.4.3, for the 
same metallic tree-like specimens. In general, the co-polar signal was observed to 

experience significant enhancement in the regions away from the boresight of the 

two antennas, when compared to its free space correspondent level, at each position 
of the receiver. This is due to multipath attributed to the presence of reflected and 
diffracted modes arising from the curved surfaces of the main metallic trunk and 
branches. Of special note was the cross-polar signal level, which was observed to 
experience progressive enhancement as the number of branches were added to the 
main trunk, especially in the forward region. The behaviour of the co-polar and 
cross-polar components may be understood by the trend of XPD values over the 
azimuthal scan of the receiver.

The polarisation information provided by AR and T, pertaining to all measured 
results for each metallic tree, is given in Figures 5.25 to 5.32. These figures include a 
curve fitting exercise of the form of Eq. 5.6 using the polynomial coefficients 

provided in Table 5.9.

The number of branches added to the main metallic trunk dictate the degree of 
depolarisation of the vertically transmitted signal. The axial ratio was shown to 

assume relatively small values (< 0.016) for the case of the metallic trunk alone (see 

Figure 5.25), which showed almost no effects on changing the polarisation states, as 

expected due to its vertical orientation. However, the tilt angle yielded a small 

variability, between 88°-93°, over the azimuthal scan of the receiver, especially in the 

regions away from 0 = 0° . This behaviour is explained by the enhancement of the 

co-polar component in these regions due to the presence of reflected and diffracted 

modes arising from the curved surfaces of the main metallic trunk, coupled with
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direct coupling between antennas via the side lobes. All polarisation patterns yielded 

a well-defined linear polarisation states. Results obtained for the metallic tree with 

one branch, exhibited however a relatively higher AR (<0.08) values as shown in 

Figure 5.27, as well as larger variability of the tilt angles in the range of 86°-93°, as 

shown in Figure 5.28. The increase of the AR suggests a progressive change in the 

polarisation state affected by the branch, which was placed at 45° with respect to the 

main trunk. The received signal was observed to have a well defined elliptical 

polarisation pattern. The results from the two branched-metallic tree revealed a 

higher level of degredation of the transmitted signal. Results from the metallic tree 

with six branches have shown a significant change in the polarisation states of the 

received signals. This is explained by the relatively high values of the AR (< 0.16) 

and variations of ± 17° of the polarisation ellipse tilt angles. In some cases, especially 

in the Tjack and side' and even in the 'transitional' regions, the received signal was 

observed to be significantly depolarised.

Comparison of CDF's of AR and T between all metallic trees, are presented for each 

region of interest in Figures 5.33 to 5.38. Tables 5.10 to 5.12 provide a summary of 

the information presented in these figures for each region of interest. Results are 

presented for a given percentage of the probability of occurance below pre 

determined thresholds, i.e. 50%, 70% and 90%. In general, the axial ratio was shown 

to be considerably higher in the transition region, which clearly indicates the higher 

degree of depolarisation occuring, with the received signal not showing a preferred 

polarisation state, as observed in the ficus tree experiment. These effects were 

observed to increase as the number of branches were added to the main metallic 

trunk. Similarly, the tilt angle was also observed to vary significantly with the 

addition of branches, but in the forward region, where a well defined elliptical 

polarisation patterns were recorded, the tilt angle had a preferred position around the 

90°, contrary to the behaviour reported in the case of the ficus tree. This was 

explained by the large gaps in the structure, giving rise to a strong forward scatter 

signal (mainly coherent) in this region. The latter is in agreement with the small 

values of AR observed in this region. However, in a more realistic tree, e.g. the ficus 

tree, these gaps are much smaller due to the existence of more branches and leaves in 

the canopy, which result in more scattered waves and larger variability of tilt angles.
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Figure 5.25 - Measured and best-fit axial ratio function for metallic tree with main 
trunk only, as a function of receiver position (j).
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Figure 5.26 - Measured and best-fit tilt angle function for metallic tree with main 
trunk only, as a function of receiver position <|).

5-30



Chapter Five Depolarization Studies of Single Trees

0.09

0.08

0.07

.2, o.oe
03

0.05

•2 0.04
OJ

0.02

0.01

0

Measured AR 
Best-fit AR

-100 -80 -60 -40 -20 0 
Rotation angle of the receiver, 8

20 40

Figure 5.27 - Measured and best-fit axial ratio function for metallic tree with main 
trunk and one branch, as a function of receiver position § .

94

92

°a> 9° 
en
Q.

"1 88 
g 
w 86

_« 
r? 84

>80

g 78 

76

74 
-100

Measured Tilt Angle 
Best-fit Tilt Angle

-80 -60 -40 -20 0 
Rotation angle of the receiver, 9

20 40

Figure 5.28 - Measured and best-fit tilt angle function for metallic tree with main 
trunk and one branch, as a function of receiver position (J).
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Figure 5.29 - Measured and best-fit axial ratio function for metallic tree with main 
trunk and two branches, as a function of receiver position 0 .
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Figure 5.30 - Measured and best-fit tilt angle function for metallic tree with main 
trunk and two branches, as a function of receiver position § .
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Figure 5.31 - Measured and best-fit axial ratio function for metallic tree with main 
trunk and six branches, as a function of receiver position § .
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Figure 5.32 - Measured and best-fit tilt angle function for metallic tree with main 
trunk and six branches, as a function of receiver position <|).
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Table 5.9 - Polynomial coefficients in the approximating polynomial of degree n for
AR and i of the metallic tree structures.
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Figure 5.33 - CDF's obtained of the polarisation ellipse axial ratios for the back and
side scatter region of all metallic trees.
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Figure 5.34 - CDF's obtained of the polarisation ellipse tilt angles for the back and
side scatter region of all metallic trees.
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Figure 5.35 - CDF's obtained of the polarisation axial ratios for the transitional
region of all metallic trees.
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Figure 5.36 - CDF's obtained of the polarisation ellipse tilt angles for the transitional
region of all metallic trees.
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Figure 5.37 - CDF's obtained of the polarisation ellipse axial ratios for the forward
region of all metallic trees.
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Figure 5.38 - CDF's obtained of the polarisation ellipse tilt angles for the forward
region of all metallic trees.

Specimen

Metal Trunk

Metal Trunk + 1 
Branch

Metal Trunk + 2 
Branches

Metal Trunk + 6 
Branches

Axial

50%

0.0050

0.0097

0.0163

0.0382

Ratio

70%

0.0061

0.011

0.0232

0.0516

(AR)

90%

0.0077

0.0120

0.0336

0.0710

50%

90.30°

89.51°

90.21°

89.83°

Tilt Angle (i)

70%

90.89°

90.73°

92.10°

90.64°

90%

91.95°

90.99°

94.95°

91.03°

Table 5.10- CDF for 50%, 70% and 90% of the AR and T of the polarisation 
ellipses in the back and side region for all metallic trees.
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Specimen
Axial Ratio (AR)

50% 70% 90%

Tilt Angle (t)

50% 70% 90%

Metal Trunk

Metal Trunk + 1 
Branch

Metal Trunk + 2 
Branches

Metal Trunk + 6 
Branches

0.0090 0.0108 0.0133

0.0215 0.0285 0.0391

0.0315 0.0401 0.0524

0.1017 0.1265 0.1622

91.05° 92.29° 94.19°

89.61° 92.15° 95.79°

89.19° 91.91 C 95.89°

91.64° 93.86° 97.05°

Table 5.11- CDF for 50%, 70% and 90% of the AR and T of the polarisation 
ellipses in the transition region for all metallic trees.

Specimen

Metal Trunk

Metal Trunk + 1
Branch

Metal Trunk + 2
Branches

Metal Trunk + 6
Branches

Axial Ratio (AR)

50%

0.0134

0.0420

0.0172

0.0400

70% 90%

0.0157 0.0191

0.0630

0.0314 0.0519

0.0614 0.0923

50%

88.92°

90.90°

94.96°

94.49°

Tilt Angle (t)

70%

89.40°

91.29°

98.00°

98.29°

90%

90.11°

91.87°

102.40°

103.76°

Table 5.12- CDF for 50%, 70% and 90% of the AR and T of the polarisation 
ellipses in the forward region for all metallic trees.
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5.6. Summary and interim conclusion

One of the important aspects of radio wave propagation in terrestrial links is the 

change of polarisation of the incoming signal. This was observed to be the case, 

when a radio signal propagates through a single tree, which was shown to have a 

considerable influence on the level of signal received, as a result of tree re-radiation. 

The depolarisation degree depends strongly on the wavelength and on the medium 

structure, i.e. size and density of leaves, orientation and number of branches. The 

intensity of the received signal is the sum of the fields re-radiated by such individual 

scatterers having random orientations and variable electromagnetic properties.

Change in polarisation state was observed to vary from well defined elliptical 

polarisation in the forward region to randomly polarised (depolarisation) in the back 

and side regions. The depolarisation of the incident plane wave passing through the 

vegetation medium is closely linked to the structure of the tree and orientation of its 

constituent elements, as a result of the currents induced in these components. This is 

confirmed by the results obtained for the metallic tree structure, which demonstrated 

increasing depolarisation as the complexity of the structure was increased.

Depolarisation can result in the exchange of energy between the vertically polarised 

(co-polar) and horizontally polarised (cross-polar) signal components, which leads to 

a well-defined elliptical polarisation of the re-radiated wave. This has considerably 

affected the XPD and can provide a well supported explanation for the deep fades 

(nulls) observed in the co-polar signal at specific angular orientations of the tree.

Multipath effects were also observed as a result of the depolarisation measurements, 

especially in the case of the metallic structures, which are expected to result in 

relatively strong reflected and diffracted signal paths. These effects can also 

contribute to fades in the re-radiated signal, although for real trees, such effects are 

weakened by the dielectric properties of leaves and branches, which exhibit more 

absorption and much lower conductivity than metallic structures.
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Results from depolarisation measurements show that depolarisation is a highly 

significant propagation process in vegetation media. The re-radiated signal from the 

side and back of the tree contains a considerably enhanced cross-polar signal 

component, which can assume comparable levels to that of the co-polar component. 

Enhancement was also observed in the forward region, which results in considerable 

reduction in the XPD. Clearly these have important implications on the design of 

both terrestrial and satellite radio links whose paths include vegetation. The results 

also show that depolarisation, in addition to absorption and scatter, is an important 

factor formulating accurate models for propagation in vegetation.

Identification of major contributions to the received signal is a rather complex 

process, due to the number and random orientations of the scatterers in the canopy, 

which contribute to overall depolarisation of the transmitted signal. By considering 

different delays encountered by the various propagation modes, impulse response 

measurements can be very useful in the identification and subsequent modelling of 

the dispersive effects arising in vegetation media. These are also useful in the 

wideband characterisation of vegetation influenced radio channels. The direction of 

arrival of the re-radiated signals from a tree canopy in an outdoor environment, using 

channel sounding technique at L-band, was subsequently studied and results are 

presented in the next chapter.
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Chapter Six

Propagation Measurements in Outdoor Environment at 2
GHz

6.1. Introduction

Work presented in chapters four and five has shown that in the region well away 

from the forward region, where incoherent modes predominate due to diffuse 

scattering, re-radiated signal emerging from the tree exhibit random polarisation. 

However, investigations conducted on the metallic tree-like structure with main 

vertical trunk only, revealed a strong evidence of the existence of multipath in this 

region. The multipath observed was attributed to the presence of diffracted and 

reflected modes interfering with a direct component received through side-lobe 

coupling of transmit and receive antennas, resulting in different delays encountered 

by the propagation modes.

Delay measurements have received an increased attention over recent years, because 

of the importance of multipath modes in determining the fast-scale fading effects 

[57]. These effects can be directly related to the impulse response and transfer 

function of the multipath radio channel. Impulse response measurements are very 

useful in the identification and subsequent modelling of dispersive effects arising in 

vegetation media. Several techniques, well known as channel sounding techniques, 

have been extensively reported in the literature for obtaining the channel 

characteristics of a multipath fading radio channel [64]. These may be summarised 

as follows:

a Direct Pulse Method - A narrowband RF impulse is launched into the 

channel and all 'echoes' are received and compared to the original 

impulse [65]-[67]. Despite the relatively simple equipment required, this
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time domain technique suffers from certain shortcomings such as noise 
influence and limited bandwidth.

a Spread Spectrum Sliding Correlator Method - A maximal length 
pseudonoise (PN) code modulates the carrier, which is launched into the 
channel. At the receiver, the code is demodulated and correlated with an 
identical code, but having a slightly lower rate. As the codes sweep past 
each other, the receiver traces out the correlation function, which is an 
estimate of the power delay profile [68]-[75].

a Swept Frequency Method - Equivalently, the wideband time-domain 
representation can also be determined by measuring the frequency 
response of the channel. This is a frequency domain technique normally 
requiring a vector network analyser (VNA). A band of swept frequencies 
is launched into the channel and the received frequency components are 
then compared to the transmitted frequencies through the VNA. 
Subsequently, the impulse response of the channel is obtained by 
applying the inverse Fourier transform (IFFT) to the transfer function of 
the channel [76]-[79]. A shortcoming of using a network analyser is the 
need for a synchronisation cable between transmitter and receiver, which 
limits its use in indoor or short outdoor radio paths only. The system is 
also influenced by noise and limited bandwidth.

Motivated by the development of third generation of mobile radio communication 
systems, which covers the 1.7 GHz to 2.7 GHz frequency band, a 2 GHz frequency- 
domain swept channel sounder was developed for short-range outdoor radio 
channels. The system was based upon the VNA swept frequency technique. A 
detailed description of the 2 GHz channel sounder is provided in chapter three. 
Studies utilising the 2 GHz frequency band were performed on a mature deciduous 
tree in order to characterise the complex propagation modes arising from a single 
tree. Measurement campaigns were conducted in Autumn/Winter and 
Spring/Summer on the same tree in a natural setting. The results of an investigation 
of the time domain (impulse response) received signal at various positions around the 
tree for both the co-polar and cross-polar components are presented in this chapter. A 
discrete mathematical model was used to compute the total, mean and runs delay 
spreads of the power delay profiles, for both foliated and de-foliated states of the
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tree. Different thresholds were used with respect to the peak line-of-sight component 

and results obtained are discussed. Seasonal variations and the effects of leaf 

movement, due to the wind incident on the tree, on the channel characteristics were 

also investigated.

A ray-tracing tool was developed to assist in the identification of the direction-of- 

arrival (DOA) of individual contributions from different regions of the tree canopy, as 

a function of receiver angular position around the tree. The analysis tool considered 

ground reflections, direct coupling between transmitting and receiving antennas, and 

the physical dimensions of the mature deciduous tree under investigation.

6.2. Model Development

The complex impulse response (CIR) is a wideband channel characterisation, which 

offers a complete description of the time-variant propagation radio channel 

characteristics [64]. hi a multipath environment, the radio signals are received via a 

scattering mechanism caused by the individual components in the canopy, resulting 

in multiple propagation paths with different time delays, attenuation and phases of 

the transmitted signal. The CIR of a multipath channel can be modelled 

mathematically in the time domain as [57],

h(t,r)= £aI.(rT)e^O<P(r > rMf--r1.(r)) (6.1)
i=0

where N(t) is the total possible number of multipath components received, a,-(r,r) 

and TI (t) are, respectively, the real amplitudes and excess delays of the /"' multipath 

component at time t. The <£(f,r) is the phase term of a single multipath component, 

and £(f-r,.(f)) is the unit impulse function which determines the specific multipath 

component at time t and excess delay r; . The behaviour of the channel can be 

described in terms of rms delay spread, the total and mean excess delay, and the
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probability of occupancy of a certain delay time of the power delay profiles (POP). 

These parameters provide an insight into the physical mechanisms in single trees.

6.2.1. Power Delay Profile

The power delay profile is the mean-square impulse response defined by Eq. 6.2, 

which represents the relative received power as a function of excess delay with 

respect to a fixed time delay reference, as shown in Figure 6.1.

(6.2)

P(t)
Six Multipath Components 

( / =1 to 6)

Mean c

•* ——— 

:lay,T

Tot I excess

-^

ielay ——— >•

—— te~
Excess delay, I 

Figure 6.1- Illustration of a Power Delay Profile of a CER

6.2.2. Delay Spread Parameters

6.2.2.1. Excess Delay

The excess delay is defined as the delay of any component with respect to the first 

detectable component arriving at the receiver at TU = 0. Subsequently, the total 

excess delay is the difference between the delay of the first and last arriving n 

multipath component. The mean excess delay (f) is the first moment of the POP, 

which is the delay corresponding to the "centre of gravity" of the profile, as defined 

in [7], and given in Eq. 6.3.
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N-l N-J

(63)
i=0 i=0

where PT =2.P(^ l ) (6.4)
i=0

6.2.2.2. RMS Delay Spread

Consequently, the rms delay spread aT , is the square root of the second central 

moment or spread of the PDF, given by Eq. 6.5. Typical values of ox are of the

order of microseconds in outdoor environments [64]. However, in the present study, 

due to the short distances between transmitter and receiver antennas, these values are 

of the order of nanoseconds.

o,=Vx'-r = J-r-2^K- T (6-5)
V "y /=0

N-l N-l

N-l—— 4—j ' i ^^ *• ' ' i i N-l

where T 2 = -^—— = ^———— = — X^,K (6.6)
p/T \ ' r <=o

;=o

Only multipath components with power exceeding some predefined threshold should 

be used in the equations defined above. The noise threshold is a means to 

differentiate between multipath components and thermal noise. A high threshold 

results in some genuine multipath components being discarded, whereas a low 

threshold can lead to an overestimation of their number as noise will be processed as 

multipath. The latter gives rise to erroneous values for the parameters described 

previously. At least 3 dB threshold above the noise level is usually recommended 

[72] in the computation of aT and f.

6-5
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6.2.3. Direction of Arrival of Multipath Components

A physical model for propagation modes arising from a tree illuminated by a 
incident plane wave was developed based on measurements of the channel 
characteristics. This was carried out at the level of the individual multipath 
components, in particular, by separating the multipath waves using their different 
propagation delay times and direction of arrival. Scatterers comprising leaves, 
branches and the trunk, are assumed to lie in the plane which includes the transmit 
and receive antennas. Therefore, only the azimuthal plane (XOY-plane) was used in 
the computation of directions of arrival of the various multipath contributions. If 
single scattered paths are considered in the canopy, then all scatterers associated with 
a certain path length can be located on an ellipse with the transmitter and receiver 
placed at its foci [80]-[81], as shown in Figure 6.2.

i+2lres

Figure 6.2 - Path of geometry for a single scattering of the canopy.

Considering a line of sight path between transmitter and receiver, the time of arrival 

of the first (direct) component is given by T0 . In Eq. 6.7, c is the speed of light

(c = 3xWfi ms~'), and d0 is the distance between antennas at <|) = 0° , given by Eq. 

6.8.
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I0 =d0 /c (6.7) 

d0 = r, + r2 (6.8)

As reported in [80], all scatterers giving rise to single components arriving at the 

receiver between T and T + T re,, will lie in the region bounded by two confocal 

ellipses. The inner edge of this region is defined by an ellipse with parameter at and 

b{ defined in Eq. 6.9, and the outer edge by the ellipse with parameters a 2 and b2 

defined in Eq. 6.10. This region is illustrated in Figure 6.2 by the shaded area 

between the two ellipses. Path delay T res , is the measuring system finite time

resolution. Many waves often reach the receiver within a delay shorter than the 

resolution. Therefore, multipath components arriving with time intervals smaller 

than the measurement system's resolution time, cannot be resolved as contributions 

from distinct paths, and will be detected as a single signal component. The model 

takes the vector sum of these unresolvable multipath components and considers it as 

a single signal component. This is in agreement with the time axis of the POP, where 

each time interval t ( , also called bin, is a multiple of T res . Each bin is assumed to 

contain either one or no multipath component.

= cx0 12 and bl = ^a]-(d0 /2}2 (6.9)

a2 = c(t0 + t res )/ 2 and b2 = Ja22 -(d0 /2)2 (6. 10)

The major difficulty in the formulation is to determine point Tl of the ellipse for all 

possible multipath delays T. received, at each position ()> of the receiver. This is 

necessary to determine the location of significant scattering areas within the canopy 

of the tree. Figure 6.3 shows that for a particular position of the receiver 0, a 

suitably scaled ellipse of each multipath delay can be produced in the form of a map 

overlay on the measurement geometry. In principle, this technique is assumed to be 

suitable for determining the significant single scattering or scattering areas of the tree 

canopy, and their contributions to the multiple scattering process discussed 

previously in chapter four.
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{a2 ,b2 }

4> = -90"

Figure 6.3 - Path of geometry for a single scattering Tt of the canopy with receiver at
location § = -45° .

A more generalised scaled diagram is shown in Figure 6.4, which will serve the basis 

to determine the position of point Tt of each possible confocal ellipse around the 

tree, based on the measured multipath delays. Assuming that the distance between 

transmitter and receiver dc , varies with the position of the receiver as shown in

Figure 6.4, and that p, = p 2 \, then the distance h will coincide with the minor axis 

b of the ellipse produced. The distance dc corresponds to the direct coupling 

between antennas, providing that these are placed at same height, as shown in Figure 
6.4. Although the antenna is always pointing to the centre of the tree, the relatively 
wide beamwidth of the receiving antenna allows for the coupling which, apart from
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the regions behind the tree, mostly results in a signal received via the antenna side 

lobes. Particularly at location 0 = 0° of the receiver, dc , given by Eq. 6.11, becomes 

equal to d0 . Therefore, bl and b2 will be replaced by Eq. 6.12 and 6.13, 

respectively.

cos ( (6.11)

Transnu 
Antenn1

eceiver 
Antenna

Figure 6.4 - Geometry for determining the position of points Ti of the canopy as a
function of receiver position <|).

(6.12)

(6.13)
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Figure 6.5 - Simulation of the direct coupling path length dc as a function of 
receiver position (]), for rt — 8m and r2 — 6.64m .

After extensive manipulation of the geometry presented in Figure 6.4, a simplified 

expression is proposed for the co-ordinates of point Tt given in Eq. 6.14 and 6.15, 

for (|)< 0° and $ > 0°, respectively.

i-n "•Tt• = x
'

O-r I , • I——cosa-rj +/zsma|

=x

2 
' d

+ y dc . I | —^sma + ncosa

h sin a dc • fc —^-sma-ft
2

cos a

(6.14)

(6.15)

a in both equations, is defined as the angle measured counter clock-wise from a line 

drawn between the receiver at § = 0° and the transmitter to the line drawn when the

receiver is moved around the tree, i.e. when d c < d0 . This angle may be given as a 

function of rotational angle of the receiver <|), as shown in Figure 6.4, and takes the 

form of Eq. 6.16.

. a = sin (6.16)
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These equations were derived under the assumption that only multipath contributions 

from the tree were received at each position of the receiver, by using directional 

antennas, in addition to the direct coupling between antennas and ground reflection 

contributions. Therefore, either the lower or the upper part of the ellipse can be 

discarded, for the case when <])< 0° or §>0°, respectively. However, for the case 

when the transmitter is aligned with the receiver at 0 = 0° , as shown previously in 

Figure 6.2, both parts of the ellipse are considered in the computation. 

Implementation of the model is described in the next sections.

6.2.4. Ground Reflection

Contributions from ground reflection may also be present in the received signal at 

certain angular positions of the receiver, due the to the relatively wide beamwidth of 

the receiving antenna in the elevation plane. The method of images [64] is used to 

find the path length of the ground-reflected path ( d „ ), assuming perfect ground

reflection, as shown in Figure 6.6. The model takes the form of Eq 6.17, where d is 

the distance between the transmitter and receiver, and hf and hr are the height of 

transmitter and receiver antennas, respectively. Providing that both antennas are 

placed at same height, then distance d will correspond to the direct coupling path 

length, as described previously. Eq. 6.18 gives the path length of the ground 

reflected path in terms of r} and r2 which are respectively, the distances from the 

transmitter and receiver to the tree, and <|) is the angular position of the receiver. 

Having established the path length formulation of the line-of-sight (direct coupling) 

and the ground reflected paths, their path delay may then be determined using Eq. 

6.7 and superimposed on the power delay profile of the scattered signal around the 

tree. This will assist in the identification of the major contributions to the multipath- 

received signal. Figure 6.7 shows both simulated direct coupling (ic ) and ground 

reflection (!„) path delays. These were intentionally offset by 6.6(6) ns,
o

corresponding to the 2 m reference point, providing normalised path delays.
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Tx

Figure 6.6 - Method of images used to find the path length of the ground reflected 
path based on the measurement geometry.

dg =

dg = ^(hf + hr }2 + d 2

+hr }2 + (r/ + r2 cos([))2 + (r2 si

(6.17)

(6.18)
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Figure 6.7 - Simulation of the normalised direct coupling (T C ) and ground reflection 
(I ) path delays, as a function of the receiver position § , for r, = 8m and

r, = 6.64m.
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6.3. Measurement Procedure Description 

6.3.1. Measurement Environment

A deciduous mature tree was identified for tests in an appropriate site at Tredegar 

Country Park, in Newport, as described in section 3.4 of chapter three. The tree has 

an average height of 9 m and a trunk width of 0.4 m with foliage spread of 6m 

covering the top 8 m of the tree height. Its leaves have an average of 10 cm length 

and 5 cm width. Measurements were conducted for both foliated and de-foliated 

states of the tree. A photograph of the experimental scenario is given in Figure 3.17 

for the tree in-full-leaf and out-of-leaf.

6.3.2. Concept of the Measurement

The wide-band time domain representation of the re-radiated signals from a tree, was 

determined by measuring the frequency response of the channel. A detailed 

description of the characteristics of the frequency-domain swept channel sounder 

used in the experiments, is provided in section 3.2.1 of chapter three. However, a 

brief summary of some of its relevant characteristics is reiterated here to emphasise 

their importance in the subsequent analysis. The main component in the system is a 

HP8714C economy VNA, which performs the frequency domain transfer function 

( S2l parameters) by sampling the channel at uniformly spaced frequencies between 

1720 and 2000 MHz . The complex transfer function of a multipath radio channel in 

the frequency domain can be written as in Eq. 6.19, where cc, is the individual 

amplitude and delay of the multipath components [76].

N-l

£a/«?~M (6.19)
1=0

The measurement bandwidth determines the resolution of multipath components 

with respect to different delays to resolve significant multipath components.
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However, good compromise is necessary between bandwidth (and hence time 

resolution), and the sweep time, without violating the sampling theorem [82]. This is 

because of the time-variant channel due to wind movement of leaves and branches in 

the canopy, induce a time varying Doppler shift in the multipath components 

[57] [64]. In order to overcome this effect, a fast sweep time is desirable by reducing 

the number of frequency steps, without sacrificing the time resolution and excess 

delay range in the time domain. A bandwidth of 280 MHz with a step size of 350 
KHz was used in the experiments, that resulted in a time domain resolution of 

around 3.57 ns and a time profile that is 1.428 \JLS in length. This time resolution is 

equivalent to a spatial resolution of 1.07 m, i.e. a minimum detectable path 
difference between two multipath components. With 801 complex data points 

obtained for each profile and an average factor of 16, a total sampling sweep time of 
489 ms was achieved. However, by decreasing the number of data points to 101, a 

total of 64 ms sweep time was obtained. In addition, all measurements were 
conducted on a calm day or force '0' in the Beaufort Wind Scale. The scale is a series 

of numbers from 0 to 17 that indicate wind speed. Wind speed was assumed to be 

v wind < 0-4 ms"1 throughout most of the measurement periods, causing a maximum 

Doppler shift of v ds_max = ±5.33 Hz for a multipath component at 2 GHz. Thus a

sampling time interval smaller than 93.75 ms was required when taking into account 
the sampling theorem given in (Eq 6.18) [57] [82]. However, by reducing the number 
of points of the frequency sweep to 101 points, a total sweep time of 64 ms was 
achieved. The result of a preliminary investigation conducted to examine the impact 

of the number of frequency points, revealed that it had little or no effect on the CIR.

= 93' 75 ms (6 - 20)2 ds—max J max wind

To mitigate the effect of Doppler shift, 10 consecutive sweep measurements 

(profiles) were obtained for each position of the receiver and these were averaged 

out. Thus, space and time averaged power delay profiles could be measured [83]. 

Due to the rectangular band-limited nature of the measurement data in the frequency 

domain, windowing functions are usually used to provide a good compromise 

between side lobe suppression and main lobe spreading. This is normally done prior
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to conversion to the time domain using discrete Fourier Transformation (IDFT). 

However, it was felt that the desired resolution would not be achieved if a different 

window function, other than a rectangular one, was to be applied to the measured 

data. The latter could cause a decrease of the resolution time, due to the main lobe 

width of the window function, and consequently an increase in the minimum 

detectable path difference between two multipath components. This is because 

several bins falling into the main lobe can not be distinguished, thus making it 

difficult to identify the sources in the tree giving major contributions to the received 

signal. This is important when considering the 6 m foliage spread of the tree. As an 

example, a Hamming window has a 6 dB main lobe width of 1.81 bins, which 

reduces the number of bins of the PDF by a factor of 1.81, resulting in a resolution 

time of 6.46 ns. Similarly, a 3-term Blackman-Harris window has a main lobe width 

of 2.3 bins [76], reducing therefore the resolution time down to 8.21 ns.

6.3.3. Measurement Procedure

All measurements were performed on the single tree identified for the study, using 

the path geometry set-up of Figure 6.4, for both co-polar and cross-polar components 

of the received scatter signal. The transmitter was kept stationary and at a distance 

r, = 8 m from the centre of the tree. The mobile receiver station was made to move 

around the tree in the angular range of -135°<c))<+1350 in discrete increments of 

5°. The rotation path was circular of radius r2 = 6.64 m, during which the receiver 

was kept stationary while acquiring the measurement data. Figure 6.8 shows a 

photograph of the measurement set-up with the receiver at <)) = 0° . The camera was 

looking at the tree from the position (() = —45° of the receiver location. The switching 

between the co-polar and cross-polar modes was performed manually, with the help 

of special mechanical rigs, by rotating the receiving horn antenna by 90° around its 

horizontal axis. The same response calibration was used for the two measurements, 

as described in section 3.2.1.4 of chapter three.
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Figure 6.8 - Photograph of the measurement set-up with transmitter and receiver
aligned on either side of the tree.

6.4. Experimental Results

For an ideal radio channel, the magnitude of the transfer function should be flat over 

the swept frequency band and the phase should be linear [64]. However in a 

multipath environment, the received signal is distorted due to the multiple versions 

of the transmitted signal arriving at the receiver, which are attenuated and delayed in 

time. This time dispersion in the channel causes certain frequencies components of 

the complex transfer function (CTF) to have greater gains than others, creating 

frequency selective fading on the received signal. In this subsection, results from 

various measurements on the isolated tree are given in terms of the CTF, for both 

foliated states of the tree canopy. As outlined above, a total of 10 CTFs were 

obtained at all measurement points. Examples of these are given below for both 

polarisation states of the received signal.
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6.4.1. Co-polarised Transfer Function Measured Results

In addition to the observed signal behaviour described in chapters four and five, 

which addressed the issues of attenuation, scatter and depolarisation mechanisms, 

multipath seems also to be present in the re-radiation functions of single trees. In 

Figures 6.9 and 6.10 are presented the measured CTF of the relative co-polar 

received signal. Results are expressed in terms of the received power for each 

frequency point of the swept measurement, over the rotation angle of the receiver (j). 

The intensity of the received signal is expressed in the form of a colour map, with 

the brighter colours representing higher signal levels. With respect to these figures, 
multipath effects become visible at most positions of the receiver. Visual observation 

of the measured data shows that degradation of the signal becomes clearer in the 
regions away from the boresight of the antennas. This may be explained by the 
diffuse scatter of the signal, which, in addition to any direct side lobe coupling of the 
antennas and ground reflection, represents a dominant propagation mode in these 
regions.

50
100

Frequency, MHz
1750

-10

-30

-35

1-40 

dBf
Angular Rotation of the receiver,'

Figure 6.9 - Frequency domain transfer function of the co-polar scatter measurement 
for tree in full leaf, as a function of receiver rotation angle <(>.
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Figure 6.10 - Frequency domain transfer function of the co-polar scatter 
measurement for tree out-of-leaf, as a function of receiver rotation angle $ .

The frequency selective fading effects were also observed to be more significant 

when the leaves were out. It would appear that multiple scattering within the canopy 

is reduced by absorption of the leaves due to their relatively high contents of 

moisture. The gaps in the canopy may explain the small scale fading observed 

especially in the forward region, as shown in Figure 6.9. In the next subsections, 

analysis of the measured results will provide further explanation as to the processes 

encountered in a vegetation medium.

6.4.2. Cross-Polarised Transfer Function Measured Results

Similarly CTF measurements were obtained for the cross-polar component of the 

received scatter signal. Experimental results are shown in Figure 6.1 1 and 6.12, for 

both in-leaf and out-of-leaf states of the tree canopy, respectively. They clearly 

indicate a relatively high degree of depolarisation, as one may observe by looking at 

the relatively high signal levels of the cross polar component, especially in the out of 

leaf case. Analysis of the results will be provided in the next sections.
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Figure 6.11- Frequency domain transfer function of the cross-polar scatter 
measurement for tree in-full-leaf, as a function of receiver rotation angle 0 .
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Figure 6.12 - Frequency domain transfer function of the cross-polar scatter 
measurement for tree out-of-leaf, as a function of receiver rotation angle $ .
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6.5. Analysis and Discussion of Results

6.5.1. Wind Effects

Each measurement was repeated several times to check repeatability and hence to 

characterise the effects of the foliage movement due to the wind in the received 

signal level. All measurements were performed on a calm day, assuming wind 

speeds below 0.4 ms" 1 . Figures 6.13 to 6.16 show the standard deviation (a) of the 

received signal level of the CTF around its mean, for each position of the receiver. 

Results are presented for both co-polar and cross-polar components in both foliated 

states of the tree canopy. The variation observed is attributed to wind induced 

movement of the large number of branches of various lengths and leaves with 

different orientations, which vibrate at different natural frequencies. Of special note 

is the forward region of the co-polar scatter signal, which is characterised by a 

relatively small value of the standard deviation below 1 dB. This is in good 

agreement with results obtained in [84], which suggested a maximum variation of 

the signal level of 1.12 dB at 2 GHz, for wind speeds up to 20 knots, hi regions away 

from the boresight of the antennas, the standard deviation was observed to increase 

progressively as the receiver was made to rotate around the tree. Higher variation 

was observed however, for the tree in full leaf (see Figure 6.13), with peak variations 

of 8 dB when compared to 6 dB for the case of the tree out-of-leaf (see Figure 6.14). 

Leaves are expected to vibrate at higher natural frequencies than the branches, due to 

their smaller physical size. This may explain the effects of leaf movement on the 

received co-polar signal level, especially in the regions between —100°< 0 < —50° 

and 50° < <j) < 100°, where the dominant mode is the diffused scatter signal re- 

radiated from the tree.

Interestingly, the cross-polar component yielded a completely different behaviour 

from the co-polar component. The effects of depolarisation were more visible when 

the leaves were out (see Figure 6.16), as expected due to currents induced in the 

branches which re-radiate the signal in random directions. These signals experienced 

further attenuation in the case when the tree was in-full-leaf, due to absorption by the
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leaves, which results in reduced variability of the received signal, as observed in 

Figure 6.15. In general, the amplitude spread of the measured frequency points of the 

10 consecutive CTFs, obtained at each location of the receiver, can largely be 

attributed to the movement of canopy elements caused by wind.

1850 50
100

1800

Frequency, MHz
1750 -100

-50

Angular Rotation of the receiver, °

Figure 6.13 - Effect of the wind on the received co-polar scatter received signal for 
tree in-full-leaf, as a function of receiver rotation angle <|>.
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Figure 6.14- Effect of the wind on the received co-polar scatter signal for tree out- 
of-leaf, as a function of receiver rotation angle <t>.
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Figure 6.15 - Effect of the wind on the received cross-polar scatter received signal 
for tree in-full-leaf, as a function of receiver rotation angle 0 .
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Figure 6.16- Effect of the wind on the received cross-polar scatter signal for tree 
out-of-leaf, as a function of receiver rotation angle § •

6.5.2. Time Domain Analysis of the Average Power Delay Profiles

6.5.2.1. Co-polar Analysis

The time dispersion of the channel due to multipath was characterised by statistical 

parameters calculated from the complex impulse response obtained at each 

measurement location. According to the chosen characteristics in the frequency 

domain, the time profile was 1.428 (o.s in length. However from the measured 

results, the arrival times of multipath components did not exceed 200 ns, and 

therefore only the first 100 bins (each of 3.57 ns) were considered in the 

computation. All profiles were carefully examined to ensure that no significant 

multipath components arrived after the range resolution. In Figures 6.17 and 6.18 

and Figures 6.18 and 6.19 are shown the measured averaged power delay profiles of 

the received co-polar component, for both in leaf and out-of-leaf foliated states, 

respectively. These are expressed in terms of the average received power of each
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delay bin, as function of receiver rotation angle. A colour map was also used to 

display the intensity of the average relative power in each bin, which is displayed 

along side each graph. For each PDF obtained, a set of two graphs are displayed: one 

showing the 3-dimensional representation of the PDF, and the other showing its 2- 

dimensional form. The latter provides a good indication of the multipath processes 

occurring due to the tree, at different locations of the receiver.

Long tails were observed at specific locations of the receiver, especially in the 

transitional regions, defined as -60°<())<:-20° and 20°«t><60°, where the 

received signal is a combination of direct coupling between antennas and the scatter 

from the tree. In the forward region only a few peaks were detected in the measured 

power delay profile. This is due to the path length difference between the direct and 

scatter from the tree, which becomes comparable to the spatial resolution of the 

measurement system, and therefore, some genuine multipath contributions may 

become unresolved. In the forward region it is assumed that all contributions emerge 

from the tree. The amplitude of the multipath components, therefore, are attenuated 

by their path length travelled from the transmitter to the receiver, in addition to the 

excess loss caused by the tree. Particularly at position § = 0° of the receiver, an 

amplitude of -10.3 dB was recorded, which was about 6 to 7 dB above its 

corresponding free space level in the absence of the tree in the radio path. This 

enhancement of the co-polar signal level indicates that the received signal is the sum 

of different contributions (rays) at any one position of the receiver. Similar 

behaviour was observed for both foliated states of the tree, as shown in Figures 6.18 

and 6.20.

In the regions away from the boresight of the antennas, the path length difference 

between the direct and scatter rays from the tree is much greater than the spatial 

resolution, thus enabling us to identify the major multipath contributions from the 

tree. Although ground reflection and direct coupling between antennas were also 

considered in the received signal, their signal levels were however, significantly 

attenuated by the transmit and receive antenna radiation patterns.
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Figure 6.17 - A 3-dimensional plot of the average power delay profile of the received 
co-polar scatter signal for tree in-leaf, as a function of receiver rotation angle <|>.
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Figure 6.18 - A 2-dimensional plot of the average power delay profile of the received 
co-polar scatter signal for tree in-leaf, as a function of receiver rotation angle 0.
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Figure 6.19 - A 3-dimensional plot of the average power delay profile of the received 
co-polar scatter signal for tree out-of-leaf, as a function of receiver rotation angle § .
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Figure 6.20 - A 2-dimensional plot of the average power delay profile of the received 
co-polar scatter signal for tree out-of-leaf, as a function of receiver rotation angle 0 .
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Delay spread analyses were performed on the average power delay profiles presented 

above, in order to give an estimation of the time dispersive properties of the 

vegetation channel [64]. Parameters of these analyses were described previously in 

section 6.2.2. The total and mean excess delays and the rms delay spread were 

computed at all 54 measurement locations of the receiver, for both foliated and 

defoliated states of the tree. Three predefined thresholds were used in the 

computation to differentiate between genuine multipath components and thermal 

noise. These were 18 dB, 15 dB and 12 dB lower than the maximum component 

signal level observed of about -10 dBf. However, in order to maintain consistency in 

the thresholds used throughout the analyses, it was decided to reference these 

thresholds with respect to the noise floor of the CIR, which was observed to be at -35 

dBf. Thus, the thresholds were re-defined for convenience to be -28 dBf, -25 dBf and 

22 dBf, giving in the worst case scenario a 7 dB threshold above the noise level. This 

was well above the 3 dB minimum threshold margin recommended in [72].

Evaluation of the total excess delay from the average power delay profiles for both 

in-leaf and out-of-leaf scenarios are shown respectively in Figures 6.21 and 6.22. 

This parameter defines the temporal extent of the multipath that is above the 

threshold specified [57]. Results show that the severity of the multipath channel 

depends highly on the threshold applied. This is to say that the total excess delay 

values increase, as the threshold becomes closer to the noise level. Despite their 

amplitudes, a general similar trend for all thresholds computed may be discerned 

over the angular rotation of the receiver. A best fit to the data was performed to 

enhance this trend, which was superimposed on each plot.

Three distinct regions (as identified in previous chapters), were also identified here 

from the analysis of the processed results. Statistical analyses of the processed 

results were applied to each region of interest. These were obtained in terms of 

cumulative distribution function (CDF) for each threshold applied over the rotation 

angle of the receiver.

The back and side region is characterised by relatively small values of the total 

excess delay, varying significantly at certain positions of the receiver. The computed

cumulative distribution function (CDF) of the delay in this region shown in Figure
——————————— .__ .^.__._
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6.27, revealed that for 90% of the time (with the tree in full leaf), the total excess 
delay is below 25.77 ns for a threshold of -25 dBf. This value is smaller than that 
corresponding to 31.93 ns for the case when the tree is out-of-leaf, as shown in 
Figure 6.28. The computed results suggest relatively higher values of the total excess 
delay when the leaves are out. This is also true for the transitional and forward 
regions of the scattered signal. However, in the transitional region much higher 
values were noted for the total excess delay, which is explained by the presence of 
both directly coupled and scatter components arriving from the tree.

Similar analyses were performed to determine the mean excess delay and the rms 
delay spread of the average power delay profiles, which are good indicators of the 
signal degradation as it propagates through the single tree. Computed mean excess 
delays are presented in Figures 6.23 and 6.24 for both foliated states. In the same 
way, Figures 6.25 and 6.26 present the rms delay spread of the power delay profile. 
Consequently, their statistical analyses in terms of CDF are given in Figures 6.27 to 
6.32. These delays were measured relative to the first detectable multipath signal 
above the predefined threshold. The relative powers and their delays of the multipath 
components were considered in the computation of Eqs. 6.3 and 6.5. However, the 
rms delay spread only depends on the relative path delays, and hence, it is 
independent of the path length and the mean delay. Thus, in some cases it may give 
an incorrect evaluation of the severity of the multipath channel, for instance, in the 
case of long tails with very low power. This is the case in the transitional region in 
the full-leaf case, where statistical analysis show that for a threshold of -28 dBf, the 
rms delay spread is below 17.32 ns for 90% of the time. In this case, it may be useful 
to relate the severity of the multipath channel to the total excess delay of the power 
delay profile, which gives a delay below 98.94 ns for 85.82% of the time. A 
summary of the results in terms of CDF is provided in Table 6.1. This table includes 
also results for other thresholds used.

In general, three distinct behaviours were observed for the delay spread analyses in 
the regions identified above, over the range of angular rotation of the receiver around 
the tree. Such behaviours are strongly correlated to the results obtained in both 
chapters four and five, which may be outlined as follows:
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(i) Forward scatter region. In the region characterised by the strong 

forward scatter signal as predicted by the RET theory, the computed 

delay spread values were observed to be relatively small. This was 

due to the limited spatial resolution of the measurement system and 

hence, signal components with differential delays less than the time 

resolution could not be resolved and were detected as single 

components. Most of the signal components experienced absorption 

and attenuation caused by the tree, and therefore, non-line of sight 

propagation was assumed, except in the case where large gaps existed 

in the canopy. The dispersive effects of the single tree in this region 

were observed to be more severe when the leaves were out. The delay 

spread parameters were in most cases twice as high as in the foliated 

state (see Table 6.1). Such behaviour of the delay spread parameters 

suggests that leaves play an important role in the propagation modes, 

exercising a strong influence on the received signal level and 

subsequently, on wideband channel performance.

(ii) Transitional scatter region. In this region, the received signal is 

gradually changing from one dominated by the coherent component 

to that mostly scattered from the tree, defined in chapter four by the 

diffused scatter component. High spatial fluctuations in the delay 

spread parameters were observed in this region, particularly in the 

total and mean excess delays, indicating a relatively large number of 

scatter components arriving at the receiver. This was due to the 

possible direct coupling of the antennas, exhibiting a higher line-of- 

sight signal contribution, in addition to the scatter contributions from 

the tree. Although a considerably large number of multipath 

components were observed here, their influence on the channel 

performance was indicated by the computed rms delay spread to be 

not as significant, as initially thought. This is confirmed by computed 

values ranging between 6.45 -17.32 ns (depending on the threshold 

applied) in the case of the foliated state (see Table 6.1). Of special 

note are also the computed delay spread parameters for the case of 

out-of-leaf scenario, which yielded similar results to those obtained in
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the case with leaves. These confirm the results discussed in chapter 

four.

(iii) Back and side scatter region. This region is mostly dominated by 

the signal re-radiated from the tree (incoherent component), in 

addition to any possible contribution from coupling between antennas 

via a side lobe, which in turn is relatively much reduced by the 

antennas directivity. The same is also applicable to contributions from 

ground reflection, investigated further in subsequent sections. Spatial 

fluctuations of the delay spread were also observed in this region, 

especially when the receiver was moved further towards the back 

scatter areas of re-radiated signal, defined by <))< -90° and § > +90°. 

A common trend can be clearly observed in all computed results (see 

Figures 6.21 to 6.26), indicating the strong backscatter from the tree. 

The scattering process was however enhanced in the out-of-leaf case, 

with delay spread parameters assuming relatively higher values, 

compared to the in-leaf situation.

The effects of depolarisation were also assessed by performing the same analysis on 

the measured average delay profiles of the cross-polar received signal, as a functions 

of angular rotation of the receiver. Results are presented and discussed in the next 

section.
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Figure 6.21 - Total Excess Delay of the power delay profile of the received co-polar 
scatter signal for tree in-full-leaf, as a function of receiver rotation angle $ .

140

120

-28-dBf Meas
-28-dBf Fit
-25-dBf Meas
-25-dBf Fit
-22-dBf Meas
-22-dBf Fit

-100 -50 0 50 
Angular Rotation of the Receiver, -

100

Figure 6.22 - Total Excess Delay of the power delay profile of the received co-polar 
scatter signal for tree out-of-leaf, as a function of receiver rotation angle <>.
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Figure 6.23 - Mean Excess Delay of the power delay profile of the received co-polar 
scatter signal relative to different thresholds, for tree in-full-leaf, as a function of

receiver rotation angle $ .

-28-dBf Meas
-28-dBf Fit
-25-dBf Meas
-25-dBf Fit
-22-dBf Meas
-22-dBf Fit

-100 -50 0 50 
Angular Rotation of the Receiver, °-

100

Figure 6.24 - Mean Excess Delay of the power delay profile of the received co-polar 
scatter signal relative to different thresholds, for tree out-of-leaf, as a function of

receiver rotation angle 0 .
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Figure 6.25 - RMS Delay Spread of the power delay profile of the received co-polar 
scatter signal relative to different thresholds, for tree in-full-leaf, as a function of

receiver rotation angle 0.

-100 -50 0 50 
Angular Rotation of the Receiver, '

100

Figure 6.26 - RMS Delay Spread of the power delay profile of the received co-polar 
scatter signal relative to different thresholds, for tree out-of-leaf, as a function of

receiver rotation angle <t>.
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Total Excess Delay

Figure 6.27 - CDF's obtained of the total excess delay of the power delay profiles of
the co-polar signal, for back and side scatter region (left graph), transitional (middle

graph) and forward (right graph) regions, when the tree is in-full-leaf
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Figure 6.28 - CDF's obtained of the total excess delay of the power delay profiles of
the co-polar signal, for back and side scatter region (left graph), transitional (middle

graph) and forward (right graph) regions, when the tree is out-of-leaf.
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Figure 6.29 - CDF's obtained of the mean excess delay of the power delay profiles of
the co-polar signal, for back and side scatter region (left graph), transitional (middle

graph) and forward (right graph) regions, when the tree is in-full-leaf.
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Figure 6.30 - CDF's obtained of the mean excess delay of the power delay profiles of
the co-polar signal, for back and side scatter region (left graph), transitional (middle

graph) and forward (right graph) regions, when the tree is out-of-leaf.
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Figure 6.31 - CDF's obtained of the RMS delay spread of the power delay profiles of
the co-polar signal, for back and side scatter region (left graph), transitional (middle

graph) and forward (right graph) regions, when the tree is in-full-leaf.

Figure 6.32 - CDF's obtained of the RMS delay spread of the power delay profiles of
the co-polar signal, for back and side scatter region (left graph), transitional (middle

graph) and forward (right graph) regions, when the tree is out-of-leaf.
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Delay Back and Side Region
Param. Leaf

(ns) State -28 -dBt -25-dBt -22-dBt

Total

(ns)

Mean
L ACt 3o

(ns)

RMS
Spread

(ns)

In 45.34 25.77 15.27

Out 51.55 31.93 17,65

In 23.61 13.14 7.29

Out 28.06 18.78 8.70

In 9.98 7.20 5.76

Out 10.53 8.67 6.49

Transitional Region Forward Region

-28 -dBl -25-dBf -22-dBt -28-dBt -25-dBf -22-dBf

98.94' 51.39 27.28 43.06 15.60 9.11

109.62 63.41 28.59 75.53 37.96 17.13

47. 50 2 26.06 13.68 19.81 8.47 3.86

45.78" 28.11 14.26 33.31 17.59 8.86

17.32 10.18 6.45 7.22 3.49 2.59

19.01 11.52 6.31 12.04 7.21 4.05

Table 6.1 - CDF for 90% of the Total Excess Delay, Mean Excess Delay and RMS
Delay Spread of the co-polar received signal in the regions around the tree for both

in-leaf and out-of-leaf states of the tree foliage.

6.5.2.2. Cross-polar Analysis

Assuming there was no tree in the radio path, the cross-polarised received signal 

would be very small and close to the noise floor, indicating virtually no 

depolarisation occurring in the channel. However, when considering the tree in the 

radio path, the effects of depolarisation becomes evident by the enhancement of the 

cross-polar signal level. In some cases, the depolarisation causes the received signal 

to exhibit a random polarisation state. Although this issue was mostly addressed in 

chapter five, wideband analysis of the CIR obtained for the cross-polar received 

signal provides an indication of the dispersive effects caused by the tree, which 

reduces considerably the opportunity for deploying a dual polarised communication 

system. The average CIR was obtained for both in-leaf and out-of-leaf states of the 

tree, as shown in Figures 6.33, 6.34 and Figures 6.35, 6.36, respectively. For the

Maximum values obtained of the cumulative distribution functions:
1 at 85.82%
2 at 85.66% 
1 at 83.25%
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latter, measurement results were only available for half of the measurement 

locations, i.e. -135°< <\> < 0° . Significant number of multipath components were 

resolved over the angular rotation of the receiver, especially with no leaves in the 

tree. Although their power levels were weaker as expected, i.e. 10-12 dB below their 

corresponding co-polar levels, they were in most cases well above the noise level, 

which was measured to be -35 dBf. Of special note was the large number of 

multipath components observed for the out-of-leaf tree, when compared to the 

number detected with the tree in full leaf. This again confirms that leaves absorb the 

energy re-radiated from the branches and twigs, thereby reducing the scatter from the 

canopy.

A threshold of -28 dBf was applied in the computation of the delay spread 

parameters of the scatter cross-polar average power delay profiles. It would appear 

that a higher threshold would discard many genuine multipath contributions, since 

their relative amplitudes were on average below -20 dBf. Having established the 

threshold, the total and mean excess delay and rms delay spreads were computed for 

all locations of the receiver for both foliated and de-foliated states, as shown 

respectively, in Figures 6.37, 6.38, Figures 6.39, 6.40 and Figures 6.41, 6.42. A best 

fit to the computed analysis was plotted in each graph to assist in the interpretation 

of the results.

In Figure 6.37 the total excess delays computed for the tree in-leaf have shown a 

large fluctuation of their values. This suggests the random weakening and enhancing 
of the multipath components over very small spatial movements of the receiver. The 

results presented in Figure 6.38 for the tree without leaves, shows a rather smoother 

trend over the same rotational movements of the receiver. Leaves play an important 

role in the number of multipath components reaching the receiver. When considering 

their relative powers, the computation of the mean excess delay values (see Figures 

6.39 and 6.40), show a similar trend but reduced in amplitude. The computed rms 

delay spread has shown relatively small values which were below 9 ns for most of 

the times. When considering a higher threshold, most of these results would become 

very small or even zero. CDFs of all computed results are given in Figures 6.45 and
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6.46, respectively for in-leaf and out-of-leaf states of the tree canopy. A summary of 

these results is given in Table 6.2 for the three distinct regions of interest.

The effects of depolarisation were observed to be more severe for the out-of-leaf 

case, except in the transitional region, whose statistics yielded smaller delay spreads. 

Furthermore, the rms delay spread statistical results have shown it to be independent 

of the measurement location, yielding a variation between 5 ns and 8 ns.
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Figure 6.33 - A 3-dimensional plot of the average power delay profile of the received 
cross-polar scatter signal for tree in-leaf, as a function of receiver rotation angle $ .
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Figure 6.34 - A 2-dimensional plot of the average power delay profile of the received 
cross-polar scatter signal for tree in-leaf, as a function of receiver rotation angle <j>.
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Figure 6.35 - A 3-dimensional plot of the average power delay profile of the received 
cross-polar scatter signal for tree out-of-leaf, as a function of receiver rotation angle
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Figure 6.36 - A 2-dimensional plot of the average power delay profile of the received 
cross-polar scatter signal for tree out-of-leaf, as a function of receiver rotation angle
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Figure 6.37 - Total Excess Delay of the power delay profile of the received cross- 
polar scatter signal relative to -28 dBf threshold for tree in-full-leaf, as a function of

receiver rotation angle <]).
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Figure 6.38 - Total Excess Delay of the power delay profile of the received cross- 
polar scatter signal relative to -28 dBf threshold for tree out-of-leaf, as a function of

receiver rotation angle § .
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Figure 6.39 - Mean Excess Delay of the power delay profile of the received cross- 
polar scatter signal relative to -28 dBf threshold for tree in-full-leaf, as a function of

receiver rotation angle 0 .
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Figure 6.40 - Mean Excess Delay of the power delay profile of the received cross- 
polar scatter signal relative to -28 dBf threshold for tree out-of-leaf, as a function of

receiver rotation angle ((>.
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Figure 6.41 - RMS Delay Spread of the power delay profile of the cross-polar scatter 
signal relative to -28 dBf threshold for tree in-full-leaf, as a function of receiver

rotation angle $.
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Figure 6.42 - RMS Delay Spread of the power delay profile of the received cross- 
polar scatter signal relative to -28 dBf threshold for tree out-of-leaf, as a function of

receiver rotation angle <}).
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RMS Delay Spread

Figure 6.43 - CDF's obtained of the total excess delay (left graph), mean excess
delay (middle graph) and rms delay spread (right graph) of the power delay profiles
of the cross-polar signal for back and side scatter region, transitional and forward

regions, when the tree is in-full-leaf.

Figure 6.44 - CDF's obtained of the total excess delay (left graph), mean excess
delay (middle graph) and rms delay spread (right graph) of the power delay profiles
of the cross-polar signal for back and side scatter region, transitional and forward

regions, when the tree is out-of-leaf.

Delay 
Pa ram.

(ns)

Total 
Excess

Mean
Excess

RMS
Spread

Leaf 
State

In 
Out

In 
Out

In 
Out

Back and Side 
Region

23.77
28.32 

10.43
12.85 

6.53
7. .97

Transitional 
Region

29.85
22.84 

14.97
9.37 

7.40
6.99

Forward 
Region

20.95
21.32 

9.91
10.42 

5.44
5.85

Table 6.2 - CDF for 90% of the Total Excess Delay, Mean Excess Delay and RMS
Delay Spread of the cross-polar received signal in the regions around the tree for

both in-leaf and out-of-leaf states of the tree foliage.
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6.6. Modelling Direction of Arrival based on Measured Multipath Delays 

6.6.1. Direct Coupling and Ground Reflection Contributions

The method of elliptical map overlay, as outlined previously in section 6.2.3, was 

used to assist in identifying the contributions of ground reflection and direct coupling 

between antennas to the received scattered signal level. Figure 6.45 shows the 

significance of these contributions for both foliation states of the tree. On the one 

hand, the direct coupling represented by a black line show that in the regions defined 

by 0 < —100" and (p > 100° , its contribution may be discarded, as it falls well below 

the threshold. On the other hand, when outside this region, the direct coupling is 

superimposed on the genuine contributions from the tree, making it difficult to treat 

it separately. In the same way, the ground contribution is most of the times 

superimposed on the contributions from the tree. However, it would appear that its 

relative amplitudes over the angular rotation of the receiver are weakened by the 

directive gain discrimination of both antennas, and thus their contributions may be 

neglected. Of special note is the transitional region where the effects of the direct 

coupling should be treated carefully, as its effects were observed to influence the 

delay spread parameters discussed before. Furthermore, in the case of the out-of-leaf, 

the process of separation becomes even more difficult due to larger number of 

multipath components involved. One may think to eliminate the taps corresponding 

to the ground and direct coupling delay taps, but such approach may discard genuine 

contributions from the tree, which may have similar path delays. In the case of the 

cross polarisation study shown in Figure 6.46, these effects may be totally neglected. 

This is because it is justified to assumed little or no depolarisation occurring from 

either ground reflections or direct coupling. Superimposing these contributions on 

the average PDF was however presented for both cases in Figures 6.45 and 6.46 to 

demonstrate their insignificance in the analysis.
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Figure 6.45 - Theoretical ground reflection (white line '-*') and direct coupling (black 
line '-*') contributions superimposed on the Power Delay Profile of the received co- 

polar scatter signal for tree in-leaf (left) and out-of-leaf (right), as a function of
receiver rotation angle $ .
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Figure 6.46 - Theoretical ground reflection (white line '-*') and direct coupling (black
line '-*') contributions superimposed on the Power Delay Profile of the received 

cross-polar scatter signal for tree in-leaf (left) and out-of-leaf (right), as a function of
receiver rotation angle ty .
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6.6.2. Map Overlay on the Measurement Geometry

The modelling of direction of arrival of different multipath contributions from the 

tree was developed based on their relative path delays. The full development of the 

model was described in section 6.2.3. At first, the genuine multipath contributions 

were identified from the averaged CER and separated from the noise floor by 

applying a predefined threshold. These were then associated with their path delays, 

which formed the basis in the computation of the corresponding ellipse with the 

transmitter and receiver at its foci. The individual scatterers or region of scatterers in 

the tree canopy were then located on the ellipse drawn for each path delay, at each 

measurement location of the receiver, in the form of a scaled map overlay on the 

measurement geometry. Resulting interceptions provided information about the 

significant single scatterer or scatter areas of the tree canopy. Results are presented 

for both foliated states of the tree. The model was also applied to the cross-polarised 

average CIR to investigate the depolarisation mechanisms identified. A constant 
threshold of -25 dBf was applied in the co-polar analysis, whereas a -28 dBf 

threshold was used in the cross-polar study. It was not possible to present all the 

results pertaining to all positions of the receiver, and hence only a few samples of 

each region are presented here. Good insight into the scatter areas of the tree canopy 

can thus be provided.

In Figure 6.47 is shown the position of point T for each possible confocal ellipse at 

certain positions around the tree. This was obtained based on the measured co-polar 
CIR for the tree in-full-leaf. Only two ellipses are shown for each measurement 

location, one associated with the first scatter path delay and the other with the last 

path delay. Interim ellipses were omitted, but their T-points were plotted on the map 

overlay. All scatter path delays therefore were assumed to lie in the region defined 

by any two ellipses. Furthermore, any direct coupling contributions ( i c ) will result 

in an ellipse with a minor axis b =0, i.e. a straight line drawn between transmitter 

and receiver. Visual observation of the map overlay shows that at certain positions of 

the receiver, the ellipses do not intersect the tree canopy, suggesting an internal 

multiple scattering modes occurring within the canopy. This gives rise to multipath
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components arriving with rather longer path delays, which agree with the long tails 
observed in the CIRs, and which consequently impact significantly on their spread 
parameters. The multiple internal scattering was however mostly observed in the 
forward scattering regions, where strong coherent components predominate.

In the regions away from the boresight of the antennas, the scatter from the tree is 
the dominant mode. At shorter path delays, the scattering regions may be clearly 
identified to be the outer boundary of the tree canopy, which consists of a mixture of 
leaves and branches. As the multipath delays increase, these regions will be located 
more into the canopy, until the trunk region is reached. It is believed that after the 
trunk region, the multipath components will experience severe attenuation due to the 
trunk, in addition to the attenuation caused by leaves and branches, and hence very 
weak contributions from these were expected to reach the receiver. The large path 
delays observed which extends beyond the trunk region, were assumed to be caused 
by significant multiple scattering and subsequent dispersion caused by the leaves. 
Results obtained for the out-of-leaf tree, as shown in Figure 6.48, clearly 
demonstrate the dispersive effects caused by the presence of leaves in the canopy, 
which resulted in shorter multipath delays, so thus all the ellipses described around 
the tree fell mostly into the canopy of the tree.

Similar investigation was conducted on the cross polarisation results, as shown in 
Figure 6.49 and 6.50, respectively, for in-leaf and out-of-leaf states of the tree 
canopy. A rather interesting behaviour was observed at positions § = -45° and 

0 = 0° for both foliated states, where a significant scatterer or region of scatterers 

produced a strong cross polarised direct multipath component. This may be 
explained by the lateral diffraction on the outer boundary of the tree canopy, 
aggravated by the oblique inclination of branches, which can lead to a change of the 
polarisation state or even to an almost total depolarisation of the incident signal. 
Multiple cross-polarised scatter contributions were more evident for the out-of-leaf 
tree, especially in the transitional region. Such internal scattering mechanism seems 
to be weakened by the presence of leaves, which highly absorb the cross-polar 

multipath signals.
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The number of multipath contributions observed in each scenario was computed at 

each measurement location. As is clear from Figure 6.51, the number of 

contributions depends very much on the location of the receiver around the tree, and 

also on the foliated states of the tree. The number of occurrences follows the same 

variations of the delay spread paths, with high values at approximately the same 

locations of the delay spread parameters. A significant number of cross-polarised 

contributions resolved above -28 dBf was observed (see Figure 6.51), indicating 

strong evidence of depolarisation occurring in the canopy.

<t) =0° -t x-axis 
Hx

Figure 6.47 - Scaled diagram showing the position of Tf for each possible confocal 
ellipse around the tree based on the measured co-polar multipath delays when the

tree is in-full-leaf.
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Figure 6.48 - Scaled diagram showing the position of T, for each possible confocal
ellipse around the tree based on the measured co-polar multipath delays when the

tree is out-of-leaf.

T y-axis

= o° -* x-axis

Figure 6.49 - Scaled diagram showing the position of T, for each possible confocal 
ellipse around the tree based on the measured cross-polar multipath delays when the

tree is in-full-leaf.
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T y-axis

<t>=0" -.x-axis

Figure 6.50 - Scaled diagram showing the position of 71, for each possible confocal 
ellipse around the tree based on the measured cross-polar multipath delays when the

tree is out-of-leaf.

-50 0 50 
Angular Rotation of the receiver,

Figure 6.51 - Number of multipath components for all measurement scenarios, as a
function of rotation angle of the receiver. Thresholds of 25 dB and 28 dB were

applied for the analysis of the co-polar and cross-polar CIR, respectively.
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6.7. Summary and interim conclusion

Multipath effects of vegetation were modelled for various locations around a single 

mature tree. Spatial fluctuation in the delay spread parameters were found to be more 

severe in the forward and transitional regions, where strong coherent components 

predominate. However, the severity of the multipath channel observed depends 

highly on the threshold applied.

Dispersive effects were observed to be less severe for the tree in-full-leaf, because 

leaves absorb part of the re-radiated signals from branches and twigs. Frequency 

selective fading effects were more significant when leaves were out. Greater number 

of cross-polarised multipath components were observed when the leaves were out, 

which resulted in a significant enhancement of the cross-polar signal component. 

Strong evidence of depolarisation was especially identified in the transitional region, 

caused by the lateral boundaries of the tree canopy, confirming also the 

depolarisation results reported in chapter five.

Wind movement caused relatively high variations in the received signal level 

(maximum of 6 dB in the backscatter region), especially with the leaves in the 

canopy, as these were expected to vibrate at higher natural frequencies than the 

branches. The wind has a greater impact on the variability of the received signal in 

the regions away from the boresight of the antennas, where most of the received 

signal is scattered from the tree.

The CIR results have demonstrated the source of scattering in a single tree, and the 

subsequent effects exercised by tree elements such as leaves, twigs and branches. 

Significant dispersive and depolarisation effects are revealed by these results, and 

these may have important effects on wideband channel performance. 

Characterisation of the propagation modes in real environments containing 

vegetation has to be achieved by approximate models, because of the complexity of 

the tree electromagnetic geometry. The research project aimed at single tree 

characterisation and modelling, attempts to build a prediction model capable of 

describing the re-radiation performance of natural trees with sufficient accuracy.
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Results presented in this chapter contribute very useful information in the design and 
performance evaluation of radio systems affected by vegetation. In the pursuance of 
such model, the work described in the next chapter presents the development of a 
novel method of accurate modelling for leaves, branches and trunk.
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Chapter Seven

A Novel FDTD based Model for Prediction of Bistatic RCS

of Single Leaves and Trees

7.1. Introduction

The work presented in previous chapters has shown that the presence of single trees 

in the radio path of a point-to-point link, can influence the level of the received 

signal directly by providing an additional (excess) attenuation to that caused by free 

space propagation. Scattering causes lateral signal contributions to the received 

signal. Depolarisation of the incident wave is another significant factor influencing 

propagation of the radiowave through vegetation especially at higher frequency 

bands, where the wavelength becomes comparable to the dimensions of the leaves of 

the tree.

Accurate modelling of the propagation modes arising from vegetation media 

depends, on the one hand, on the physical parameters specific to the tree, such as 

size, shape, orientation and moisture contents of leaves, branches and trunk. On the 

other hand, parameters of the radio link associated with the operational frequency, 

directions of transmit and receive antennas, their heights, and polarisation add extra 

complexity to the characteristics and understanding of the scattering modes from 

single trees.

In this chapter, a novel method aimed at studying the propagation modes arising 

from interaction with single trees at 20 GHz, using the Finite Difference Time 

Domain (FDTD) technique, is presented. The method is proposed as a means of 

accurately computing electromagnetic scattering by arbitrary-shaped relatively 

complex metal or dielectric objects excited by an external plane wave. The 

individual components of the vegetation specimen are modelled using simple 

geometrical shapes and characterised by their material complex permittivities,
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effective volume occupied, and by the statistical distribution and orientation of 

branches, twigs and leaves. The scattering problem is analysed in two stages by 

treating the complex near-field region and the far-field region separately. The latter 

is obtained by a near-to-far field transformation based on electromagnetic 

equivalents of the scattered near fields [42].

The complex permittivity of a single leaf was first evaluated from appropriate 

measurements to determine the mass of water in the leaf, measured on a wet weight 

basis. This parameter together with the volume occupied by the leaf provided the 

basis for the model proposed by Matzler [33]. Simulation results obtained from a 

single leaf model with different dielectric properties in both near-field and far-field 

regions of the object were obtained. The model was then used as part of a larger 

physical model comprising of a main trunk, several branches, twigs and leaves, 

simulating a more realistic dielectric tree. Results expressing the predicted bistatic 

scattering radar cross section (RCS) in the far-field region were analysed. These 

were compared with measured results conducted on a tree inside an anechoic 

chamber at 20 GHz. The model yields results in good agreement with measurements 

and can be used by radio planners to assist in the prediction of bistatic RCS of leaves 

and trees.

7.2. Theoretical Bistatic Scattering Model

Considering the tree canopy of Figure 7.1, the power received by an antenna of a 

given effective aperture (capture area) Ae at the air-vegetation interface pointing 

towards the receiver, is usually given by Eq. 7.1, where Pd is the power density at 

the interface, given by Eq. 7.2 [35]. In both equations, Pt is the transmitted power, 

G,(i), Gr (s) are the gains of the transmit and receive antenna in the direction of 

land s, respectively, and Rj is the distance from the transmit antenna to the 

illuminated volume V in the canopy.
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4n
(7.1)

P _~ (7.2)

Figure 7.1 - Bistatic scattering model geometry showing the direction of the incident
field and scatter from the tree canopy.

Substituting Eq. 7.2 into Eq. 7.1, the received power at a point in the canopy 

illuminated volume V , at distance R/ can be expressed by Eq. 7.3.

P.: =
P,Gt (t)G r (s)A2

(7.3)

The tree canopy portion subject to the incident signal subsequently re-radiates the 

signal in various directions. A receiver placed at distance R2 in the direction s from 

the tree, receives power determined in accordance with the bistatic RCS of the tree 

canopy, assuming both antennas are in the far field. Bistatic RCS is a characteristic 

of the vegetation medium that represents its effective aperture as seen by the receiver 

at a particular position s , and has the dimensions of area (a/,/). RCS area is not the
__
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same as the physical area of the tree. The power re-radiated from the tree in the 

receiver direction s, may be equated to the power captured by an antenna of 

effective aperture of abi (s,i) and its gain can be written as Eq. 7.4. G0/J/ is

sometimes referred to as the "Equivalent Gain of Bistatic RCS" (usually expressed in 

dB), which is a function of both RCS and frequency. Thus, the re-radiated signal 

from the tree is given by Eq. 7.5.

c (7 . 4)

4KGbi (s,i)
'-"'ee (4KR! )2 X2

The equation for the power re-radiated in the receiver direction given in Eq. 7.5, is a 

modified form of Eq. 7.3, such that Pt Gt , which was the illuminating source

transmitted power, is now replaced by the re-radiated signal power from the tree, 

indicated in Eq. 7.5. Assuming first-order multiple scattering approximation [35], the 

scattered signal received at the input of the receiver, at distance R2 , due to 

illuminated volume V in the canopy, is given in Eq. 7.6.

(7 ' 6)

Despite its complex nature, the canopy volume has been treated in the literature 

[16] [85] as a homogeneous mixture of discrete, randomly distributed and oriented 

dielectric disks representing leaves, and cylinders representing branches. Statistical 

models are usually used to compute the path loss due to trees, based of the physical 

properties of the trees, such as the probability density functions of leaves and 

branches, as well as their electrical characteristics and dimensions. In particular, 

Jong et al [86] have proposed a theoretical model for azimuthal bistatic scattering 

from deciduous trees. An interesting particularity in this model, is that of the a/,, .

7-4



A Novel FDTD based Model for 
Chapter Seven____________________Prediction of Bistatic RCS of Single Leaves and Trees

which treats the bistatic scattering (radar) cross sections of leaves and branches 

separately, as shown in Eq. 7.7. In the model, p M and oj*'%?,f) are the number 

densities and the bistatic scattering cross sections of branches and leaves, 

respectively, Kbi (i)and Kbi (s) are the effective propagation constants in the canopy 

for the direction fand s, whose derivation based on scattering amplitude tensor 

elements of branches and leaves, is extensively detailed in the paper, s, 2 are the path

lengths to and from the volume defined by V through the canopy.

p 1 a{i) (s,i)]JJJexp(2Im[K bi (i)> 1 +2Im[K bi (s)]s 2 )dV (7 . 7)

Analytical solutions of such complex electromagnetic problem are difficult to derive. 

With today's fast and high capacity computers, it has become possible to handle such 

complex structures with arbitrary geometries directly in the time domain by 

discretising Maxwell's equations. This is the case of the FDTD technique, which 

allows time domain transient analysis, and visualisation of electromagnetic 

behaviours, such as propagation and scattering. Motivated by the complexity of 

analytical solution identified above, a novel FDTD based model was developed for 

the prediction of Gbi (s,i) of single leaves and trees. The development of the model 

will be presented in the next sections.

7.3. Numerical Implementation

A brief enumeration of the steps to analyse the scattering problem is presented in this 

section. The scattering problem is first analysed by treating the complex near-field 

region and then the transformation of the near fields to far-fields to obtain the RCS 

of the medium. Other FDTD parameter considerations are also addressed.
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7.3.1. Near-Field Analysis

Numerical techniques attempt to solve the fundamental field equations directly, 

subject to the boundary constraints posed by the geometry. Such techniques analyse 

the entire geometry provided as input and calculate the solution to a problem based 

on a full wave analysis. The FDTD method is a direct solution of Maxwell's time 

dependent curl equations shown in Eqs. 7.8 and 7.9. It uses simple difference 

approximations to evaluate the space and time derivatives [42]. The curl represents 

the rotation of a field around a point. For a magnetic field H forming closed loops it 

is the limit of the size of the field times the perimeter of the loop divided by the area 

of the loop, as the loop shrinks to nothing. The curl is a vector as it has an associated 

axis of circulation or direction in space [1].

(7.8)

dE— (7.9) 
dt

The FDTD method is a time stepping procedure. The region being modelled is 

represented by two interleaved grids of discrete points. One grid contains the points 

at which the magnetic field is evaluated and the second grid contains the points at 

which the electric field is evaluated. A basic element of the FDTD unit cell is 

illustrated in Figure 7.2, where each magnetic field vector component is surrounded 

by four electric field components. A first-order central-difference approximation can 

be expressed as Eq. 7.10, where A is the area of the near face of the cell in Figure 

7.2. H x (t + At) is the only unknown in this equation, since all other quantities were 

found in the previous time step. In this way, the electric field values at time / are 

used to find the magnetic field values at time t + At.

(7.10)
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A similar central-difference approximation of Eq. 7.9 can then be applied to find the 

electric field values at time t + At from the magnetic field values at time t + At. By 

alternatively calculating the electric and magnetic fields at each time step, fields are 

propagated through the grid. Time stepping is continued until a steady state solution 

or the desired response is obtained [42][45][56][87] [88]. The required computer 

storage and running time is proportional to the electrical size of the volume being 

modelled and the grid resolution.

Figure 7.2 - Positions of electric and magnetic fields in the FDTD unit cell.

A finite volume of space is subdivided into cells of size Ax by Ay by Az 

(representing unit cubic cells). The FDTD space consisting of N x , N y , N z cells

should contain both the scattering object and a sufficient thick layer of free-space 

separating the boundaries of the object on all sides from boundaries of the cell space 

[42]. Figure 7.3 illustrates an arbitrary scatterers embedded in a FDTD space grid. 

Special absorbing elements are used at the outer boundary of the grid in order to 

prevent unwanted reflection of the signals that reach this boundary. Values of (i 

(permeability), e (permittivity) and a (conductivity) assigned to each field 

component in each cell define the position and electrical properties of the scatterer. 

The method was implemented by using a well established commercially available 

FDTD tool, designated by XFDTD®, which runs on a powerful PC operating on
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Windows NT™. Although discussion of the fundamentals of the FDTD method is 

beyond the scope of this subsection, in order to better understand the theory of the 

method, equations were evaluated in Appendix A.I from first principles, for 

developing the general one-dimensional FDTD algorithm. The full 3-dimensional 

computer algorithm can be found in [42]

scatter

s* ^
k

>
j

-fc^

J* 

^ 
^

1

4
J

Figure 7- 3 - Geometry of a FDTD space grid showing a general scatterer in free- 
space medium.

7.3.2. Near-Field to Far-Field Transformations

The previous section treated only the electromagnetic fields within the FDTD 

computational space. In order to analyse the scattering processes (RCS) of the object, 

results should be obtained for fields outside the FDTD space. The computations were 

performed using the scattered field formulation of the FDTD. The derivation 

procedure for near-field to far-field transformations starts with the surface 

equivalence theorem from which the equivalent electric and magnetic fields can be 

extracted on a surface enclosing the scattering object, as detailed in [42]. For a single 

frequency far-field calculation, a sinusoidal time-harmonic source is used. The 

FDTD calculation saves the tangential and magnetic field components (two electric
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and two magnetic) for the far-zone transformation surface at two time steps near the 

end of the calculation, when the system is in a steady-state. This sampling 

determines the complex tangential fields on the far-zone surface at the excitation 

frequency, which are stored for subsequent post-processing. This is used to obtain 

the far-field bistatic scattered fields in any direction. On the other hand, if far-field 

results are desired at multiple frequencies, then a hybrid method is employed which 

uses pulsed excitation (transient) for the FDTD calculations. A running discrete 

Fourier transform (DFT) of the time harmonic tangential fields for each frequency of 

interest is updated at each time step. The running DFTs provide the complex 

frequency-domain fields for the post-processing. The latter is included in the FDTD 

package and its extensive formulation can be found in [42].

7.3.3. The Co-ordinate Systems

The coordinate systems used in the FDTD simulations are shown in Figure 7.4. 

Geometries in the FDTD computational space were described in Cartesian x, y, z 

coordinates. Distances may be measured in spatial increments (unit cells) Ax , Ay, 

Az , with integer indices /, J, K locating points in the FDTD computational space as 

x = lAx , y = lAy, z = lAz . However, for far-zone simulation of RCS, directions 

were measured using spherical coordinates, as shown in Figure 7.4a. The coordinates 

used in spherical coordinates are r, 0 and 0, which are, respectively, the distance 

from the origin to the point P, the elevation and azimuthal angles. The elevation 

plane is the x-z plane, and the elevation angle 0 is taken as the angle between the z- 

axis and the line connecting the origin and the point (OP). Similarly, the azimuthal 

plane is the x-y plane, and the azimuthal angle is taken as the angle between the x- 

axis and the line represented by OQ in Figure 7.4b, assuming OQ = rsinQ. The 

Cartesian and spherical coordinates are related by Eq 7.11, and in the same way, the 

Cartesian and spherical components by Eq. 7.12 [8].
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x — rsinOcosc)) 
y - rsinOsiiKf)
Z = rcosG

Pr = Px sin6cos(|)-l- Py sin0sin())+ Pz cos0 

Pe = Px cos6cos(()+Pv cos 0 sin § - P7 sin 8

(7.11)

(7.12)

Spherical Spherical -to-Cartesian

Figure 7.4 - Coordinate systems used in FDTD simulation: (a) spherical coordinates 
for far-zone directions and (b) Cartesian for geometries in the FDTD computational

space.

7.3.4. Stability Criteria

The FDTD algorithm requires that the time step, At, has a specific bound relative to 

the grid sizes Ax , Ay, Az with lateral sizes less than A/70 or less, where A, is the 

wavelength of the highest frequency of interest. This bound is necessary to avoid 

numerical instabilities. It can be shown that the stability criterion for the general 

three-dimensional FDTD algorithm is of the form of Eq. 7.13, where vmax is the 

maximum velocity of propagation in the medium being modelled, usually taken as 

the speed of light in free space [42]. The time step, however, is determined 

automatically by the FDTD package as defined later.
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A,< '

max
1 1 1—— j + —— 7 + —— 7

Ax Ay AZ
1/2 (7.13)

7.3.5. Absorbing Boundary Conditions

An Absorbing Boundary Condition (ABC) is a mathematical algorithm designed to 

truncate the FDTD domain within which the field is computed. This fictitious 

boundary is an essential requirement for open space regions, since no computer can 

store an unlimited amount of data. Many authors have proposed different 

mathematical formulae and numerical procedures in order to improve the accuracy 

of the fictitious boundary [89] [90] [91] [92]. The most typical and widely accepted 

ones, among others, are the second order Liao, the Perfectly Matched Layers (PML) 

and Mur's absorbing boundary types. However, only the Liao and the PML 

absorbing boundary conditions were available in the FDTD package and hence, only 

these two were subjected to investigation.

7.3.5.1. Liao Absorbing Boundary Type

The Liao outer boundary is a numerical absorber designed to allow electromagnetic 

fields radiated or scattered by the FDTD object to be absorbed with very little 

reflection from the boundary [91]. The method estimates the electric fields just 

outside the limits of the FDTD mesh and, subsequently, uses them in the FDTD 

equations inside the computational space. Such ABC method, which allows waves to 

travel outwardly from the space but not reflect back in the space, works efficiently 

providing that there is a sufficiently thick layer of free-space, i.e. at least 15 cells 

spacing, separating the boundaries of the object on all sides from boundaries of the 

FDTD computational space [44]. The major advantage of being an estimation 

method, is that the size of the FDTD mesh is not increased by using it, although
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some storage is needed for saving fields at previous time steps. The latter is however 

minimal and can be negligible in a typical FDTD storage calculation.

7.3.5.2. PML Absorbing boundary Type

Contrary to the Liao ABC, the PML is an artificial absorbing material, which has a 

better performance at the expense of increasing the size of the FDTD mesh 

[92] [93] [94] [95] [96]. The PML absorbs the incident energy as it propagates through 

its layers which are added on each side of the FDTD computational space, in 

addition to the 15 cell free space spacing all around the object. Better absorption is 

however obtained by adding more PML layers. However, for 8 PML layers the 

actual number of cells used in the FDTD computation doubles when compared to the 

Liao approach.

Considering the physical dimensions of the objects to be modelled, e.g. leaves, 

twigs, branches and trunk, and due to the computational limitations in terms of 

computer resources (storage and memory), the Liao ABC method was employed in 

all simulations presented in this chapter.

7.3.6. Excitation Source

In order to excite the FDTD space, an incident plane wave was launched into the 

space. The plane wave source was assumed to be infinitely far away. All calculations 

with the incident plane wave input were performed using the scattered fields 

emanating from the scatterer. The incident waveform was 0-polarised. A wide 

variety of signals have been used as sources in the FDTD meshes. The most common 

are the sinusoidal, which was used for a single frequency computation (steady state) 

with an amplitude of 1 V, and the Gaussian derivative pulse for transient analysis. A 

pulse width of 32 time steps and a maximum of 2000 time steps were considered to 

provide a reasonable frequency bandwidth for the derivative Gaussian pulse [42].
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7.4. Case Study I: A Simple Leaf Model

Leaves are an important feature of any vegetation canopy. In order to model the 

scattering of a tree effectively, it is essential to develop an efficient and effective 

technique for predicting the RCS of a single leaf to form an input to the model 

proposed in Eq. 7.7. Based on this, an individual leaf of the vegetation specimen was 

modelled in the FDTD space using a simple geometrical shape and characterised by 

its complex material permittivity and effective volume occupied. The tree under 

investigation was a Ficus Benjamina Daniel of the type used mostly indoors, as 

described in early chapters. Several other methods have been proposed in the 

literature [16][32][85][97][98], all based on the physical optics approximation 

applied to a uniform dielectric slab. But considering that at microwave frequencies, 

the leaf is electrically thin with lateral dimensions of a fraction of the wavelength 

(X/60), it would appear the FDTD technique can handle this accurately. Such 

detailed consideration leads to a more accurate modelling of the scatter fields.

7.4.1. Evaluation of Complex Dielectric Properties of a Single Leaf

The dielectric constant of a material is a measure of the manner in which that 

material interacts with an incident electromagnetic wave [1]. The permittivity 

(dielectric constant) e is complex in nature, as shown in Eq. 7.14, consisting of a 

real part e'e 0 , designated by permittivity and an imaginary part e*e 0 , the dielectric 

loss factor. The real part determines the propagation characteristics of a wave in a 

material, i.e. its velocity and wavelength, and the imaginary part determines the 

absorption or loss of energy during the propagation through the material. e () is the 

permittivity in free space.

(7.14)

In the past, models for the calculation of the dielectric permittivity of vegetation 

have treated them as a simple mixture of bulk vegetation material and water
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[31][32], with the water divided up into bound and free components. These models 

are however, unrealistic in their assumption that the water within the vegetation was 

comprised of discrete water particles dispersed in the bulk vegetation material, as 

concluded by Fung [99]. However, a model proposed by Fung considered that the 

water distribution within the vegetation was spatially continuous. Based on this 

model and other related published measurements found in the literature for the 

complex dielectric permittivity of leaves from different plants, Matzler [33] has 

proposed a semi-empirical dielectric formula which covers the 1-100 GHz frequency 

range. This model is thought to give a good estimate of the dielectric properties of 

fresh single leaves over the frequency range. The evaluation of the dielectric 

properties of the single leaf used in the FDTD computation employed this approach, 

as described in the next section.

7.4.1.1. Methodology

Fung's Volumetric Water Content Method

The model developed by Fung provides an estimate for the static permittivity of a 

single leaf as a function of volumetric water content fraction Vw . The model was

proposed initially by de Loor [100][101], in the form of Eq. 7.15. A leaf was 

modelled to be a mixture of some solid material with water particles distributed 

continuously within the leaf, characterised by e s and e w permittivities, respectively, 

and with e, being the effective internal dielectric constant, which is an unknown. 

The model also considers the depolarisation factors of the particles expressed by A,.

/
e^
e,

v
(7.15)

Direct estimation of the permittivity of the mixtures was investigated by Fung to be a 

rather difficult process. He then proposed a relative macroscopic static permittivity
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model of a leaf given by Eq. 7.16, under the assumption that A! =0, A, =0, 

A 3 = 1 and e, = e s was taken to be 5 and e vi, to be 80.

(7.16)

Having established Vw in the leaf, the complex relative permittivity at microwave 

frequencies can be evaluated from equation Eqs. 7.17 and 7.18 given in 

[99][100][101] for both real (e') and imaginary (e*) parts of the leaf relative

permittivity (£ r ), respectively.

(7 . 17)

e'=(e n -5.5) + Y-p-r (7.18)

hi both equations, / is the operational frequency and T is the relaxation time of the 

water, which depends very much on the temperature. At ambient temperature (20° C) 

fi ~ 1.85/X with the wavelength X expressed in centimetres.

Matzler's Dry-Matter Fraction Method

The model developed by Matzler showed that the complex dielectric (relative) 

permittivity of a fresh leaf was linearly related to the water content in the leaf. The 

model was applied to various fresh leaves of different types having a gravimetric 

water content M > 0.5 with salinity of 1.0 percent and with a rather constant

density of 0.95 g/cm 3 . The resulting formula for the dielectric permittivities was 

based on the regression lines fitted to the measured dielectric data, which suggested 

e r to be linear functions of M^. In Eq. 7.19 is shown the linear regression functions

for the real and imaginary parts of the complex dielectric permittivity, where /;/,/ is
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the dry matter fraction of the leaf, which is directly related to M g by Eq. 7.20. The 

regression coefficients in the formulae are presented in Table 7.1 for frequencies up

to 20 GHz.

e' = A'-B'm,
V0.1<md <0.5 (7.19)

~ A IF 1~» ~e = A -B m d

md =l-M g (7.20)

Frequency 
(GHz)

2
20

"Real Part"
A'

41.5
16.0

Coeff.
B'

"I mag.
A"

51.0 11.73
17.4 18.5

Part" Coeff.
B"

13.7
22.5

Table 7.1- Linear regression coefficients for the measured complex relative
permittivity

7.4.1.2. Experimental Work

The complex relative permittivity of the single leaf was first evaluated from 

appropriate measurements to determine the mass of water in the leaf. This parameter, 

together with the volume occupied by the leaf, provides the basis for the models 

proposed by Fung and Matzler. The measurements consisted in separating the actual 

water contents from the rest of the leaf constituent, as suggested by [33]. For a single 

leaf, the (gravimetric) water content fraction, M g , is usually measured on a wet

weight basis given by Eq. 7.21, where W, and Wd are, respectively, the total fresh 

(wet) and after drying (dried) weights of the leaf. Consequently, the weight of 

moisture in the leaf Ww may be expressed by Eq. 7.22.

iit <7 - 2l)
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Ww =Wt -Wd (7.22)

A number of different ways to implement this method were examined in accordance 

with the School of Chemistry (SoC) and School of Built Environment (SoBE) of the 

University of Glamorgan (UoG). An efficient way was however, suggested by SoBE, 

where a number of fresh leaves were placed inside a specialised oven kept at a 

constant temperature of 100°c, and their weights monitored every 24 hours, until a 

constant weight value for each leaf was to be obtained. A total number of 19 leaves 

were used in the experimentation. The leaves chosen for the measurements were of 

different sizes and hence volumes, so that a direct relation between water content and 

area of the leaf could be evaluated. Prior to measurements, each leaf was scanned on 

millimetre paper so that an accurate estimate of its area could be determined. 

Additionally, their thicknesses were measured using an extremely accurate digital 

peclise to enable precise FDTD space modelling. Most leaves yielded an average 

thickness of 0.25 mm. Subsequently, leaves were weighted individually, using a high 
precision scale of 0.01 grams, together with the tray on which each leaf was placed 

to go into the oven for drying. All trays were carefully labelled and placed in the 
oven during periods of 24 hours each. The leaves were weighted individually at the 

end of each 24-hour period. After 3 consecutive periods the weight of each leaf 

remained unaltered. Table 7.2 shows the results from the measurement campaigns 

performed on the various leaves, which relates the mass of water in a single leaf with 
its effective area occupied, as presented in Figure 7.5. A best-fit to the measured data 

suggests, maybe expected, an approximate linear trend between leaf area index 

(LAI) and contents of water in the leaf.

However, only one leaf was considered for the FDTD modelling. Leaf #17 was 

chosen for yielding larger values of water contents (Ww =0.43g) and area 

(A = 26.78 mm2). The water content fraction was calculated to be M g -0.741. In 

order to determine the volume fraction Vw needed for the calculation of Eq. 7.16, and 

based on the available M g data, the densities of water, p vi , and solid material, p v , 

need also to be considered in the formulation. Such relation between M v and VH . can
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be obtained by re-writing Eq. 7.21 considering Ww =Vwp w in Eq. 7.22, and 

W, = Vsp s , in the form of Eq. 7.23.

Leaf Physical Parameters

Sample Leaf 
Number #

# 1
#2
#3
#4
#5
#6
#7
#8
#9

# 10
# 11
# 12
# 13
# 14
# 15
# 16
#17
# 18
# 19

Mass of Moisture

0.14
0.16
0.18
0.09
0.39
0.42
0.16
0.30
0.30
0.39
0.15
0.33
0.27
0.13
0.26
0.17
0.43
0.17
0.31

Leaf Area 
Index , (mm2)

09.71
11.18
12.41
06.32
25.94
27.14
11.19
17.96
26.23
26.22
09.68
19.59
21.18
10.69
18.61
11.59
26.78
12.27
23.80

Table 7.2 - Physical parameters of fresh ficus leaves.

30

25

20

< 15

10

Measurement 
Best Fit

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 
Mass of Moisture,g

Figure 7.5 - Relation between the leaf area index (LAI) and the amount of moisture
in a fresh ficus leaf.
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M= ————— ————— (7.23)

However, p s in the formulation above is an unknown. Fung has solved the equation 

by using the ratio p w /p, as a parameter to vary between 3 and 5. Based on this 

assumption, results were therefore obtained for both limits in the range using Eq. 

7.24, leading to an estimation as to the average volume fraction of water in the leaf, 

i.e. VWavtrae =0.426. Thus, the value of em can be calculated and subsequently the

complex relative permittivity of the leaf at 2 and 20 GHz, using the model proposed 

by Fung, as shown in Table 7.3.

VM = ——————*————— (j 24)^ • }

On the other hand, similar results for the complex relative permittivity of the leaf 

may be obtained using Matzler's approach. In this case, only the dry-matter fraction, 

md , needs to be calculated using Eq. 7.20 (i.e. md -0.259 , which is well within the

specified range) and then to estimate the permittivities by solving Eq. 7.19. Results 

are also presented in Table 7.3 for both frequencies mentioned above. Significant 

discrepancies may be observed between the two methods in the prediction of the 

complex relative permittivity. Although the dry-matter method provides an error of 

10-15% in its predictions [33], the volumetric method provides the average dielectric 

properties. For this reason and because the first method has used best fit to measured 

data obtained at frequencies close to the ones used in the study, it would appear 

justified to use Mdtzler estimates in the FDTD computation.

In addition, the conductivity of the leaf, o, may be evaluated from the complex 

relative permittivity by re-arranging Eq. 7.14 to include the conductivity of the leaf 

and the angular frequency co, as shown in Eq. 7.25. Results are presented in Table 

7.3 based on the Matzler's results.
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(Fm' 1 ) (7.25)

Frequency 
(GHz)

2 
20

Fung's Method
e, =e' +je*
26.64 - J2.60 
14.01- j 10.50

e,.
26.77 
17.51

Matzler's Method

e r = e' +je* e,. a ( f2m~' )
28.29 -J8. 18 29.44 9.09 
11.49-J12.67 /7.10 14.09

Table 7.3 - Estimation of complex relative permittivity using Fung's and Mcitzler's 
methods and estimation of the conductivity in a single leaf.

7.4.2. Problem Space and Leaf Geometry

The computational space for the FDTD simulations was calculated based on the 

physical dimensions of the leaf under investigation. The leaf was 10.5 cm long and 

4.5 cm wide, with a thickness of 0.25 mm. At least a cell size of 0.25-mm (X/60 

assuming a highest frequency of 20 GHz) is required to model the thickness of the 

leaf. The package can accommodate a maximum of 7 millions cells, thus allowing 

the problem space to be split into two grids to obtain the spatial resolution required, 

as shown in Figure 7.6. These can be defined as the main grid containing all the 

problem space with a cell size of ?i/20, and a subgrid circumscribing only the leaf. 

The latter must have a spatial resolution Ax = Ay = Az = X/60 to accommodate the 

thickness of the leaf. Except for the cells used in the geometry of the leaf, all other 

cells were of free-space. The problem space can therefore be expressed in terms of 

number of cells for both grids, as shown in Table 7.4. A total number of 5,975,300 

cells was used to model the leaf, which is within the physical limitations of the 

computer.
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Figure 7.6 - Problem space of the leaf model in the yz-plane, with direction of
propagation out of the paper.

Cell Size
Problem Space
Total No. Cells

Time Step
Grid Offset

Main Grid
Ax = Ay = A/. = \ 1 20

107x200x107 cells
2,289,800

1.03ps
n/a

Subgrid
A X = Ay = Az = >./60

41x452x212cel\s
3,928,784

0.34 ps
(48. 26. 19)

Table 7.4 - Computational parameters of the problem space of the single leaf model.

7.43. Near Electric Field Distribution Results at 20 GHz

Simulation results obtained from a single leaf model with different dielectric 

properties in the near-regions of the object are presented. The method was applied to 

a dielectric leaf, with dielectric properties as detailed in Table 7.3, and compared 

with results obtained from an idealised leaf made of a high conductivity material - 

the 'metallic leaf. Simulations were performed for various angles of the incident £B - 

polarised plane wave to the surface of the leaf:

a Normal incidence with the plane wave travelling in the positive x- 

direction defined by $' = 0° and 0' = -90°;
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a Parallel incidence with the plane wave travelling in the positive z-

direction defined by $ =0° and 6' =180°; 

a Oblique incidence with the plane wave travelling in the plane defined by

4>' = 0° and e 1 = 240°.

In Figures 7.7 to 7.18 are presented near-field results for the normalised electric field 

distribution (in V/m ) transverse sections (cuts) of the dielectric leaf and compared 

with results obtained from an idealised leaf. These are expressed in terms of total 

electric field distribution (E,) and its components in the x-y-z directions, 

respectively, Ex Ey and Ez , for each angle of the incident plane wave. The electric

field, or simply E-field, cuts are presented in the x-y and y-z planes, which are 

respectively, the plane normal to the surface of the leaf and the plane in which the 

leaf is located. The plane wave incident on the leaf is subsequently scattered in all 

directions. A colour scale was used to display the intensity of the fields in the 

computational space.

The cuts in the x-y plane are transverse cuts of the leaf plane at z = 56Az. Figures 

7.7 to 7.12 show the cross section image of the leaf, which in the graphs are 

represented by a vertical thin line. The cuts in the y-z plane were rotated counter 

clock-wise by 90° for display convenience. These are the case of Figures 7.13 to 

7.18, where it can be observed that the plane of the leaf is, in fact, the y-z plane. The 

direction of propagation of the incident angle is out of the paper for the case of 

normal incidence, and along the z-axis in the case of the parallel incidence. In the 

case of the oblique incident, the direction of the propagation is also out of the paper, 

but making an angle of 60° with respect to the y-z plane, or in others words, to the 

plane containing the leaf. A simple co-ordinate system was superimposed on each 

graph for ease of visualisation.

Discussion of results presented in this subsection will be given later in section 

7.4.5.1.
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dB scale. EtM

(a)

dB scale. ExM dB scale. EyU

(b) (c)

dB scale. EzM

(d)

Figure 7.7 - Normalised near electric field distribution cuts in the x-y plane at
Z = 56 Az of the metallic leaf illuminated by a normal incidence plane wave

(<)>'= 0° and 9' = -90°) for: (a) E, , (b) Ex , (c) E y and (d) Ez .

(a) (b) (c) (d)

Figure 7.8 - Normalised near electric field distribution cuts in the x-y plane at
Z = 56 Az. of the dielectric leaf illuminated by a normal incidence plane wave

(<(>'= 0° and 9 1 = -90°) for: (a) E, , (b) E x , (c) £ v and (d) Ez .
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dB scale, EtM dB scale. ExM dB scale. EyM dB scale. Ezl

(a) (b) (c) (d)

Figure 7.9 - Normalised near electric field distribution cuts in the x-y plane at
Z = 56 Az of the metallic leaf illuminated by a parallel incidence plane wave

(V = 0° and 0' = 180°) for: (a) Et , (b) Ex , (c) £v and (d) Ez .

dB scale. EtM

(a)

dB scale, ExM dB scale. EyM

(b) (c)

dB scale. EzM

(d)

Figure 7.10 - Normalised near electric field distribution cuts in the x-y plane at
Z = 56Az. of the dielectric leaf illuminated by a parallel incidence plane wave

(^ = 0° and 6 1 = 180°) for: (a) E, , (b) E v , (c) £ v and (d) E: .
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dB note. EtM

(a)

dB sole. ExM dB scale. EyM dB sole. EzM

(b) (c) (d)

Figure 7.11 - Normalised near electric field distribution cuts in the x-y plane at
Z = 56 Az of the metallic leaf illuminated by an oblique incidence plane wave

(<)>' = 0° and 6' = 240°) for: (a) Et , (b) Ex , (c) E y and (d) E, .

dB scale. ElM dB scale. ExM dB scale. EyM dB scale. EzM

(a) (b) (c) (d)

Figure 7.12 - Normalised near electric field distribution cuts in the x-y plane at
Z = 56 Az. of the dielectric leaf illuminated by an oblique incidence plane wave

(<J>' = 0° and 6' = 240°) for: (a) E, , (b) Ex , (c) Ey and (d) E : .
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dB scale. EtM

(a)

dB scale. ExM dB scale. EyM dB scale. EzM

(b) (c) (d)

Figure 7.13 - Normalised near electric field distribution cuts in the y-z plane at
X = 55Ac of the metallic leaf illuminated by a normal incidence plane wave

(<!>'= 0' and G j = -90°) for: (a) E,, (b) Ex , (c) E y and (d) E,.

dB scale. EIM dB scale. ExM dB scale. EyM

(a) (b) (c)

dB scale. EzM

(d)

Figure 7.14- Normalised near electric field distribution cuts in the y-z plane at
X = 55Ax of the dielectric leaf illuminated by a normal incidence plane wave

(V = 0° and e 1 = -90°) for: (a) E, , (b) E v , (c) E v and (d) E : .
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dB scale. EtM

(a)

dB scale. ExM dB scale. EyM

(b) (c)

dB scale. EzM

(d)

Figure 7.15- Normalised near electric field distribution cuts in the y-z plane at
X = 55Ax of the metallic leaf illuminated by a parallel incidence plane wave

(tf=0' and 0 1 =180°) for: (a) E,, (b) Ex , (c) E v and (d) Ez .

dB scale. EtM dB scale. ExM dB scale. EyM

(a) (b) (c)

dB scale. EzM

(d)

Figure 7.16- Normalised near electric field distribution cuts in the y-z plane at
X = 55Ax of the dielectric leaf illuminated by a parallel incidence plane wave

(f = 0° and 6 l = 180°) for: (a) E, , (b) Ex , (c) £ v and (d) £ ; .
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dB scale. EIM dB scale. ExM

(a) (b) (c) (d)

Figure 7.17- Normalised near electric field distribution cuts in the y-z plane at
X = 55Ax of the metallic leaf illuminated by an oblique incidence plane wave

(<!>'= 0° and 6 1 = 240°) for: (a) E,, (b) Ex , (c) E y and (d) E,.

dB scale, ElM dB scale. ExM dB scale, EyM dB scale. EzM

-20

(a) (b) (c) (d)

Figure 7.18 - Normalised near electric field distribution cuts in the y-z plane at
X = 55Ax of the dielectric leaf illuminated by an oblique incidence plane wave

(tf = 0° and 6' = 240°) for: (a) E,, (b) E,, (c) Ey and (d) E,.
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7.4.4. Prediction of Bistatic RCS of Single Leaves

Normalised far-field RCS predictions of the single leaf model were obtained for both 

steady state and transient analysis of the scatter problem. Steady state calculations 

were performed at 20 GHz as shown in Figures 7.19 to 7.21, whereas the transient 

calculations were performed over the 0.947-20 GHz, extending from GSM 

frequencies to frequencies in the microwave band (see Figures 7.22 to 7.27). RCS 

was computed in the x-y plane as a function of the azimuthal angle <)). Only E9 -

fields were considered in the analysis of both metallic and dielectric leaves when 

illuminated at different angles of the incident plane wave, presented in the next 

subsections. Discussion of the predicted bistatic RCS results of single leaves will be 

presented respectively in sections 7.4.5.2 and 7.4.5.3, for the steady state and 

transient analyses of the dielectric and idealised leaf models.

7.4.4.1. Steady State Simulation Results at 20 GHz
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CD •
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-70

—— Metal Leaf (E9) 
Dielectric Leaf (E9)

-100 -80 -60 -40 -20 0 20 40
Azimuthal angle ty°

60 80 100

Figure 7.19- Normalised Computed E0 Radar Cross Section in the x-y plane for 
metallic and dielectric leaves illuminated by a normal-incidence plane wave (()>' = (Y

and 0' =-90°).
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Metal Leaf (E0) 
Dielectric Leaf (E9)
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Figure 7.20 - Normalised Computed E0 Radar Cross Section in the x-y plane for 
metallic and dielectric leaves illuminated by a parallel incidence plane wave ((j) 1 = 0°

and 6' =180°).
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Figure 7.21 - Normalised Computed Ee Radar Cross Section in the x-y plane for 
metallic and dielectric leaves illuminated by an oblique incidence plane wave

((j) 1 =0° and 0' =240°).
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7.4.4.2. Wide Frequency Band Simulation Results

Frequency, GHz
Azimuthal angle

Figure 7.22 - Normalised Computed E0 Radar Cross Section in the x-y plane for

metallic leaf illuminated by a normal incidence plane wave (4>' =0° and 0 1 = -90°) 
over the frequency range 0.947-20.36 GHz.

Frequency, GHz
Azimuthal angle <)>.0

Figure 7.23 - Normalised Computed E& Radar Cross Section in the x-y plane for

dielectric leaf illuminated by a normal incidence plane wave (0' =0° and 9' = -90°)
over the frequency range 0.947-20.36 GHz.
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Azimuthal angle 4>.0

Figure 7.24 - Normalised Computed E0 Radar Cross Section in the x-y plane for
metallic leaf illuminated by a parallel incidence plane wave ($ =0° and 0 1 = 180°)

over the frequency range 0.947-20.36 GHz.

Frequency, GHz
Azimuthal angle 4>.°

Figure 7.25 - Normalised Computed E0 Radar Cross Section in the x-y plane for
dielectric leaf illuminated by a parallel incidence plane wave (<j>' =0° and 6' = 180°)

over the frequency range 0.947-20.36 GHz.
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Frequency, GHz
Azimuthal angle 4>.°
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Figure 7.26 - Normalised Computed E0 Radar Cross Section in the x-y plane for
metallic leaf illuminated by an oblique incidence plane wave ((j) 1 =0° and

Q' = 240°) over the frequency range 0.947-20.36 GHz.

20

15

Frequency, GHz

Figure 7.27 - Normalised Computed E0 Radar Cross Section in the x-y plane for
dielectric leaf illuminated by an oblique incidence plane wave (<))' = 0° and

0 j = 240°) over the frequency range 0.947-20.36 CHz.
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7.4.5. Discussion of Results

7.4.5.1. Near- Field Discussion

The distribution of the E-field intensity in and around the leaf has been observed to 

be highly dependent on the angle of the incident plane wave, in addition to the 

properties of material making up the leaf. Referring to Figures 7.7 and 7.8, one can 

see the behaviour of the E-field intensity in the plane transverse to the leaf surface 

for a normal incidence. High E-field intensity has been computed in the shadow 

region of the dielectric leaf (see Figure 7.8), indicating that a significant amount of 

energy penetrates the leaf (see Figure 7.14), which is consistent with the presence of 

dielectric material. This results in a much reduced E-field intensity being scattered 

backwards, contrary to the case of the metallic leaf (see Figure 7.7). Of special note 

in Figure 7.14, is the E-field intensity inside and on the faces of the dielectric leaf, 

which suggests high energy concentration and consequently high absorption due to 

its relatively high content of water. This can be clearly observed in the z-direction, 

with E-field intensity as high as 30-50 dB above the intensity observed in the case of 

the metallic leaf (see Figure 7.13). The black colour observed in the area occupied by 

the metallic leaf (see Figure 4.13c,d) indicates E-field intensity well below -40 dB 

level relative to the amplitude of the incident plane wave. This behaviour clearly 

suggests no signal penetrating the metallic leaf, as expected due to its high 

conductivity value.

Significant signs of diffraction and depolarisation were observed specifically on the 

contours of the leaf (Figures 7.13 and 7.14), thus giving rise to relatively high 

intensity values of the E-fields in the x- and y- directions. In the y-direction, the 

depolarisation effect was enhanced by the error produced by the staircasing effect of 

the geometry, as shown in Figure 7.13c and 7.14c.

For the case of parallel incident wave (see Figures 7.15 and 7.16), it was observed no 

interaction with the leaf in the polarisation plane (x-z plane), indicated by /:\. This

7-34



A Novel FDTD based Model for 
Chapter Seyen____________________Prediction ofBistatic RCS of Single Leaves and Trees

may be explained as being due to the relatively very small thickness of the leaf when 
compared to the wavelength of the plane wave. In the other planes, relatively small 

interactions were observed especially on the contours of the leaf, with the exception 
of the dielectric leaf, where relatively high concentration of energy was observed in 

the z- direction, as shown in Figures V.lOd and 7.16d.

In the case of an oblique incident wave, as shown in Figures 7.17 and 7.18, similar 

results for the E-field distributions were obtained as in the case of normal incidence. 

These however, are slightly reduced in intensity in the z- direction, especially in the 
case of the metallic leaf, as clearly shown in Figures 7.11 and 7.12. Of special note is 

also the enhancement of the intensity in the x-direction of Figures 7.17 and 7.18, 

when compared to Figures 7.13 and 7.14. This can be clearly observed in the region 
surrounding the leaf as well as on the lower contour of the leaf, with E-field intensity 
as high as 20-30 dB above the intensity observed in the case of normal incidence.

From the computed near-field results of a leaf model, it can be concluded that high 
energy is concentrated inside the dielectric leaf, when this is illuminated by a plane 
wave. Such behaviour has shown to be independent of the angle of the incident plane 
wave. The high energy absorption in the dielectric leaf is consistent with results 
obtained in early chapters, where leaves were observed to attenuate the re-radiated 
signals from branches and twigs of the general model. This is also consistent with 
the distribution of the scattered signals observed in the near-field of the leaf, which 
are significantly reduced in amplitude, when compared to the results obtained for the 
idealised metallic leaf. The scattering modes emerging from a single leaf in the radio 

path are however highly dependent on the incident angle of the plane wave. In this 
approach, the 3-D re-radiation E-fields of the entire leaf were predicted by 
combining the various propagation modes set-up on the leaf. Thus, the interactions 

of the plane wave with the leaf in the near field will assist in interpreting the results 

obtained in the far-field region.
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7.4.5.2. Far-field: Steady-State Discussion

The bistatic RCS predictions obtained at a single frequency suggest a strong forward 

scattering, especially in the case of a normal incidence plane wave, as shown in 

Figure 7.19. A common local maximum in the forward direction (§ = 0°) was 

obtained for both leaves, which is expected since the wave is propagating in this 

direction. The maximum value at 0° was about -4.04 dBsm for the metallic leaf, in 

contrast to the -7.62 dBsm found for the dielectric leaf. The first value corresponds 

to an equivalent area of 701xW3 main grid FDTD cells at this frequency, which can 

be compared to the 308x10 3 cells of the dielectric leaf (Ay = Az = X/ 20). In the 

region characterised by the side and back scatter of the leaf (- 90° < (J) < -60° and 

60° < (|> < 90°), the RCS was observed to exhibit a rather constant value below -39 

dBsm, corresponding to a maximum area of 15x15 main grid cells. This behaviour 

is supported by the relatively small thickness of the leaf, although in the region 

defined by -90° <§< -60°, the RCS of the metal leaf was observed to be about 5 

dB (and 1 dB for the dielectric leaf) higher that its symmetric region, which is 

explained by the relatively thinner right end of the leaf, as shown in Figure 7.6. 

Comparison between the two leaf models yielded an average of 10-dBsm difference 

in these regions.

The orientation of the leaf with respect to the angle of the incidence plane has been 

shown to play an important role in the prediction of the bistatic RCS. Figure 7.20 

and Figure 7.21 clearly indicate this effect on the calculated RCS, respectively, for 

parallel and oblique incident angles. However, in the oblique incident case, results 

demonstrated that mostly the forward scatter region is affected by a reduction of 15- 

16 dB of the RCS value. For parallel incidence (see Figure 7.20), a maximum of - 

51.9 dBsm (or about an area of 11.5 main grid FDTD cells) was predicted in the case 

of the metallic leaf, and -71.87 dBsm (equivalent to an area of 1 subgrid cell) for the 

dielectric leaf. The relatively small values of the RCS indicate virtually little or no 

scattering signal in this plane, which is expected when considering the thickness of 

the leaf, being much smaller than the wavelength. Furthermore, since the K-field was
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horizontally polarised (in the x-direction) for this particular incident angle, the 

interaction appeared to be insignificant for the received Ee in the x-y plane.

From the results obtained, and especially where a strong coherent component 

predominates in the received signal level, the behaviour of the RCS is shown to have 

a similar trend between the metallic and dielectric leaves, over the azimuthal angle 

range. This clearly suggests that a simple metallic geometry is capable of predicting 

the scaled scattered fields of a real leaf. In the general model, the effects of leaves 

can be observed to attenuate the re-radiated signals from the branches and twigs, thus 

reducing the multiple internal scattering between elements in the tree canopy. This 
provides further confirmation to results reported in chapters four and six.

7.4.5.3. Far-field: Transient Discussion

The frequency dependence of the scattering problem was investigated by performing 
transient analysis of the RCS for each leaf model. Figures 7.22 to 7.27 show the RCS 
of the two leaf models versus frequency for different incident angles. The interaction 
with the leaf in the forward region becomes stronger as frequency increases. The 
interaction was expected to become weaker as the frequency and subsequently, the 
electrical dimensions of the leaf, increases. This is particularly true in the regions 

away from <}) = 0° . In the case of the dielectric leaf, the interaction is further reduced 

by absorption due to its high moisture contents. However in the forward region, as 
the frequency increases, the size of leaf relative to the wavelength also increases, 

thus increasing its interaction with the incident plane wave. Figures 7.22 and 7.23 
clearly indicate the frequency dependence of the model in the various scattering 

regions. Results show that interaction below 2 GHz may become negligible. Similar 

conclusions were also drawn by [102] in his monostatic study of single leaves and 

thin branches. In addition, by changing the angle of incident plane wave, the 

scattering process becomes also weaker, as shown in Figures 7.26 and 7.27, and 

negligible for angles below 0 < 240° (see Figures 7.25 and 7.26).
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7.5. Case Study II: Idealised Metallic Structure Model

The idealised metallic tree-like structured employed in chapters four and five, have 

contributed a great deal to the understanding of the propagation modes arising from 

single trees in the radio path. A first step into the direction of the desired model to 

assist in the prediction of bistatic RCS of leaves and trees, was to model the metallic 

tree-like structure, whose electromagnetic and geometric properties were easier to 

define. The structure was modelled using the FDTD technique, which enabled a 

more accurate modelling of the interaction of the incident plane wave with the 

elements comprising the structure and thus providing a way forward to validate the 

proposed model. Results expressing the predicted bistatic RCS in the far-field region 

were obtained and compared with the results obtained in chapter four.

7.5.1. Computational Space and Idealised Structure Geometries

The structure used in the study had physical dimensions and orientations of its 

elements similar to those identified in Figure 4.23. The structure comprising several 

metallic rods to mimic a trunk and branches, were modelled from a perfect electric 

conductor material. Considering the FDTD computational space required to model 

the complete structure, and constrained by the computational limitations of the 

procedure, a minimum spatial resolution of A,/ 6 was achieved with a time step of 

4.81 ps. Indeed, such a large resolution might introduce some errors in the speed of 

propagation within the FDTD cell space. However, these errors were estimated by 

[44] to be smaller than 5.7% for a resolution of X/5. The errors were considered 

during the assessment of the proposed model later in the chapter.

The problem space was defined by 48x313x430 cells, corresponding to a total of 

6,460,320 cells, which also includes the 15 cells of free space required around the 

contour of the structure. The number of cells used to model individual components 

comprising the structure are outlined in Table 7.5. The structure in the main grid was
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orientated in such a way that the main trunk was oriented in the z-directions with 

branches located in the y-z plane.

Individual 
Component

Trunk

Branch IL

Branch 1R

Branch 2L

Branch 2R

Branch 3L

Branch 3R

Dimensions (cm)

Length

85

50

50

50

50

50

50

Thickness

4.5

1.6

1.6

2

2

2

2

No. of

x.y.z

18x18x340

6x141x141

6x141x141

8x141x141

8x141x141

8x141x141

8x141x141

Cells

Radius

9

3

3

4

4

4

4

Table 7.5 - Physical Parameters of the individual components of the metallic
structure.

7.5.2. Near Electric Field Distribution Results at 20 GHz at all Interim Stages

The normalised E-field distribution in the near field was computed for a constant 

normal incidence with the E9 -polarised plane wave travelling in the x-direction,

defined by ((>' = 0° and 0' = -90°. Computed E-field intensities were obtained at 

each interim stage of construction of the idealised structure, as shown in Figures 7.28 

to 7.31. The elements of the structure are represented in all graphs by the white 

material.

Analysis and discussion of the numerical results are presented in section 7.5.4.
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dB scale. EyM

Figure 7.28 - Normalised near electric field (V/m) distribution cuts in the y-z plane at
X = 24Ax of the metallic tree with main trunk only illuminated by a normal 

incidence plane wave (())' =0° and 0' = -90°) for: (a) E, , (b) E v , (c) £ v and (d)
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dB scale. EyM dB scale, EzM

-20

Figure 7.29 - Normalised near electric field (V/m) distribution cuts in the y-z plane at
X = 24Ax of the metallic tree with main trunk and 1 branch illuminated by a normal

incidence plane wave ($ = 0° and 6' = -90°) for: (a) £,, (b) E,, (c) E v and (d)
E,.
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dB scale, EIM dB scale. ExM
(b)

dB scale. EyM
(c)

dB scale. EzM

Figure 7.30 - Normalised near electric field (V/m) distribution cuts in the y-z plane at
X = 24Ax of the metallic tree with main trunk and 2 branches illuminated by a 

normal incidence plane wave ((])' = 0° and 0' = -90°) for: (a) £,, (b) £A , (c) E v
and (d) E T .
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dB scale. EyM

-20

Figure 7.31 - Normalised near electric field (V/m) distribution cuts in the y-z plane at
X = 24Ax of the metallic tree with main trunk and 2 branches illuminated by a 

normal incidence plane wave ((J) 1 =0° and 0' = -90°) for: (a) E, , (b) E v , (c) £ v
and (d) E,.
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7.5.3. Prediction of Bistatic RCS for all Interim Stages

Similarly to Case Study I, the normalised far-field RCS predictions at each interim 

stage of construction of the metallic tree were obtained for both steady state analysis 

at 20 GHz as shown in Figures 7.32 and 7.33 presented in the next two subsections. 

Subsequently, transient analyses were also performed over the 0.947-12 GHz as 

shown in Figures 7.34 to 7.37. Contrary to the transient analyses of the leaf model, 

the frequency range was limited by the FDTD algorithm. The maximum achievable 

frequency in the transient calculation was based on the assumption of a 10 cell per 

wavelength, where each cell size was determined initially by X/6. RCS was 

computed in the x-y plane as a function of the azimuthal angle <|), by considering

only £e -fields of the RCS. Results are plotted in a polar format over the entire

azimuthal scan of <j>. Normal incidence plane wave ((j) 1 =0° and 9 1 =—90°) in the 

positive x-direction, was assumed in all simulations of metallic structure. Analysis 

and discussion of results are presented in the next section.

7.5.3.1. Steady State Simulation Results

(a) (b)

Figure 7.32 - Normalised Computed E@ Radar Cross Section in the x-y plane for the
metallic tree-like structure at interim stages of its construction, illuminated by an

normal incidence plane wave ( fy [ =0° and 0' = -90 ): Metallic tree with (a) main
metallic trunk only (b) main metallic trunk and one branch.
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(a) (b)

Figure 7.33 - Normalised Computed E0 Radar Cross Section in the x-y plane for the
metallic tree-like structure at interim stages of its construction, illuminated by an

normal incidence plane wave (<\> l =0° and 0 1 = -90°): Metallic tree with (a) main
metallic trunk and two branches and (b) main metallic trunk and six branches.

7.5.3.2. Wide Frequency Band Simulation Results

20,

Frequency, GHz

120

10

1-10

-20

1-30

'-40

Azimuthal angle <J>.°

Figure 7.34 - Normalised Computed E0 Radar Cross Section in the x-y plane for

main metallic trunk illuminated by a normal incidence plane wave ((J) 1 =0° and

0' = -90°) over the frequency range 0.947-11.97 GHz.
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20

Frequency, GHz
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-20
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Azimuthal angle <)),°

Figure 7.35 - Normalised Computed E0 Radar Cross Section in the x-y plane for
main metallic trunk and I branch illuminated by a normal incidence plane wave

(tf - 0° and 6 1 = -90°) over the frequency range 0.947-11.97 GHz.

20

Frequency, GHz

120
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1-10

1-20

-30

'-40

Figure 7.36 - Normalised Computed E& Radar Cross Section in the x-y plane for
main metallic trunk and 2 branches illuminated by a normal incidence plane wave

((J) 1 =0° and 8* = -90°) over the frequency range 0.947-11.97 GHz.
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Figure 7.37 - Normalised Computed E0 Radar Cross Section in the x-y plane for
main metallic trunk and 6 branches illuminated by a normal incidence plane wave

(<]>'= 0° and 0' = -90°) over the frequency range 0.947-11.97 GHz.

7.5.4. Discussion of Results

7.5.4.1. Near- Field Discussion

The interaction of the incident plane wave with the individual components making 
up the structure can easily be observed in the results obtained in the near -field. The 

E-field distribution in the FDTD computational space clearly gives an indication as 
to the propagation modes set-up on the structure, which were analysed and discussed 

in earlier chapters. The interaction strongly depends on the number of metallic 

branches added to the main metallic trunk, which can clearly be seen from visual 

inspection of Figures 7.29 to 7.32. The normalised near total E-field (Et ) at each 

point in the grid, is resolved in its Cartesian coordinates, enabling one to observe the 

3-D intensity of the interactions.
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Figure 7.28 shows the interaction of the plane wave with the main metallic trunk. 
This has revealed significant scattering occurring from the surface of the trunk in the 
plane of the polarisation wave (x-z plane). The reflecting waves will interfere with 
the wave travelling around the object in the direction of propagation, producing 
short-term multipath fading, which results in corrugated waves (interference 
patterns) in the very near field of the trunk, as observed in Figure 7.28a. In the 
planes, other than the polarisation plane, the E-field intensity was mostly weak with 
values below -40 dB, relative to the amplitude of the incident plane wave. This 
suggests no significant depolarisation occurring caused by the trunk, which is 
expected due to its vertical orientation, although the E-field intensity was relatively 
higher on the tips (end points) of the trunk. This is particularly observed in the y- 
direction (see Figure 7.28c), indicating evidence of depolarisation caused by curved 
surface of the tips as well as the 'stair-case' effect. In the x-direction, this is caused 
mostly by diffraction (see Figure 7.28b).

With one branch attached to the metallic trunk (see Figure 7.29), the interaction 
becomes stronger near the branch. Its oblique orientation with respect to the 
direction of propagation and thus to the polarisation orientation, causes re-radiated 
signals travelling in the direction of the branch, as currents are set up on its surface. 
This also contributes to significant enhancement of the cross-polarised signals, 
confirming results reported in chapter four. As more branches are added to the 
metallic trunk (see Figures 7.30 and 7.31), such effects become even stronger, 
leading eventually to overall degradation of the incident plane wave (see Figure 
7.31). Of special note is the significant enhancement of the E-field intensity in the x- 
direction, particularly observed in the regions surrounding the branches. This is 
caused by diffraction over the top and bottom of the curved surfaces of the branches.

The predicted 3D near E-field distribution of the various interim stages of the 
idealised metallic structure, is very useful in understanding and establishing the 
multiple internal scattering occurring between elements within the canopy, 
confirming results reported extensively in previous chapters.
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7.5.4.2. Far-field: Steady-State Discussion

Far field calculations of the near-field interactions were obtained for each interim 

stage of construction of the metallic structure. Figures 7.32 and 7.33 show the full 

bistatic scattering pattern of each structure, which suggest a common strong forward 

scattering in the direction of propagation (4> = 0°). Similarly, the peak observed at 

about 180° is due to the back scattering from the structure. In the back scatter region, 

the amplitudes of the RCS are lower than in the forward scatter region. Large 

variability of RCS amplitudes occur at scattering angles around 90° and 270°, which 

corresponds to the direction in the plane of the structure. The impact of the number 

of branches added to the main metallic trunk on the RCS is mostly visible in the 

forward and back scatter regions. The largest difference observed between interim 

stages, occur for the main metallic tree with six branches (see Figure 7.33d), whose 

simulations revealed an increase of about 5 dB of the RCS (equivalent to an area of 

about 506,000 FDTD grid cells), relative to its predecessor structure of Figure 7.33c. 

On the other hand, the backscatter region is observed to increase with the number of 

branches, by similar amount as in the forward direction, except for the case of the 

complete structure, where a reduction was observed.

In the scattering regions around (|) = 90° and <|) = 270°, it is observed a similar trend 

in the RCS values which, except for the case of only one branch attached to the main 

trunk (Figure 7.32b), is explained by the symmetry of the structure around its 

vertical axis (z-direction). It should also be noted that the orientation of the elements 

comprising the structure lies in the plane perpendicular to the direction of 

propagation, and therefore relatively small interactions are observed in these 

directions, when compared to the forward direction. The asymmetry in the case of 

only one branch, results in a 0.87 dB reduction of the RCS in the direction of the 

branch. Such a decrease is equivalent to a detectable area of 195,500 FDTD main 

grid cells, which is approximately the number of cells occupied by the trunk. In the 

regions around § = 0°, the RCS amplitudes are observed to change rather 

progressively with the exception of the complete structure. Here it is evident that 

more interactions are caused by the branches. In Table 7.6 is presented a summary of

7-4')



A Novel FDTD based Model for 
Chapter Seven__________________Prediction ofBistatic RCS of Single Leaves and Trees

the peak bistatic RCS computed in the forward, side and back scatter directions for 
each tree structure investigated.

Interim Stage

Main Trunk

Main Trunk + 1 
Branch

Main Trunk + 2 
Branches

Main Trunk + 6 
Branches

Peak

Forward
<t> = 0°

+ 19.75

+21.45

+22.89

+27.69

RCS (dBsm) in

Side
0 = 90°

+ 13.72

+ 13.72

+ 12.92

+ 10.87

Scatter regions

<|> = 270°

+ 13.58

+ 12.71

+ 12.76

+ 10.73

Back
<|> = 180°

+ 11.59

+ 13.42

+ 14.82

+ 14.20

Table 7.6 - Peak RCS in the forward, side and back scattering regions of each
metallic tree interim stage.

The computed results presented in this case study revealed that significant multiple 

internal scattering occurs between the elements of the structure, giving rise to 

constructive and destructive interference patterns. The interference pattern can 

explain the deep fades observed at specific angles of the scattering pattern reported 

in chapter four for the same metallic structure. More conclusive results will be 

obtained from a dielectric model, including twigs and leaves, presented in case study 

III.

7.5.4.3. Far-field: Transient Discussion

The far-field transient simulations performed on the various metallic structures have 

shown that the bistatic RCS is highly dependent on the frequency of operation. This 

was observed in Figures 7. 34 to 7.37, for an azimuthal scan of - 90°< § < +90° . It 

was however, only possible to compute frequencies up to 11.97 GHz, due to physical 

limitations of the problem space. At lower frequencies the interaction is observed to 

be even over the angular scan, especially for the main trunk. However, as the number 

of branches are added to the trunk, the interaction tends to be localised mainly in the 
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forward direction, which will be further enhanced as the frequency increases. Of 
special note is the side region, where interactions with the branches in the plane of 
the structure have been shown to cause significant variability in the RCS predictions 
at 12 GHz. The wavelength at the highest frequency of the transient analysis is 
slightly larger than the thickness of branches. This suggests that the major 
contributions to side scattering directions are mainly caused by reflection from the 
trunk region at frequencies up to 12 GHz.

7.6. Case Study III: Dielectric Tree Model Structure

The FDTD based model was finally applied to a dielectric tree model aimed at 
obtaining a reasonable prediction of the bistatic RCS of real trees. The model 
examined factors arising from moisture content in leaves, branches and seasonal 
variations, density of scatterers and trunk/ branch relative sizes, and modelled these 
with sufficient accuracy for use in the design and performance evaluation of radio 
systems. In section 7.7, the verification of the model was obtained by comparing the 
results expressing the predicted bistatic RCS in the far-field region with the results 
obtained in chapter four.

7.6.1. Computational Space and Dielectric Tree Geometries

The idealised dielectric tree has identical physical dimensions and orientations of its 
elements similar to those of the metallic tree model of the previous section. In 
addition, smaller dielectric rods are added to each branch in the model, representing 
secondary branches and twigs to which are attached several dielectric leaf blocks, as 
shown in Figure 7.38. Secondary branches were either vertically or horizontally 
orientated along each branch. The twigs are tilted at 45° on each side of the 
secondary branches. Leaves in the model are represented by blocks of 10 leaves 
each, attached to the twigs in a preferred horizontal orientation. The leaves in the 
canopy are distributed symmetrically around the main trunk. The number of cells
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used to model the secondary branches, twigs and leaf blocks are outlined in Table 

7.7. The physical parameters of the dielectric structure have already been defined in 

Table 7.5.

(a) (b)

Figure 7.38 - Physical representation of the dielectric tree model in the y-z plane: (a)
in 2-dimensional and (b) 3-dimensional.

Individual 
Component
Secondary 

Branch

Twig

Leaf Block

Dimensions (cm)

Length

10

5

10.5x4.5

Thickness

\

0.5

0.25

No.

x.y.z

4x4x40

2x2x20

18x42x1

of Cells

Radius

2

1

1

Table 7.7 - Physical Parameters of the individual components of the metallic
structure.

The dielectric properties of leaves used in the model are defined in Table 7.3. In the 

case of the trunk, branches and twigs, these are assumed to have identical dielectric
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properties. It was however not possible to evaluate their dielectric properties from 

measurements due to lack of resources available. These are assumed to have a 

dielectric constant E r =20-j7 [16] and conductivity of G = 778mS and 

O = 7.78 S , at 2 GHz and 20 GHz, respectively. The problem space is also defined 

by 48x313x430 cells, corresponding to a total of 6,460,320 cells. A minimal spatial 

resolution of X/<5is achieved.

7.6.2. Near Electric Field Distribution Results at 20 GHz at all Interim Stages

Computed E-field intensities were obtained at each interim stage of construction of 

the dielectric structure, as shown in Figures 7.39 to 7.42. The first interim stage 

comprised of the main dielectric trunk to which are attached six primary dielectric 

branches (see Figure 7.39). In the second stage, all secondary branches were added 

to the structure (see Figure 7.40), coupled by twigs in the third stage (see Figure 

7.41). Finally, the leaf blocks were attached to the twigs, representing therefore the 

complete dielectric tree (see Figure 7.42). The leaf blocks are represented in shades 

of green material, where as the trunk, branches and twigs are represented in shades 

of brown material, as indicated in the figures.

Analysis and discussion of the numerical results are presented in section 7.6.4.
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dB scale. EtM dB scale. ExM
(a) (b)

-zo

dB scale. EyM

-20

Figure 7.39 - Normalised near electric field (V/m) distribution cuts in the y-z plane at 
X = 24Ax of the dielectric tree with six primary branches only illuminated by a 

normal incidence plane wave (<t> 1 =0° and 0' = -90°) for: (a) Et , (b) £ v , (c) £\
and (d) E r .
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Figure 7.40 - Normalised near electric field (V/mj distribution cuts in the y-z plane at 
X = 24Ax of the dielectric tree with six primary branches and secondary branches 
illuminated by a normal incidence plane wave (<j>' =0° and 9' = -90°) for: (a) Et ,

(b) E,,(c) £ v and(d) E..
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dB scale. EtM dB scale. ExM
(b)

Figure 7.41 - Normalised near electric field (V/m) distribution cuts in the y-z plane at
X = 24Ax of the dielectric tree with six primary branches, secondary branches and

twigs illuminated by a normal incidence plane wave ((j>' =0° and 9' = -90°) for: (a)
E, , (b) Ex , (c) Ey and (d) £; .
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dB scale. EtM dB scale. ExM
(b)

-10 -20

dB scale. EyM dB scale. EzM

Figure 7.42 - Normalised near electric field (V/m) distribution cuts in the y-z plane at
X = 24Ax of the complete dielectric tree with six branches, primary and secondary

twigs, and leaves illuminated by a normal incidence plane wave (<J>' =0° and
0 1 = -90°) for: (a) E, , (b) Ex , (c) E v and (d) E..
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7.6.3. Prediction of Bistatic RCS at all Interim Stages

In this subsection, the normalised far-field RCS predictions are presented for the 

dielectric tree structure at each interim stage of its construction. Results are 

presented for both steady state and transient analysis, as in Case Study II. Similarly 

to the previous case study, transient analyses were only performed over the 

frequency sweep between 0.947 to 12 GHz, and in the azimuthal angular range 

defined by - 90° < (j) < +90°.

7.6.3.1. Steady State Simulation Results

Figure 7.43 - Normalised Computed E0 Radar Cross Section in the x-y plane for the
dielectric tree-like structure at all interim stages of its construction, illuminated by an

normal incidence plane wave (tf =0° and 9' = -90°): Dielectric tree with (a) 6
primary branches, (b) plus secondary branches, (c) plus twigs, (d) and finally with

leaf blocks.
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7.6.3.2. Wide Frequency Band Simulation Results

20

10

Frequency, GHz

1-10

-20

-30

'-40

Azimuthal angle <J>.°

Figure 7.44 - Normalised Computed E0 Radar Cross Section in the x-y plane for
dielectric trunk with 6 primary branches, illuminated by a normal incidence plane

wave (^ =0° and O 1 = -90°) over the frequency range 0.947-11.97 GHz.

20

10

Frequency, GHz

-10

1-20

-30

-40

Azimuthal angle <

Figure 7.45 - Normalised Computed E& Radar Cross Section in the x-y plane for
dielectric trunk with 6 primary branches and secondary branches, illuminated by a
normal incidence plane wave (§' =0° and 0' = -90°), over the frequency range

0.947-11.97 GHz.
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20

10

Frequency, GHz

-10

1-20

1-30

1-40

Figure 7.46 - Normalised Computed E0 Radar Cross Section in the x-y plane for
dielectric trunk with 6 primary branches plus secondary branches and twigs, 

illuminated by a normal incidence plane wave (<t>' =0° and 0 1 = -90°), over the
frequency range 0.947-11.97 GHz.

20

10

Frequency, GHz

1-10

1-20

30

1.40

Azimuthal angle 4>.°

Figure 7.47 - Normalised Computed E0 Radar Cross Section in the x-y plane for
dielectric trunk with 6 primary branches plus secondary branches and twigs with

leaves, illuminated by a normal incidence plane wave ((J) 1 =0° and 0' = -90°), over
the frequency range 0.947-11.97 GHz.
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7.6.4. Discussion of Results

7.6.4.1. Near-Field Discussion

Similarly to the previous two case studies, the first simulation was aimed at 

demonstrating the near-field interaction with the various elements making up the 

dielectric tree. Figure 7.39 shows the E-field distribution intensity of the structure 

comprising a dielectric trunk with primary branches. Since all primary branches are 

aligned in the direction defined by 0 = ±45° in the y-z plane, the interaction is 

shown to be quite significant for cross-polarised planes. This is the case of E-field 

distribution in the y- (see Figure 7.39c) and x- (see Figure 7.39b) directions, which 

have yielded peak values as high as of 10 dB below the maximum co-polarised E- 

field level. Such cross-polarised enhancement is observed mostly in the regions 

surrounding the branches. Similar behaviour was also observed in the case of the 

complete metallic structure, which has been reported in section 7.5.4.1. It can be 

clearly observed that the intensity of the interactions is relatively small in the case of 

the dielectric tree, which is explained by absorption due to the contents of water and 

presence of dielectric material in its elements. In Figure 7.40, the secondary 

dielectric branches are added to the structure, which have resulted in a significant 

reduction of both co-polarised (see Figure 7.40d) and cross-polarised (see Figure 

7.40c) E-field intensities. Multiple internal interactions may be responsible for such 

behaviour, when considering the next interim stage of the tree (see Figure 7.41), 

which shows a relative enhancement of the intensities in all polarised directions. The 

cross-polarised interactions are quite visible in the regions surrounding the twigs. 

This confirms the fact that electromagnetic currents are set up on their surfaces, re- 

radiating the incident signals according to their orientations. The multiple internal 

scattering between the elements clearly give rise to complex interference patterns.

In a real tree, these elements are distributed randomly in the canopy, contributing 

therefore to an overall change of polarisation or even almost total depolarisation of 

the incident plane wave.
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In Figure 7.42 is shown the near-field interaction of the complete structure, including 
the leaf blocks. One may observe the effects of these blocks, which attenuate the 
signal re-radiated by the branches and twigs, reducing therefore the multiple internal 
interactions observed in the previous stage. Figures 7.42b and 7.42c show these 
interactions clearly giving rise to constructive and destructive interference patterns. 
These effects are also presented in Ez (see Figure 7.42d), except that they are 
swamped by the much stronger Ez component. The interference patterns can explain 
the deep fades observed at specific angles of the scattering pattern reported in 
chapter four.

This effect was also addressed in the analysis of the wideband measurement 
performed at 2 GHz described in chapter six, where a larger number of significant 
multipath components were observed when the leaves have fallen.

7.6.4.2. Far-field: Steady-State Discussion

Figure 7.42 illustrates the simulation results of the full bistatic scattering pattern for 
each structure investigated. The multiple internal interactions observed within the 
dielectric canopy dictates the behaviour of the bistatic RCS in the far-field. A 
common local maximum is found in the forward scattering direction, which tends to 
increase with the number of elements added to the structure. The scattering intensity 
is obtained by summing up the intensities of the many re-radiated signals with 
different phases, giving rise to either constructive or destructive interference. This 
explains the deep fades observed at specific angles of the scattering pattern, which 
has been the main subject of previous chapters. Table 7.8 presents a summary of the 
peak bistatic RCS computed in the forward, side and back scatter directions for each 
tree investigated. Of particular interest are the results obtained for the tree with leaf 
blocks, whose RCS results suggest high absorption caused by the leaves in most 
directions of the scattering pattern, as shown in Figure 7.43d. The behaviour of the 

bistatic RCS can be summarised as follows:
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(i) In the forward scatter region, the predicted results reveal a well 

defined forward lobe of the scattered signal, with a relatively isotropic 

background (see Figure 7.43a), as postulated by the RET theory. The 

beam tends to broaden as the elements are added to the structure. The 

broadening of the forward lobe is a result of the currents induced on 

the various elements comprising the structure, re-radiating the 

incident signal governed by their own orientation. This is 

accompanied by the multiple contributions arising from the internal 

interactions between the elements of the canopy, indicated by the 

near-field analysis of the problem space.

(ii) The insertion of secondary branches to the structure has caused a 

rather interesting scatter pattern, as shown in Figure 7.43b. It is 

observed that most of the elements of the structure were orientated in 

the vertical direction, giving rise to strong scatter signal components 

in the E e -polarisation. This can clearly be seen in Figure 7.43b, 

particularly at § = ±45° and in the side and back scatter regions.

(iii) By adding the twigs to the structure, the multiple internal scattering is 

observed to increase (as shown in Figure 7.41), producing a strong 

forward lobe with deep nulls at specific angular positions and a well 

defined isotropic background in the regions away from the forward 

scatter. This is in good agreement with the RET theory, which 

postulates such behaviour for a random medium of scatterers.

(iv) Finally, the leaf blocks are observed to attenuate the multiple internal 

interactions, as shown in Figure 7.42, resulting in a relatively smother 

scatter pattern, when compared to the case without leaves. This is 

consistent with the results obtained at 2 GHz for the out-of-leaf case, 

where a greater number of multipath components were observed to 

reach the receiver, giving rise to severe multipath effects. Despite the 

relative simplicity of the dielectric model presented in this case study, 

compared with a natural tree which has many more scatterers in 3D
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space, the model has shown to be very useful. The model gives well 

supported reasonable predictions of the scattering processes 

encountered in a natural canopy. Verification of the model is 

presented in section 7.7 for both idealised and natural trees.

Peak RCS (dBsm) in Scattering region

Interim Stage: 
Main Trunk plus:

plus 6 Primary 
branches

plus secondary 
branches

plus twigs

plus leaf blocks

Forward

+26.87

+28.88

+30.17

+30.57

Side
0 = 90° <\

+9.92

+ 10.00

+9.03

+8.67

) « 270°

+9.78

+ 10.10

9.02

9.06

Back
0 = 180°

+ 13.10

+ 14.05

14.40

13.88

Table 7.8 - Peak RCS in the forward, side and back scatter regions of each dielectric
tree interim stage.

7.6.4.3. Far-field: Transient Discussion

The interactions with the various elements of the tree have been studied in the 

previous case study and these are shown to increase with frequency, especially in the 

forward scattering region. Such interactions have been noted to be even stronger for 

the case of the dielectric tree, because it comprises many more scatterers. This is also 

explained by the physical dimensions of the individual components of the structure, 

such as the secondary branches, twigs and leaf blocks, which become quite 

comparable to the size of the wavelength at higher frequencies. In Figure 7.44 is 

shown the predicted bistatic RCS over the frequency range for the dielectric tree 

with 6 branches only. Results may be compared to the ones obtained for the metallic 

case presented in Figure 7.37, where it can be clearly seen that smaller interactions 

occur due to the presence of dielectric material making up the dielectric structure.
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Comparing the results obtained for each structure in Figure 7.44 to 7.47, one can see 
the enhancement of the bistatic RCS over the angular range as more components are 
added to the tree.

7.7. Verification of the Bistatic RCS Model based on a Far-Field 
Approximation

Experimental verification of the model could only be undertaken with measurement 

data obtained in the near-field region of the tree. A near-field to far-field 

approximation was therefore utilised in the subsequent analysis. Bistatic scattering 

results reported in chapter four were used to assess the model developed in this 

chapter. The verification was done first on the metallic tree-like structure at all its 
interim stages of its construction and then on a natural ficus tree. Measurement 

results were however converted into RCS values by solving Eq. 7.6. Such 
manipulation of the equation demanded an accurate knowledge of each experiment 

link budget. The direct coupling between antennas and the scattered signals from the 
canopy, were however not possible to be resolved for the system used in the 
experimentation. To minimise the problem, a directional antenna was used at the 
receiver, ensuring that only the scattered signals from the tree were received. In the 
transitional regions, this was not entirely achieved, because the received signal 
experienced direct contribution from the antennas in addition to those scattered from 

the tree, and the RCS could no longer be estimated accurately.

Under these conditions, the predicted bistatic RCS in the far-field region are 
compared with the near-field measured results conducted inside the anechoic 

chamber, over the angular range defined by -90°<())<+350 . Figures 7.48 to 7.51 

give the comparison between the predicted and the measured RCS results for the 

various stages of the metallic structure. In general, it is clear from the graphs that 

predicted values are relatively higher than the measured ones. On the one hand, this 

is explained by the effective capture area of the receiving antenna, which is 

collecting and averaging the power in an area composed of free space and sample
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material. On the other hand, this clearly shows the influence of the near-field effects 
on the calculation of the Bistatic RCS.

As the number of elements in the structure increases considerably, the difference 

between the measured and predicted RCS should become smaller. This is the case 

for the complete dielectric tree, whose predicted RCS results agree reasonable well 

with those measured using a ficus tree comparable in size. This is shown in Figure 

7.52, where good agreement can be seen in the forward scatter region, with nulls in 

the measured results being located at similar positions to those predicted by the 

model. Depolarisation is considered in chapter five to be responsible for such signal 

behaviour, in addition to multipath effects revealed in chapter six, giving rise to 

constructive and destructive interference patterns. In contrast, differences with rms 

error of about 10 dB can be seen in Figure 7.52 in the back and side scatter regions. 

The differences can be explained by the difference in leaf thickness between the 

modelled structures and the ficus tree, and the 3D nature of the tree. The thicker 

natural structure contains more leaves, which tend to absorb the re-radiated signal. 

This causes the measured scatter signal to be significantly lower compared to the 

flatter (2D) dielectric structure.

The relatively small 'rms' error obtained between the predicted and measured results 

presented in Table 7.9, indicate that the FDTD based model is appropriate to 

characterise the bistatic RCS of single natural trees.

'rms'prediction error' 
Tree Specimen , ,^,

Metallic trunk 6.78

Metallic trunk + 1 branch 7.12
Metallic trunk + 2 branches 6.37

Metallic trunk + 6 branches 7.85

Dielectric Tree vs. Ficus tree ________10-26______

Table 7.9 - Assessment of the 'rms' prediction error for various tree specimens.
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-60 -40 -20 0 
Angular rotation of the receiver 0, s

Figure 7.48 - The predicted E0 Radar Cross Section (using the FDTD metallic
model) and measured results of metallic trunk, illuminated by a normal incidence

plane wave (ty =0° and 6' = -90°) at 20 GHz.

-80 -60 -40 -20 0 
Angular rotation of the receiver 0, -

Figure 7.49 - The predicted E0 Radar Cross Section (using the FDTD metallic
model) and measured results of metallic trunk with one branch, illuminated by a

normal incidence plane wave (())' =0° and 9' = -90°) at 20 GHz..
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ETheta Simulated 
ETheta Measured

-80 -60 -40 -20 0 
Angular rotation of the receiver §, 9

Figure 7.50 - The predicted E0 Radar Cross Section (using the FDTD metallic
model) and measured results of metallic trunk with 2 branches, illuminated by a

normal incidence plane wave (ty = 0° and 9 ; = -90°) at 20 GHz.

-60 -40 -20 0 
Angular rotation of the receiver < -

Figure 7.51 - The predicted E0 Radar Cross Section (using the FDTD metallic
model) and measured results of metallic trunk with 2 branches, illuminated by a

normal incidence plane wave (<t>' = 0° and 0' = -90°) at 20 GHz.
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-60 -40 -20 0 
Angular rotation of the receiver $, -

Figure 7.52 - The predicted E@ Radar Cross Section (using the FDTD dielectric
model) and measured results of ficus tree, illuminated by a normal incidence plane

wave (tf = 0° and G 1 = -90°) at 20 GHz.
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7.8. Summary and interim conclusion

A model has been developed and applied for two idealised structures consisting of 

metallic and dielectric leaves using the FDTD technique. This has enabled a more 

accurate modelling of the interaction between the incident plane wave and single 

leaves, providing a useful insight into the propagation modes. The dielectric 

properties of the leaf model were first evaluated from appropriate measurements to 

measure the water contents in a leaf, and subsequently used in the FDTD based 

model.

The interaction of the leaf with the incident plane wave is observed to be highly 

dependent on the angle of the incident plane wave. High concentration of energy is 

modelled inside the leaf, explaining the absorption processes occurring in the leaf 

caused by its high moisture content. Such effect is noted to be independent of the 

angle of the incident signal.

Far-field results of the leaf model has shown that a leaf produces a strong forward 

scatter in the direction of propagation, when illuminated by a normal or even an 

oblique incidence plane wave. In such cases, the behaviour of the RCS is shown to 

exhibit a similar trend for both the metallic and dielectric leaves, suggesting that a 

simple metallic geometry appropriately scaled is capable of predicting re-radiation 

performance of a natural leaf. Transient analyses of the scattered signals have 

revealed that interaction with a single leaf may become negligible for frequencies 

below 2 GHz.

The leaf model can be used as part of a larger physical model comprising of a main 

trunk, a number of main branches, twigs and leaves, which simulate a dielectric tree. 

A preliminary test of the desired model was performed by modelling the metallic 

tree-like structure used in chapters four and five, whose results revealed interference 

patterns strongly dependent on the number of elements making up the tree. This has 

revealed significant multiple internal scatterings, giving rise to constructive and
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destructive patterns, confirming depolarisation results of chapter five and the reasons 

for the strong fades in the re-radiated signal at specific tree orientations.

Application of FDTD to the dielectric tree model has yielded predicted re-radiation 

fields and RCS results, which are found in good agreement with measured results 

using a comparable size natural tree. The scattering process is obtained by summing 

up the intensities of the interactions with the various elements of the tree, producing 

a strong scattering in the forward direction. Good agreement is particularly obtained 

in the forward scatter region.

The emerging model is capable of predicting the re-radiation performance of natural 

trees with sufficient accuracy especially in the forward regions, enabling results to be 

used in the design and performance evaluation of radio systems affected by 

vegetation. The model is in its 2D form and further development aimed at extending 

the model to larger vegetation structures, will provide a very useful scatter prediction 

model for use in the planning and design of broadband wireless communication 

systems.
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Chapter Eight

Review and Conclusions

The final chapter of this thesis is devoted to a summary of the work undertaken. The 
chapter has been divided into three parts. In the first part, a general review of the 
results and achievements of the research programme are discussed and assessed in 
the context of original aims of the work, whilst in the second part, general remarks of 
the models and their applicability in radio system planning are discussed. Finally, 
potential avenues of future work, both to improve and increase the general 
applicability of the techniques developed in this thesis, are proposed.

8.1. Review of the Thesis

Mobile radio communication systems rely in their design and implementation on the 
availability of radiowave propagation models, which describe accurately the 
interaction of radiowaves with various obstacles in the radio path. Cellular 
architecture forms the basis for the high-level network planning process, which is a 
necessary pre-requisite for mobile and personal communications. Vegetation in the 
form of single trees has been shown in this research to influence significantly 
radiowave propagation, which involves three basic propagation mechanisms:

• absorption leading to excess attenuation;

• scatter and;

• depolarisation.

The main aim of this research was to characterise and model the physical 
propagation mechanims occurring in vegetation media taking the form of single 
trees. This has been addressed in this study through a combination of analytical and 
experimental modelling based on thorough examination of the re-radiation functions 
of single trees, and appropriate measurements performed under controlled 
environments. A range of microwave and millimetre wave propagation geometries
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have been studied, including the development of a method of accurate modelling of 
the tree electromagnetic geometry containing its usual structural elements.

Chapter one is introductory in nature and establishes the context in which the areas 
of research are to be treated in the formulation of practical models capable of 
predicting the effects of vegetation on radio system design.

In chapter two, different physical models for the prediction of microwave and 
millimetre wave attenuation and scatter from vegetation are reviewed and 
summarised. It is noted that there is a lack of models capable of ascertaining the 
propagation effects of single trees. Most of the models available in the literature do 
not account for the interaction of the incident plane wave with the individual 
elements making up the tree. Appropriate methods to characterise their influence on 
the various propagation modes have been selected and studied in this thesis. These 
methods allow the prediction of the re-radiation functions of single trees, when 
illuminated by an incident plane wave. The first method is based on the Radiative 
Energy Transfer (RET) theory, which has been used extensively in this study, to 
support the observed scattered signal behaviours. The theory provides a framework 
for the physical interpretation of the propagation mechanisms in terms of absorption 
and scatter in vegetation media. The second method is based on the FDTD numerical 
technique, aimed at a single tree characterisation and modelling. This approach has 
been used to build accurate models, starting from those applicable to single tree 
components, such as leaves and branches, to a generalised model formulated from 
these primary models. The two methods have been used in this research to identify 
and explain the effects of trees on the propagation of radiowaves at microwave and 

millimetre wave frequencies.

Chapter three describes in detail the development of three experimental systems and 
environments used in the experimental study, covering both microwave and 
millimetre wave frequency bands. Several experiments, described in chapter four, 
were designed and conducted at 20 and 62.4 GHz to investigate and characterise the 
re-radiation functions of single trees in the anechoic chamber for measuring both co- 
polar and cross-polar components. The development of software and hardware 
systems allowed these measurements to be performed under controlled environments 
——————————————————————. - - s _ 2
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and with reasonable accuracy. Results from a preliminary investigation has shown 

that vegetation matter affects profoundly the propagation of radio signals in the 

frequency bands specified. Conventional attenuation measurements of the received 

scattered signal from the tree were shown to be highly dependent on the frequency of 

operation and the type of tree used. The main findings of this initial investigation can 
be summarised as follows:

(i) Significant insertion loss values of the tree were observed at microwave 

frequencies to be as high as 5-10 dB and 10-15 dB, for the ficus and conifer 

trees, respectively. Greater attenuation however, was noted at millimetre wave 

frequencies, with signal levels being attenuated on average by 5-15 dB and 20- 

30 dB for the same ficus and conifer tree specimen, respectively.

(ii) Greater Fresnel clearance was, however, noted at higher frequencies allowing 

the incident signal to penetrate the gaps in the foliage. This was particularly 

observed in measured results obtained from two ficus trees at 62.4 GHz. In the 

case of one Ficus tree with relatively large gaps, the observed behaviour at 

62.4 GHz was not markedly from that at 20 GHz. This demonstrates the 

significance of the foliage density on the predicted attenuation.

(iii) Deep nulls were observed at specific angular positions of the tree, when both 

transmitter and receiver were aligned on either side of the tree. Depolarisation 

was shown to have a considerable influence on the received signal behaviour. 

An idealised metallic tree-like structure was used in the study to assist in the 

understanding of the propagation modes arising from single trees in the radio 

path.
(iv) Three regions of interest are identified from the analysis of the bistatic 

scattering pattern of the tree. The first region is described as the forward 

scattering region, characterised by a strong forward component (mainly 

coherent) in the direction of the incident plane wave, which has been modelled 

in the RET by a Gaussian function. The back and side scatter regions are 

dominated by the diffuse scatter from the tree (mainly incoherent) and those 

were observed to assume a rather uniform directional distribution. Measured 

results were shown to be in good qualitative agreement with theoretical 

predictions.
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The scatter regions were further investigated in chapter five, by measuring the 
polarisation patterns in the regions identified in chapter four. These were performed at 
20 GHz to ascertain the reasons for the deep fades obtained in the static attenuation 
measurements of the tree and also to characterise the changes of polarisation state of 
the re-radiated signals in the regions identified. The polarisation states were observed 
to vary from well defined elliptical polarisation states in the forward region, to 
randomly polarised states in the back and side scatter regions. A rather well defined 
polarisation state was identified at specified null positions, indicating that 
depolarisation was significantly responsible for the deep fades observed, in addition to 
the strong multipath effects observed in the scatter pattern, giving rise to constructive 
and destructive interference effects. These may result in the co-polar signal 
experiencing a sharp decrease at specific orientations of the tree, which is significantly 
influenced by the complex permittivities of the various materials making up the tree.

In chapter six, the multipath effects of single trees, addressed in chapter four, were 
modelled for various locations of the receiver around an isolated deciduous mature tree 
chosen in Tredegar Country Park, at Newport. This was performed based on 
measurements of the channel characteristics at 2 GHz. A physical model is 
developed to identify the individual contributions of the elements giving rise to the 
scattered signal. This is carried out at the level of the individual multipath 
components, by separating the multipath components using their different 
propagation delay times and directions of arrival. A discrete model was employed to 
compute the channel characteristics and evaluate the severity of the multipath 
channel. Furthermore, a ray tracing tool was developed to assist in the identification 
of the directions of arrival of individual contributions of scattering sources of the tree 
canopy, as a function of receiver angular position around the tree. Results from these 
studies can be summarised as follows:

(i) Spatial fluctuation in the delay spread parameters were found to be more
severe in the forward and transitional regions dominated by strong coherent

components. 
(ii) Dispersive effects caused by a tree were observed to be less severe for the tree

in-full-leaf, because leaves absorb the multiple internal scattering signals from

branches and twigs within the canopy.
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(iii) A larger number of multipath components were observed when the leaves were

absent, confirming results outlined in (ii). This was also true for the case of
cross-polarised components, 

(iv) Wind movement caused relatively high variations in the received signal level.

Variations as high as 6 dB were encountered particularly in the back scatter
region.

In view of the complexity and need for deeper understanding of the propagation modes 

arising from the interaction of radiowaves with single trees, a novel method is 

presented in chapter seven, which enables accurate modelling of trees comprising 

leaves, branches and trunk, using the FDTD technique. The method is proposed as a 

means of accurately computing the scattered fields by arbitrary-shaped relatively 

complex metal or dielectric objects excited by a plane wave. The individual elements 

of the tree are modelled using simple geometrical shapes and characterised by their 

complex material permittivities, orientation and effective volume occupied. In this 

approach, the 3-D re-radiation fields of the entire tree can be predicted by combining 

the effects of the single elements forming the tree.

Application of these models has demonstrated that several parameters will affect the 

re-radiation function of single trees, but that the influence of each parameter depends 

upon the values of the other parameters, as well as upon the microwave link 

parameters such as frequency and the angle of incidence of the illuminating wave. It 

can be concluded that:

(i) Effects of leaves. The orientation of the leaf with respect to the angle of the 

incidence plane is shown to play an important role in the predicted RCS. 

Differences of about 15-60 dB were observed in the calculated RCS values 

for angles of the incidence plane wave varying from oblique to parallel cases. 

This is expected when considering the thickness of the leaf, being much 

smaller than the wavelength over a wide range of frequencies. In some cases, 

a simple leaf was shown to produce a strong forward scattering pattern. High 

concentration of energy was also observed inside and on the faces of the leaf, 

indicating therefore high signal absorption. Absorption caused by leaves, was 

shown to have a strong impact on the general model, as leaves attenuate the
———————" 8-5
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signals re-radiated from the branches and twigs, and thus reducing the 

multiple internal scattering between elements.

(ii) Effects of branches and twigs. Propagation modes set-up in the structure 

can be clearly observed from the near E-field distribution in the 

computational space, whose results have demonstrated that the interference 

pattern strongly depends on the number of branches and twigs making up the 

tree. Their orientation was shown to contribute a great deal to the various 

propagation modes identified in the study, especially to the depolarisation 

effects observed at certain angles of the scatter pattern from the tree. Cross- 

polarised interactions were clearly observed in the regions surrounding the 

branches and twigs, confirming the fact that currents are set-up on their 

surfaces, re-radiating the incident signals according to their orientations.

(iii) Performance of the 2D prediction model. The prediction model was 

applied to a dielectric tree in which prediction results of the scattered fields 

were found to be in good agreement with measured results using a 

comparable size natural tree at 20 GHz. The model is shown to be capable of 

giving reasonable predictions of the scattering process, including the deep 

fades observed at certain angular positions in the forward scatter region of the 

tree. Not surprisingly, the performance of the model is not found to be so 

good in the side and back scatter regions. This is due to the difference in 

thickness (volume of vegetation) between the modelled structures (in 2D) and 

the natural tree (a 3D structure), which contains more branches and leaves. 

This difference can explain the lower level of scattered signal from the 

natural specimen due to high absorption by the more numerous leaves.

8-6
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8.2. Conclusions

In summary, the author has contributed to several important aspects of propagation 

in radio paths affected by single trees. The contribution is underpinned by well 

researched radio propagation models, whose accuracy and performance have been 

assessed using a combination of analytical methods, simulations and experimental 
measurements.

8.2.1. Contribution to Models

Scattering prediction models available in the literature do not account for the 

interaction of an incident plane wave with individual elements making up the tree. 

Available models, such as the ones outlined in chapter two, are useful for prediction 

of general modes of behaviour, but have been shown to be either too simplistic 

(empirical modelling) or rather too complicated to be fully validated and of use in 

system planning (analytical modelling). These observations have led to the 

development of simpler scattering models capable of explaining the re-radiation 

functions of single trees. These are presented in this thesis. Results presented in this 

study have established the dependence of the parameters of the models on the 

specific tree characteristics, such as moisture content, density of scatterers and trunk/ 

branch relative sizes. The author considers that this represents novel additional 
analytical and experimental work, which has contributed significantly to the 

establishment of the desired relationships between the physical attributes of the tree 

and its EM propagation properties.

Firstly, the results obtained from measurements revealed significant attenuation and 

scatter of the transmitted signal due to propagation through vegetation. A deterministic 

theoretical model may be used to predict the attenuation and scatter caused by trees, 

which is based on the RET model. The implementation of this deterministic approach 

gives a good understanding of the propagation mechanisms, however results in this 

thesis extend those, which may be derived using the RET to single trees. This theory 

has sought to model the re-radiated energy in terms of the absorption and scatter

8-7
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propagation modes only. Results have demonstrated that depolarisation of the 

propagating signal should also be considered in the characterisation and modelling 
procedures.

Secondly, the complex characterisation of the dispersive effects from single trees 

addressed in chapter six, represents an important contribution to the literature, 

especially for wideband channel performance. A physical based model for propagation 

modes emanating from a single tree was developed based on the complex impulse 

response measured at various positions around the tree, for both co-polar and cross- 

polar received signal components. These have demonstrated the sources of scattering 

in a single tree, and subsequent effects exercised by tree components such as leaves, 

twigs and branches, in addition to wind effects. An important further extension is the 

use of this near-field model to analyse the effects of single trees at frequencies 

covering both LMDS and MBS system applications.

Finally, a novel model has been developed which extends the FDTD approach to 

model more complex geometries such as single dielectric trees. Thus, allowing the 

accurate modelling of an arbitrary three-dimensional (3-D) model geometries and the 

interaction with objects of arbitrary conductivity, in addition to a perfect conductor 

(idealised metallic tree). Literature available on the subject of bistatic scattering from 

trees tends to treat vegetation in a more macroscopic level based on bulk parameter 

characterisation. In the microscopic approach presented in this thesis, the 3-D re- 

radiation fields of the entire tree are predicted by combining the effects of the single 

elements forming the tree. The merit of this method lies in its relative simplicity of 

use and its capability in analysing the factors arising from moisture content in leaves, 

branches and seasonal variations. This model offers sufficient accuracy for use in the 

design and performance evaluation of radio systems, although errors are expected in 

the predicted amplitude results. This is especially so in the side and backscatter 

regions, where the error is, nevertheless, constrained to be within a few decibels. 

Wideband characterisation of this medium will also play an important role in 

developing the model into a more useful design tool for use in the planning of 

multimedia communication networks and UMTS services operating at these 

frequencies.

8-8
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Results and knowledge acquired from this work will contribute to a collaborative 

study on propagation through vegetation for the Radiocommunications Agency. The 

study is aimed at providing a generic model for the determination of propagation loss 

through vegetation, particularly in forests. Results obtained for the characterisation 

of re-radiation functions are highly relevant to RET based loss models.

8.2.2. Contribution to Measurements

This part of the research was particularly valuable since it provided a unique 

opportunity for examining the effects of single trees in the radio path. Measurements 

were used to provide valuable insight into the complex processes involved in the 

interaction between radio propagation modes and the physical environment. This, in 

turn led to a further development of radio propagation models and their subsequent 

verification using both anechoic chamber and outdoor radio path geometries. This 

has increased the range and accuracy of measured data, which were obtained 

enabling the effects of geometrical and electromagnetic parameters of vegetation 

samples to be studied and quantitatively assessed. When those are added to the 

results from the FDTD simulations, it became possible to relate these parameters to 

propagation modes as a prelude to formulating the desired propagation and planning 

models.

Frequencies at which the experiments were carried out were 20 and 62.4 GHz. In 

addition, complex amplitude measurements were also carried out at 2 GHz in 

outdoor environments. For this frequency band, a new measurement system has been 

developed for use in short-range outdoor radio channels, incorporating a vector 

network analyser (VNA), operating in a swept frequency measurement mode. The 

resulting 2 GHz frequency-domain channel sounder yielded the radio channel 

response under various conditions, e.g. in-leaf and out-of-leaf cases.

8-')
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8.2.3. Contribution to Published Literature

The author has contributed the following papers to the published literature:

(i) R. Caldeirinha and M. Al-Nuaimi, "Modelling of the re-radiation functions of 

single trees based on wideband measurements at L-band", 11 th International 

Conference on Antennas & Propagation, ICAP2001, Manchester, UK, April IT- 

20, 2001.

(ii) R. Caldeirinha and M. Al-Nuaimi, "A Novel FDTD based method for prediction 

of bistatic RCS of single leaves and trees", 11 th International Conference on 

Antennas & Propagation, ICAP2001, Manchester, UK, April 17-20, 2001.

(iii) R. Caldeirinha and M. Al-Nuaimi, "An Accurate Model for RCS of Single 

Leaves ", 4th European Personal Mobile Communications Conference, 

EPMCC2001, Vienna, Austria, February 20th-22nd, 2001.

(iv) R. Caldeirinha and M. Al-Nuaimi, "Investigation and Analysis of the Re- 

Radiating Signals Emerging from a Tree and Comparison with Idealised 

Structures at 20 GHz", AP2000 Millennium Conference on Antennas & 

Propagation, Davos, Switzerland, Pap. 460, April 11-15, 2000.

(v) R. Caldeirinha and M. Al-Nuaimi, " Co-Polar and Cross-Polar Measurements of 

the Re-Radiation Signal at 20 GHz from a Tree and their Analysis in the region 

around the Nulls", IEEE Proceedings of the Sixteenth National Radio Science 

Conference, Ain Shams University, Cairo, Egypt, INV4, Feb. 23-25, 1999.

(vi) R. B. L. Stephens, M. O. AL-Nuaimi, R. Caldeirinha, " Characterisation of 

depolarisation of Radio Signals by single trees at 20 GHz", IEEE Proceedings of 

the Fifteenth National Radio Science Conference, Helman, Cairo, Egypt, B12, 

Feb. 24-26, 1998.
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8.3. Recommendation for Further Work

Further work to extend and build on the research work reported in this thesis may 

take the following:

With specific reference to the RET model, further work is required on the model 

parameters to include the effects of depolarisation and its dependence on the physical 

attributes of the trees addressed in this study. The inclusion of depolarisation in an 

extended form of the RET model is fairly complex, but will represent a novel and 

valuable addition to the theory. This would require a formulation of a vector 

transport equation of the complex scattering problem.

In addition, the evaluation of the specific parameters in the RET, may be evaluated 

by performing analytical and simulation tasks using the novel FDTD method 

proposed in this thesis. These may be applied to wider complete structures of 

different complex dielectric properties representing the tree specimens. 

Consideration should be given to wideband characteristics of the medium, such as 

frequency-dependency of the dielectric materials constituting the different elements 

of the tree. Special attention is drawn here for branches and the trunk, whose 

dielectric properties are not well defined in the literature. Tasks may also require the 

study and development of a possible hybrid method to overcome computer 

processing speed and memory limitations of the FDTD method, and thus 

contributing to a more generalised 3D model. Validation of the hybrid model would 

need to be performed in the far-field of the tree specimens in an anechoic chamber 

with larger dimensions, including single trees and row of trees. Alternatively, it 

could be validated in an outdoor environment using the sounding techniques 

presented in chapter six to differentiate the genuine contributions from the tree from 

those other contributions, such as ground reflections and direct coupling between 

antennas.

With the possible advent of LMDS and MBS services, it is recommended that 

wideband propagation measurements of the type performed at 2 GH/ are repeated in
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the frequency bands at 20 and 62.4 GHz earmarked for these services, respectively. 
Such measurements will reveal valuable information of the dispersive effects and the 
overall channel performance. The resulting measured data can be contrasted with 
that presented in this thesis at 2 GHz.

It will be very useful if further work is aimed at studying wind effects on wideband 
system performance. For this, the measurement system needs to be developed to 
include an anemometer and also to monitor the Doppler effects caused by movement 
of leaves and branches.
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Appendix

Appendix

Appendix A: The Theory on the Basis of the FDTD Method

The theory on the basis of the FDTD method is simple. To solve an electromagnetic 

problem, the idea is to simply discretise, both in time and space, the Maxwell's 

equations given in Eq. 7.8 and Eq. 7.9 with central difference approximations. The 

originality of the idea of Yee [53] resides in the allocation in space of the electric and 

magnetic field components, and the marching in time for the evolution of the 

procedure. To better understand the theory of the method, a simple one dimensional 

problem is evaluated from first principles. For a generic media, Maxwell's equations 

mentioned above can be re-written as Eq. A. 1 and Eq. A.2, also to accommodate the 

presence of dielectric material in the medium. In these equations e0 and \a 0

represent, respectively, the permittivity and permeability of free-space, and e r and 

a represent, respectively, the relative permittivity and conductivity of the material.

1 _ rr o „VxH--— E (Eq.A.l)
3? E n e, „ ,

= _J_VxE (Eq.A.2)

In one-dimensional case, £v and Hy can be re-written as Eq. A.3 and Eq. A.4, that 

represents a plane wave travelling in the z direction. To avoid computational 

problems due to very different amplitudes of E and H, Taflove [54] [55] introduced a 

normalisation of the E field as shown in Eq. A.5. Therefore, by changing the variable 

Ex according to Eq. A.5 and dropping the 'dash', Eq. A.6 and Eq. A.7 are obtained.

^ = ———-±———EA (Eq.A.3) 
dt e,,e,. dz e,,e r
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a? (Eq. A.4)

* - J—E (Eq. A.5) 
V M-o

e

L O O O az

(Eq. A.6)

(Eq. A.7)

Yee's scheme as outlined in chapter seven, consists in considering Ex and Hy shifted 

by half a cell and in time by half a time step when considering a central difference 

approximation of the derivatives. In such case, equations Eq. A.3 and Eq. A.4 may 

be written as Eq. A.8 and Eq. A.9, respectively. The latter did not consider the 

possibility to have magnetic materials, which in such a case, these could be included 

easily by modifying Eq. A.7 first, and the discretising it as done for deriving Eq. A.9 

[42].

(Bq . A . 8)

(Eq.A.9)
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MODELLING OF THE RE-RADIATION FUNCTIONS OF SINGLE TREES BASED ON 
WIDEBAND MEASUREMENTS AT L-BAND

R Caldeirinha and M Al-Nuaimi 

University of Glamorgan, UK

INTRODUCTION

In urban and rural areas, radiowave propagation is 
generally dominated by diffraction loss and reflections 
from buildings and trees. In the case of land mobile 
systems, trees, singly or in a group, are usually present 
in the environment surrounding the receiver. An 
important part of the modelling process is aimed at 
identifying the individual contributions of the elements 
giving rise to the scattered signal.

Studies around the 2 GHz were performed on a mature 
deciduous tree in order to characterise the complex 
propagation modes emanating from a single tree. 
Measurement campaigns were conducted in 
Autumn/Winter and Spring/Summer on the same tree. A 
measurement system has been developed for short-range 
outdoor radio channels incorporating a vector network 
analyser (VNA), configured for swept frequency 
measurements. Results of an investigation based on the 
measured complex impulse response (CIR) at various 
positions around the tree for both co-polar and cross- 
polar received signal components, are presented. A 
discrete mathematical model is used to compute rms 
delay spread of the power delay profiles (PDF) for both 
foliated and de-foliated states of the tree. Seasonal 
variations and the effects of leaf movement on the 
channel characteristics caused by wind, are also 
discussed.

Only the azimuthal plane (XOY-plane) was used in the 
computation of direction of arrival of the various 
multipath contributions. If single scattered paths are 
considered in the canopy, then all scatterers associated 
with a certain path length can be located on an ellipse 
with the transmitter and receiver placed at its foci [2], as 
shown in Figure 1. All scatterers giving rise to single 
components arriving at the receiver between T and 
T + ires , will lie in the region bounded by two confocal 
ellipses. The inner edge of this region is defined by an 
ellipse with parameter at and b, defined in (2), and the 
outer edge by the ellipse with parameters a2 and b2 
defined in (3). In both equations, c is the speed of light 
and dc is the distance between antennas, defined by (4). 
This region is illustrated in Figure 1 by the shaded area 
between the two ellipses. Path delay t res , is the
measuring system finite time resolution. Many waves 
often reach the receiver within a delay shorter than the 
resolution. Therefore, multipath components arriving 
with time intervals smaller than the measurement 
system's resolution time, cannot be resolved as 
contributions from distinct paths, and will be detected as 
a single signal component. The model takes the vector 
sum of these unresolvable multipath components and 
considers it as a single signal component. This is in 
agreement with the time axis of the PDF, where each 
time interval T, , also called 'bin', is a multiple of t res . 
Each bin is assumed to contain either one or no 
multipath component.

DEVELOPMENT OF VEGETATION MODEL

A physical based model for propagation modes arising 
from a tree illuminated by an incident radiowave was 
developed based on measurements of the channel 
characteristics. This was carried out at the level of the 
individual multipath components, in particular, by 
separating the multipath waves using their different 
propagation delay times and directions of arrival. The 
CIR of a multipath channel can be modelled 
mathematically [1] in the time domain as (1). Scatterers 
comprising leaves, branches and trunk, are assumed to 
lie in the plane which includes the transmit and receive 
antennas.

(1)

T2

', b2)

Figure 1: Path of geometry for a single scattering of the 
canopy.

a, =cr/2 and b, = a 2, -{dc /2} (2)



a 2 = and b2 = a 22 -(dc (3)

= V (r cos sn <

The major difficulty in the formulation is to determine 
point Tj of the ellipse for all possible multipath delays 
T, received, at each position <)> of the receiver. This is 
necessary to determine the location of significant 
scattering areas within the canopy of the tree. Figure 2 
shows that for a particular position of the receiver (j) , a 
suitably scaled ellipse of each multipath delay can be 
produced in the form of a map overlay on the 
measurement geometry. In principle, this technique is 
assumed to be suitable for determining the significant 
single scattering or scattering areas of the tree canopy, 
and their contributions to the multiple scattering process 
observed previously in [3]. After extensive 
manipulation of the geometry presented in Figure 2, a 
simplified expression is proposed for the co-ordinates of 
point Tl given in (5) and (6), respectively, for cjx 0° 
and ty>0°. This was evaluated under the assumption 
that | p, |=| p2 | . The angle a in both equations, is 
defined as the angle measured counter clock-wise from 
a line drawn between the receiver at (j> = 0° and the 
transmitter to the line drawn when the receiver is moved 
around the tree. This angle may be given as a function 
of rotational angle of the receiver <|> , in the form of (7).

= x —- cos a — r, + h|sin a + y —~ sin a + hjcos a 

h sin a| + y •-- sin a - h cos aI", = x( | •— cos a - r, +

a = sin 7 (r2 sisn

(5)

(6)

(7)

Figure 2: Geometry for determining the position of 
points T, of the canopy as a function of receiver position

Contributions from ground reflection may also be 
present in the received signal at certain angular 
positions of the receiver. The method of images [4] is 
used to find the path length of the ground-reflected path 
(dg), assuming perfect ground reflection, as shown in 
(8), where h, and hr are the height of transmitter and 
receiver antennas, respectively. These were set to the 
same height at 4.5 m.

dg =4(ht +hr )2 +dc (7)

MEASUREMENT DESCRIPTION

Measurements were performed on an isolated deciduous 
mature tree found in Tredegar Country Park, at 
Newport. The tree had an average height of 9 m and a 
trunk width of 0.4 m with foliage spread of 6 m covering 
the top 8 m of the tree height. Its leaves had an average 
of 10 cm length and 5 cm width. The geometry set-up is 
shown in Figure 2. The transmitter was kept stationary 
on top of a 4.5 m mast, and at a distance /•/= 8 m from 
the centre of the tree. The mobile receiver station was 
made to rotate around the tree in the angular range of 
-135°< <))< +735° in discrete increments of 5°. The
rotation path was circular of radius r2 =6.64 m, during 
which the receiver was kept stationary while acquiring 
the measurement data. The main component in the 
system (see Figure 3) is a HP8714C economy VNA, 
which performs the frequency domain transfer function 
(S2 i parameters), by sampling the channel at uniformly 
spaced frequencies between 7720 and 2000 MHz. A 
bandwidth of 280 MHz, with a step size of 350 KHz, 
was used in the experiments, that resulted in a time 
domain (Fourier) resolution of around 3.57 ns , and a 
time profile that is 1.428 \\s in length. This time
resolution is equivalent to a spatial resolution of 7.07 m, 
i.e. a minimum detectable path difference between two 
multipath components. To mitigate the effects of 
Doppler shift, 10 consecutive sweep measurements 
(profile) were obtained for each position of the receiver. 
These were averaged out. Thus, space and time 
averaged power delay profiles could be measured [5]. 
Wind speed was assumed to be below 0.4 ms" 1 for most 
of the entire measurement periods.

ANALYSIS AND DISCUSSION OF RESULTS

The time dispersion of the channel due to multipath was 
characterised by statistical parameters calculated from 
the CIR obtained at each measurement location. Figure 
4 shows the co-polarised PDF for the tree in-full-leaf, 
where it is possible to identify three distinct regions of 
the scattered signal. These have been referred to in [3] 
as the forward ( -20° < (j) < +20° ), the transitional 
(+20° «j> < +60° and -60° < $ < -20° ) and back and
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Figure 3: The 2 GHz Frequency-domain swept channel 
sounder.

side (ty<-60° and <t»+60°) scattering regions. The 
RMS delay spread of the PDF was computed at all 54 
measurement locations of the receiver, for both foliated 
and defoliated states of the tree. Three predefined 
thresholds were used in the computation to differentiate 
between genuine multipath components and thermal 
noise. These were 18, 15 and 12 dB below the 
maximum component signal level. The computed 
cumulative distribution function (CDF) of the rms delay 
spread for each scatter region is presented in Table 1. 
The spatial fluctuations in the rms delay spread were 
found to be more in the transitional region, which 
exhibited a higher line of sight contribution, due to the 
direct coupling of the antennas, in addition to the scatter 
contributions from the tree. In the other regions, the 
coupling was either attenuated by the radiation patterns 
of the antennas or in the case of the forward region, all 
the signal experienced the propagation loss through tree, 
and therefore, non- line of- sight was assumed, except in 
the case where large gaps existed in the canopy. One 
may think to eliminate the ground contribution, but such 
approach may discard any genuine contribution from 
the tree, which may have similar path delays. The delay 
spread values deduced from the forward region were 
expected to be small. This was due to the limited spatial 
resolution of the measurement system and hence, signal 
components with differential delays less than the time 
resolution could not be resolved and were detected as 
single components. The dispersive effects of the single 
tree were observed to be more severe when the leaves 
are out. This was because leaves absorb the re-radiated 
signals due to their high contents of moisture, which 
attenuate the received signal level and in turn, the delay 
spread parameters, as concluded from the analysis of the 
results.

The number of multipath contributions depends very 
much on the location of the receiver around the free, as 
shown in Figure 5. A significant number of cross- 
polarised contributions resolved above 18 dB was 
observed, indicating strong evidence of depolarisation 
occurring in the canopy. Subsequently, their 
correspondent T-points were plotted on the map overlay

Scatter 
Region

Forward

Transitio 
nal

Back & 
side

18

7

17

-dB

22

.32

9.98

In-leaf (ns)
15-dB

3.49

10.18

7.20

10-dB

2.59

6.45

5.76

Out-of-leaf (ns)
18

12

-dB

.04

19.01

10 .53

15-dB

7.21

11.52

8.67

10-dB

4.05

6.31

6.49

Table 1 - CDF for 90% of the RMS Delay Spread of the 
co-polar received signal, for different thresholds, in the 
regions around the tree for both in-leaf and out-of-leaf 
states of the tree foliage.

as shown in Figure 6, for a 15 dB threshold applied to 
the scatter co-polar signal level. Visual observation of 
the map overlay shows that at certain positions of the 
receiver, the ellipses do not intersect the tree canopy, 
suggesting an internal multiple scattering modes 
occurring within the canopy. This gives rise to 
multipath components arriving with rather longer path 
delays, which accord with the long tails observed in the 
CIRs. The multiple internal scattering was however 
mostly observed in the forward scattering regions, 
where strong coherent components predominate.

In the regions away from the boresight of the antennas, 
the scatter from the tree is the dominant mode. At 
shorter path delays, the scattering regions may be 
clearly identified to be the outer boundary of the tree 
canopy, which consists of a mixture of leaves and 
branches. As the multipath delays increase, these 
regions will be located more into the canopy, until the 
trunk region is reached. It is believed that after the trunk 
region, the multipath components will experience severe 
attenuation due to the trunk, in addition to the 
attenuation caused by leaves and branches, and hence 
no contributions from these were expected to reach the 
receiver. The large path delays observed, which extends 
beyond the trunk region, were assumed to be caused by 
significant multiple scattering and subsequently 
dispersion caused by the leaves.

CONCLUSIONS

Multipath effects of single trees were modelled for 
various locations of the receiver around the tree. Spatial 
fluctuation in the delay spread parameters were found to 
be more severe in the forward and transitional regions, 
where strong coherent components predominate. The 
severity of multipath channel depends highly on the 
threshold applied. Dispersive effects were observed to 
be less severe for the tree in-full-leaf, because leaves 
absorb part of the re-radiated signals from branches and 
twigs. Greater number of cross-polarised multipath 
components were observed when the leaves were out, 
especially in the transitional region. Wind movement 
caused relatively high variations in the received signal 
level (maximum of 6 dB in the backscatter region), 
especially with the leaves in the canopy, as these are



expected to vibrate at higher natural frequencies than 
the branches. The CIR results have demonstrated the 
source of scattering in a single tree, and the subsequent 
effects exercised by tree components such as leaves, 
twigs and branches. Significant dispersive and 
depolarisation effects are revealed by these results, and 
these may have important effects on wideband channel 
performance.
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Figure 5: Number of multipath components for all 
measurement scenarios, as a function of rotation angle 
of the receiver. Thresholds of 15 dB and 18 dB were 
applied for the analysis of the co-polar and cross-polar 
CIR, respectively.
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Figure 4: Theoretical ground reflection (white line '-.') 
and direct coupling (black line '-,') contributions 
superimposed on the Power Delay Profile of the 
received co-polar scatter signal for tree in-leaf, as a 
function of receiver rotation angle <|>.

Figure 6: Scaled diagram showing the position of T, for 
each possible con focal ellipse around the tree based on 
the measured co-polar multipath delays when the tree is 
(a) in-full-leaf and (b) out-of-leaf.



A NOVEL FDTD BASED MODEL FOR PREDICTION OF BISTATIC RCS OF SINGLE 
LEAVES AND TREES

R Caldeirinha and M Al-Nuaimi 

University of Glamorgan, UK

Abstract: Accurate modelling of the propagation modes 
arising from vegetation media depends, on the one hand, 
on the physical parameters specific to the tree, such as 
size, shape, orientation and moisture contents of leaves, 
branches and trunk. On the other hand, parameters of 
the radio link associated with the operational frequency, 
directions of transmit and receive antennas, their 
heights, beamwidths and polarisation add extra 
complexity to the characteristics and understanding of 
the scattering modes from single trees. In this paper, we 
describe the development of a novel method, which will 
enable accurate modelling of leaves, trunk and 
branches.

INTRODUCTION

In this paper, a novel method aimed at studying the 
propagation modes arising from interaction with single 
trees at 20 GHz, using the Finite Difference Time 
Domain (FDTD) technique, is presented. The method is 
proposed as a means of accurately computing 
electromagnetic scattering by arbitrary-shaped relatively 
complex metal or dielectric objects excited by an 
external plane wave. The individual components of the 
vegetation specimen are modelled using simple 
geometrical shapes and characterised by their complex 
material permittivities, effective volume occupied, and 
by the statistical distribution and orientation of 
branches, twigs and leaves. The scattering problem is 
analysed in two stages by treating the complex near- 
field region and the far-field region separately. The 
latter is obtained by a near-to-far field transformation 
based on electromagnetic equivalents of the scattered 
near fields [1]. Results expressing the predicted bistatic 
radar cross section (RCS) from a single tree are 
compared with measured results conducted on a realistic 
tree at 20 GHz.

the far field of the canopy. Bistatic RCS is a 
characteristic of the vegetation medium that represents 
its size as seen by the receiver at a particular position s , 
and has the dimensions of area (afi, ). The RCS area is 
not the same as the physical area of the tree. The power 
re-radiated from the tree in the receiver direction 5 , is 
equivalent to the re-radiation of the power captured by
an antenna of area abl (s,i) (the bistatic RCS). 
Therefore, the power re-radiated in the receiver 
direction is given by (1), where Pt is the transmitted 
power, Gt (i) and Gr (s) are the gains of the 
transmitting and receiving antenna in the direction of 
l (incident) and — s (scatter), respectively. R, and R2 
are, respectively, the distances from the transmit 
antenna to the tree and from the tree to the receive 
antenna.

(1)

Despite its complex nature, the canopy volume has been 
treated statistically in the literature [2] as a 
homogeneous mixture of discrete, randomly distributed 
and oriented dielectric disks representing leaves, and 
cylinders representing branches. Analytical solutions of 
such complex electromagnetic problem are difficult to 
obtain. With today's fast and high capacity computers, it 
has become possible to handle such complex structures 
with arbitrary geometries directly in the time domain by 
using discrete forms of Maxwell's equations. Motivated 
by the complexity of analytical solution identified 
above, a novel FDTD based model has been developed 
for prediction of abl (s,i) of single leaves and trees. The 
development of the model is discussed in the next 
sections.

THEORECTICAL BISTATIC 
MODEL

SCATTERING

Similar to a receiving antenna, a free canopy also 
intercepts a portion of the power incident on the canopy, 
but reflects (re-radiates) it in the direction of the 
receiver. The amount of power reflected towards the 
receiver is determined by the bistatic radar cross section 
(RCS) of the tree canopy, assuming both antennas are in

FDTD BASED MODEL

Prediction of Single Leaf Bistatic RCS

Leaves are an important feature of any vegetation 
canopy. In order to model the scattering of a tree 
effectively, it is essential to develop an efficient and 
effective technique for predicting the RCS of a single 
leaf. Based on this, an individual leaf of the vegetation 
specimen was modelled in the FDTD space using a



simple geometrical shape and characterised by its 
complex material permittivity and effective volume 
occupied, as shown in Figure 1. The tree under 
investigation was a Ficus Benjamina Daniel of the type 
used mostly indoors.

Figure 1: Problem space of the leaf model in the yz- 
plane, with direction of propagation out of the paper.

Evaluation of Complex Dielectric Properties. The
complex permittivity of the single leaf was first 
evaluated from appropriate measurements to determine 
the mass of water in the leaf, on a wet weight basis. This 
parameter, together with the volume occupied by the 
leaf, provides the basis for the model proposed by 
Mcitzler [3] to estimate the complex relative 
permittivity. A total number of 19 leaves were used in 
experimentation, whose relationship between water 
content and area of the leaf is presented in Figure 2. The 
dry-matter fraction was evaluated to be md = 0.259,
which indicates that 74.1% of the leaf mass is water. 
The complex relative permittivity and subsequently, the 
conductivity, were evaluated, respectively, to be 
zr = 11.49-jl2.67 and a = 14.09
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Figure 2: Relation between the leaf area index (LAI) 
and the amount of moisture in a fresh ficus leaf.

Problem Space. The leaf shown in Figure 1 was 70.5 
cm long and 4.5 cm wide, with a thickness of 0.25 mm. 
At least a cell size of 0.25 mm Ckl60 assuming a 
highest frequency of 20 GHz) is required to model the

thickness of the leaf. A total number of about 6 million 
cells were used in the computation, which included the 
main grid and subgrid with cell sizes of X/20 and 
A, / 60, respectively.

Near/Far Field Analysis. In Figure 3 is presented the 
normalised near electric field distribution (in V/m ) 
transverse sections (cuts) of the dielectric leaf and 
compared with results obtained from an idealised leaf 
made of a perfect conductor material. These are 
expressed in terms of total electric field distribution (£,) 
and its components in the x-y-z directions, respectively, 
EX, Ey and Ez. The electric field, or simply E-field, cuts 
are presented in the y-z plane in which the leaf is 
located. The plane wave incident on the leaf is 
subsequently scattered in all directions. A colour scale 
was used to display the intensity of the fields in the 
computational space.

(i) <") 
Figure 3b: Dielectric leaf

(iv)

Figure 3: Normalised near electric field distribution cuts 
in the y-z plane at X = 55Ax illuminated by a normal 
incidence plane wave for: (i) Et , (ii) £„, (iii) Ey and 
(iv) and Ez .

Of special note is the E-field intensity inside and on the 
faces of the dielectric leaf, which suggests high energy 
concentration and consequently high absorption due to 
its high content of water. This can be clearly observed 
in the z-direction, with E-field intensity as high as 30-50 
dB above the intensity observed in the case of the 
metallic leaf.

The bistatic RCS predictions presented in Figure 4, 
suggest a strong forward scattering. A common local 
maximum in the forward direction (<|) = 0°) was



obtained for both leaves, which is expected since the 
wave is propagating in this direction. The maximum 
value at 0° was about -4.04 dBsm for the metallic leaf, in 
contrast to the -7.62 dBsm found for the dielectric leaf. 
The first value corresponds to an equivalent area of 
701xl03 main grid FDTD cells at this frequency, which 
can be compared to the 308xl0 3 cells of the dielectric 
leaf ( Ay = Az = X/ 20 ). In the region characterised by 
the side and back scatter of the leaf (-90°< <|> < -60° 
and 60°<$< 90° ), the RCS was observed to exhibit a 
rather constant value below -39 dBsm, corresponding to 
a maximum area of 15x15 main grid cells. This 
behaviour is supported by the relatively small thickness 
of the leaf, although in the region defined by 
-90°<<Sf<-60°, the RCS of the metal leaf was 
observed to be about 5 dB ( and 1 dB for the dielectric 
leaf) higher that its symmetric region, which is 
explained by the relatively thinner left end of the leaf, as 
shown in Figure 1. Comparison between the two leaf 
models yielded an average of 10-dBsm difference in 
these regions.
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Figure 4: Normalised computed E0 RCS in the x-y 
plane for metallic and dielectric leaves illuminated by a 
normal-incidence plane wave.

Prediction of Dielectric Tree Bistatic RCS

The FDTD based model was applied to a dielectric tree 
model aimed at giving a reasonable prediction of the 
bistatic RCS of realistic trees.

Problem Space. The structure consisted of a dielectric 
rod mimicking the main trunk, to which were attached 
several other rods, mimicking the branches. Smaller 
dielectric rods were added to each branch in the model, 
representing secondary branches and twigs to which 
were attached several dielectric leaf blocks, as shown in 
Figure 5. Secondary branches were either vertically or 
horizontally orientated along each branch. The twigs 
were tilted at 45° on each side of the secondary 
branches. Leaves in the model were represented by 
blocks of 10 leaves each, attached to the twigs in a

preferred horizontal orientation. The leaves in the 
canopy were distributed symmetrically around the main 
trunk. The physical dimensions of each element of the 
idealised dielectric tree is presented in Table 1. These 
include the number of FDTD space cells.

Figure 5: Physical representation of the dielectric tree 
model in the y-z plane.

Individual 
Component

Trunk
Branch

Sec. Branch
Twig 

Leaf Block

Dimensions (cm)

Length

85
50
10
5 

10.5x4.5

Thickness

4.5
1.6
/

0.5 
0.25

No. of Cells

x.y.:

18x18x340
6x141x141

4x4x40
2x2x20 
18x42x1

Table 1 - Physical Parameters of the 
components of the dielectric structure.

individual

Complex Dielectric Properties. The dielectric 
properties of leaves used in the model were as defined 
above. In the case of the trunk, branches and twigs, 
these were assumed to have identical dielectric 
properties. It was however not possible to evaluate their 
dielectric properties from measurements, due to lack of 
resources available. These were assumed to have a 
dielectric constant er =20- j7 [4], and conductivity of 
o = 7.78 S , at 20 GHz. The problem space was defined 
by 48x313x430 cells, corresponding to about 6.5 
million cells. A minimum spatial resolution of X./6 was 
obtained.

Near/Far Field Analysis. Figure 6 shows the predicted 
3D near field distribution of the complete dielectric tree 
structure. The effects of the leaf blocks can be observed 
to attenuate the re-radiated signals from the branches 
and twigs, thus reducing the multiple internal scattering 
between the elements. Figure 6b and 6c show these 
interactions clearly giving rise to constructive and 
destructive interference patterns. These effects are also 
presented in E, (Fig. 6d), except that they are swamped 
by the much stronger £. component. The interference 
pattern can explain the deep fades observed at specific 
angles of the scattering pattern reported in [5].



Figure 6: Normalised near electric field (V/m) 
distribution cuts in the y-z plane at X = 24Ax of the 
complete dielectric tree with six branches, primary and 
secondary twigs, and leaves illuminated by a normal 
incidence plane wave for: (a) E,, (b) Ex , (c) Ey and 

(d) Ez .

-60 -40 -20 0 
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Figure 7: The predicted E& Radar Cross Section (using 
the FDTD dielectric model) and measured results of a 
ficus tree, illuminated by a normal incidence plane wave 
at 20 GHz.

Furthermore, Figure 7 compares the RCS predicted

results with those measured using a ficus trees 
comparable in size to the dielectric one. The plotted 
results were obtained using a near-to-far field 
approximation applied to near field measured data. 
Good agreement can be seen in the forward scatter 
region with nulls in the measured results being located 
at similar positions to those predicted by the model. In 
contrast, difference with rms error of about 10 dB can 
be seen in the back and side scatter regions. The 
differences can be explained by the difference in 
thickness between the modelled structures and the ficus 
tree. The thicker natural structure contains more leaves, 
which tend to absorb the re-radiated signal. This causes 
the measured scatter signal to be significantly weaker 
compared to the flatter dielectric structure.

CONCLUSIONS

A model has been developed and simulated for an 
idealised structure, consisting of a metallic and 
dielectric leaf using the Finite Difference Time Domain 
(FDTD) technique. In this approach, the 3-D re- 
radiation fields of the entire tree are predicted by 
combining the various propagation modes set-up on the 
leaf. The model can be used as part of a larger physical 
model simulating a dielectric tree. Application of FDTD 
to the dielectric tree model has yielded predicted re- 
radiation fields and RCS results, which were found in 
good agreement with measured results using a 
comparable size natural tree. The model is capable of 
predicting re-radiation performance of natural trees and 
further development will extend it into a very useful 
design tool for wideband communication services.
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An Accurate Model for RCS of Single Leaves
Rafael Caldeirinha, Miqdad Al-Nuaimi 
University of Glamorgan, UK

Abstract: Characterisation of propagation modes in 
real environments containing vegetation has to be 
achieved by approximated models. For the accurate 
modelling of the propagation of microwaves and 
millimetre waves through tree foliage is a generally 
difficult task, because of the complexity of the tree 
electromagnetic geometry containing branches, twigs 
and leaves, whose dimensions are comparable to the 
wavelength over a wide range of frequencies. 
Research aimed at single tree characterisation and 
modelling attempts to build such models starting 
from those applicable to single components, e.g. 
leaves and branches. The work presented in this 
paper presents a method of accurate modelling for a 
single leaf.

1 Introduction

Leaves are an important feature of any vegetation 
canopy. In order to model the scattering of a tree 
effectively, it is essential to develop an efficient and 
effective technique for predicting the radar cross 
section (RCS) of a single leaf to form an input to the 
general model [1]. Several other methods have been 
proposed in the literature [2][3], all based on the 
physical optics approximation applied to a uniform 
dielectric slab. But considering that at microwave 
frequencies, the leaf is electrically thin with lateral 
dimensions of a fraction of the operating frequency 
wavelength (A/60), it would appear that the Finite
Difference Time Domain (FDTD) technique can 
handle this accurately. Such detailed consideration 
leads to a more accurate modelling of the scattered 
fields.

2 FDTD Based Model
In this paper, a novel method aimed at studying the 
propagation modes arising from interaction with 
single leaves at 20 GFlz, using the Finite Difference 
Time Domain (FDTD) technique [4], is presented. 
The method is proposed as a means of accurately 
computing electromagnetic scattering by arbitrary- 
shaped relatively complex metal or dielectric objects 
excited by an external plane wave [5]. The individual 
leaf of the vegetation specimen was modelled using a 
simple geometrical shape and characterised by its 
complex material permittivity and effective volume 
occupied. The complex permittivity of the single leaf

was first evaluated from appropriate physical 
measurements to determine the mass of water in the 
leaf, measured on a wet weight basis. This parameter 
together with the volume occupied by the leaf 
provides the basis for the model proposed by Matzler 
[6]. The scattering problem is then analysed in two 
stages by treating the complex near-field region, as 
shown in Figure 1, and the far-field region separately. 
The latter is obtained by a near-to-far field 
transformation based on electromagnetic equivalents 
of the scattered near fields [4]. Simulations are 
performed for various angles of the incident plane 
wave. The development of the model is discussed in 
the next sections.

Figure 1: Problem space of the leaf model in the yz- 
plane, with direction of propagation out of the paper.

2.1 Evaluation of Complex Dielectric 
Properties

The model developed by Matzler showed that the 
complex dielectric permittivity of a fresh leaf was 
linearly related to the water content in the leaf. The 
model was applied to various fresh leaves of different 
types having a gravimetric water content Mg >0.5
with salinity of 1.0 percent and with a rather constant 
density of 0.95 g/cm3 . The resulting formula for the 
dielectric permittivities (e) was based on the 
regression lines fitted to the measured dielectric data, 
which suggested e to be linear functions of M g . In
(1) is shown the linear regression functions for the 
real E' and imaginary e" parts of the complex 
relative permittivity e , where mj is the dry matter 
fraction of the leaf, which is directly related to M K
by (2). The regression coefficients in the formulae are 
presented in Table 1 for a frequency of 20 GHz.



s'r = A' - B'md
(1)

(2)

"Real Part" 
Coeff.

A' B'
41.5 51.0 
16.0 17.4

"Imag. Part" 
Coeff.

A" B"
11.73 13.7 
18.5 22.5

Table 1 - Linear regression coefficients for the 
measured complex relative permittivity at 20 GHz.

The measurements consisted in separating the actual 
water contents from the rest of the leaf constituent, as 
suggested by [6]. For a single leaf, the (gravimetric) 
water content fraction, M g , is usually measured on a
wet weight basis given by (3), where W, and Wd are,
respectively, the total fresh (wet) and after drying 
(dried) weights of the leaf.

M, = 8
W, -W ,'- —— ± 

W, (3)

A total number of 19 leaves were used in the 
experiment, whose relationship between water 
content and area of the leaf is presented in Figure 2. 
The dry-matter fraction was evaluated to be 
md =0.259, which indicates that 74.1% of the leaf 
mass is water. The complex relative permittivity and 
subsequently, the conductivity, were evaluated, 
respectively, to be er = lJ.49-j]2.67 and

CT = 74.09 Om'1 .
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Figure 2: Relation between the leaf area index (LAI) 
and the amount of moisture in a fresh ficus leaf.

2.2 Problem Space

The computational space for the FDTD simulations 
was calculated based on the physical dimensions of 
the leaf under investigation. The leaf shown in Figure 
1 was 10.5 cm long and 4.5 cm wide, with a thickness 
of 0.25 mm. At least a cell size of 0.25 mm (X/60 
assuming a highest frequency of 20 GHz) is required 
to model the thickness of the leaf. A total number of 
about 6 million cells were used in the computation, 
which included the main grid and subgrid with cell 
sizes of "k/20 and X/60, respectively. The 
coordinate systems used in the FDTD simulations are 
shown in Figure 3. Geometries in the FDTD 
computational space were described in Cartesian x, y, 
z coordinates, where distances may be measured in 
spatial increments (unit cells) Ax, Ay, Az.
However, for far-zone simulation of RCS, directions 
were measured using spherical coordinates, as shown 
in Figure 3 a.

(a) Spherical (b) Spherical —to —Cartesian

Figure 3: Coordinate systems used in FDTD 
simulation: (a) spherical coordinates for far-zone 
directions and (b) Cartesian for geometries in the 
FDTD computational space.

3 Analysis of Results

Simulation results obtained from a single leaf model 
with different dielectric properties in the near and far 
field -regions of the object are presented. The method 
was applied to a dielectric leaf, with dielectric 
properties as detailed above, and compared with 
results obtained from an idealised leaf made of a 
perfect conductor material - the 'metallic leaf. 
Simulations were performed for various angles of the 
incident EQ -polarised plane wave to the surface of
the leaf:
• Normal incidence with the plane wave travelling

in the positive x-direction defined by ()>' =0° 
and G j = -90°;



• Parallel incidence with the plane wave travelling 
in the positive z-direction defined by ((>' = 0°

and 6' =180°;
• Oblique incidence with the plane wave travelling

in the plane defined by f = 0° and 6' = 240°. 

3.1 Near Field Analysis

In Figures 4-6 are presented the normalised near 
electric field distribution (in V/m ) transverse
sections (cuts) of the dielectric leaf and compared 
with results obtained from an idealised leaf made of a 
perfect conductor material. These are expressed in 
terms of total electric field distribution (£,) and its 
components in the x-y-z directions, respectively, Ex, 
Ey and £„ for each angle of the incident plane wave. 
The electric field, or simply E-field, cuts are 
presented in the y-z plane in which the leaf is 
located. The cuts in the Figures 4-6 were rotated 
counter clock-wise by 90° for display convenience. 
The plane wave incident on the leaf is subsequently 
scattered in all directions. A colour scale was used to 
display the intensity of the fields in the computational 
space.

Of special note in Figure 4, is the E-field intensity 
inside and on the faces of the dielectric leaf, which 
suggests high energy concentration and consequently 
high absorption due to its high content of water. This 
can be clearly observed in the z-direction, with E- 
field intensity as high as 30-50 dB above the intensity 
observed in the case of the metallic leaf. The black 
colour observed in the area occupied by the metallic 
leaf (see Figure 4a-iii,iv) indicates E-field intensity 
well below -40 dB. This behaviour clearly suggests 
no signal penetrating the metallic leaf, contrarily to 
the case of the dielectric leaf, as one may expect due 
to its high conductivity value.

Significant signs of diffraction and depolarisation 
were observed specifically on the contours of the leaf 
(Figure 4a,b), thus giving rise to relatively high 
intensity values of the E-fields in the x- and y- 
directions. In the y-direction, the depolarisation effect 
was enhanced by the error produced by the 
staircasing effect of the geometry, as shown in Figure 
4-iii.

The distribution of the E-field intensity is however, 
highly dependent on the angle of the incident plane 
wave.

(0 ('•)
Figure 4a: Metallic leaf

(iii)

(i) (") 
Figure 4b: Dielectric leaf

(iv)

Figure 4: Normalised near electric field distribution 
cuts in the y-z plane at X = 55Ax illuminated by a 
normal incidence plane wave for: (i) E,, (ii) £,,, (iii) 
Ey and (iv) E,.

(") (ii) 
Figure 5b: Dielectric leaf

(iii)

Figure 5: Normalised near electric field distribution 
cuts in the y-z plane at X = 55Ax illuminated by a 
parallel incidence plane wave for: (i) E, , (ii) £v,, (iii) 
Ey and (iv) £..



(0 (ii) 
Figure 6b: Dielectric leaf

(iv)

Figure 6: Normalised near electric field distribution 
cuts in the y-z plane at X = 55Ax illuminated by a 
oblique incidence plane wave for: (i) E,, (ii) Ex , (iii) 
Ey and (iv) Ez.

For the case of parallel incident wave (see Figure 5), 
it was observed no interaction with the leaf in the 
polarisation plane (x-z plane), indicated by Ex This 
may be explained by the relatively very small 
thickness of the leaf when compared to the 
wavelength of the plane wave. In the other planes, 
relatively small interactions were observed especially 
on the contours of the leaf, with the exception of the 
dielectric leaf, where high concentration of energy 
was observed in the z- direction.

In the case of an oblique incident wave, as shown in 
Figure 6, similar results for the E-field distributions 
were obtained as in the case of normal incidence. 
These however, are slightly reduced in intensity in 
the z- direction, especially in the case of the metallic 
leaf.

Of special note is also the enhancement of the 
intensity in the x-direction, when compared to Figure 
4. This can be clearly observed in the region 
surrounding the leaf as well as on the lower contour 
of the leaf, with E-field intensity as high as 20-30 dB 
above the intensity observed in the case of the normal 
incidence of Figure 4. In this approach, the 3-D re- 
radiation E-fields of the entire leaf were predicted by

combining the various propagation modes set-up on 
the leaf. Thus, the interactions of the plane wave with 
the leaf in the near field will assist in interpreting the 
results obtained in the far-field region.

3.2 Prediction of Single Leaf Bistatic 
RCS

Normalised far-field RCS predictions of the single 
leaf model were obtained for steady state analysis of 
the scatter problem. Steady state calculations were 
performed at 20 GHz as shown in Figures 7-9. RCS 
was computed in the x-y plane as a function of the 
azimuthal angle <|> . Only Ee -fields were considered
in the analysis of both metallic and dielectric leaves 
when illuminated by different angles of the incident 
plane wave.

The bistatic RCS predictions presented in Figure 7, 
suggest a strong forward scattering. A common local 
maximum in the forward direction ( <j> = 0° ) was 
obtained for both leaves, which is expected since the 
wave is propagating in this direction. The maximum 
value at 0° was about -4.04 dBsm for the metallic 
leaf, in contrast to the -7.62 dBsm found for the 
dielectric leaf. The first value corresponds to an
equivalent area of 701xl03 main grid FDTD cells at 
this frequency, which can be compared to the 
308x1 03 cells of the dielectric leaf

In the region characterised by the side and back 
scatter of the leaf ( -90° < fy < -60° and 
60°<<j><90°), the RCS was observed to exhibit a 
rather constant value below -39 dBsm, corresponding

€0 -40 -20 0 20 40 
Azimuthal angle i,0

60 80 100

Figure 7: Normalised Computed E0 RCS in the x-y 
plane for metallic and dielectric leaves illuminated by 
a normal-incidence plane wave.
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Figure 8: Normalised Computed E@ RCS in the x-y
plane for metallic and dielectric leaves illuminated by 
a parallel incidence plane wave.
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Figure 9: Normalised Computed E0 RCS in the x-y
plane for metallic and dielectric leaves illuminated by 
an oblique incidence plane wave.

to a maximum area of 15x15 main grid cells. This 
behaviour is supported by the relatively small 
thickness of the leaf, although in the region defined 
by -90°<<k<-60°, the RCS of the metal leaf was 
observed to be about 5 dB (and 1 dB for the dielectric 
leaf) higher that its symmetric region, which is 
explained by the relatively thinner right end of the 
leaf, see Figure 1. Comparison between the two leaf 
models yielded an average of 10-dBsm difference in 
these regions.

The orientation of the leaf with respect to the angle of 
the incidence plane has shown to play an important 
role in the predicted bistatic RCS. Figures 8 and 9 
clearly indicate this effect on the calculated RCS, 
respectively, for a parallel and oblique incident 
angles. However, in the oblique incident case, results 
demonstrated that mostly the forward scatter region

is affected by a reduction of 15-16 dB of the RCS 
value. For parallel incidence (see Figure 8), a 
maximum of -51.9 dBsm (or about an area of 11.5 
main grid FDTD cells) was predicted in the case of 
the metallic leaf, and -71.87 dBsm (equivalent to an 
area of 1 subgrid cell) for the dielectric leaf. The 
relatively small values of the RCS indicate virtually 
little or no scattering signal in this plane, which is 
expected when considering the thickness of the leaf, 
being much smaller than the wavelength. 
Furthermore, since the E-field was horizontally 
polarised (in x-direction) for this particular incident 
angle, the interaction appeared to be insignificant for 
the received EQ in the x-y plane.

From the results obtained, and especially where a 
strong coherent component predominates in the 
received signal level, the behaviour of the RCS show 
to have a similar trend between the metallic and 
dielectric leaves, over the azimuthal angle. This 
clearly suggests that a simple metallic geometry is 
capable of predicting the scaled scattered fields of a 
real leaf.

In the general model, the effects of leaves can be 
observed to attenuate the re-radiated signals from the 
branches and twigs, thus reducing the multiple 
internal scattering between elements in the tree 
canopy, confirming results reported in [7][8].

4 Conclusions
A model has been developed and applied for two 
idealised structures, consisting of metallic and 
dielectric leaves using the FDTD technique. This has 
enabled a more accurate modelling of the interaction 
between the incident plane wave and single leaves 
providing a useful insight on propagation modes. 
This model can be used as part of a larger physical 
model comprising of a main trunk, a number of main 
branches, twigs and leaves, which simulate a 
dielectric tree. Application of FDTD to the dielectric 
tree model has yielded predicted re-radiation fields 
and RCS results, which were found in good 
agreement with measured results using a comparable 
size natural tree. The emerging model is capable of 
predicting the re-radiation performance of natural 
trees with sufficient accuracy enabling results to be 
used in the design and performance evaluation of 
radio systems affected by vegetation. Further 
development aimed at extending the model to larger 
vegetation structures will provide a very useful scatter 
prediction model required in the design of broadband 
wireless communication systems.
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INTRODUCTION

The development of cellular systems, personal communications (PCS) and wireless local loop systems (WLL) has rapidly 
demonstrated the reliability of radio systems. With the rapid increase and diversity of microwave radio applications in 
urban, suburban and rural environments, the probability of a signal propagating through a vegetation medium is increased. 
Recent work has shown that the presence of single trees in the radio path of a point-to-point link can influence the level of 
the received signal directly by providing an additional (excess) attenuation to that caused by free space propagation [1], 
random scatter and loss of polarisation [2] [3]. Sharp decreases in the received signal level strength, referred to as nulls, 
have been observed in the re-radiated signals from a tree at certain angular positions when both the transmitter and receiver 
are aligned on either side of the tree. These nulls were observed to be in the region of 15 to 30 dB below the median level 
of the signal.

The effects of singles trees on the propagation of radiowaves in the 20 GHz microwave band on radio system design and 
planning are investigated. A set of propagation measurements was conducted on various trees to investigate the behaviour 
of both co-polar and cross-polar components of the received signal in the vicinity of the nulls. The paper further includes 
recent work on depolarisation and the polarisation patterns arising in these regions. Analyses of the measurement results 
have led to the identification of three regions of interest. Experiments conducted on a metallic tree-like structure and 
investigation of the change in the signal as a result of its interaction with the individual components forming the structure, 
are also presented.

MEASUREMENT DESCRIPTION

Two different propagation measurements were conducted on various trees inside an Anechoic chamber to investigate 
the deep nulls in the signal strength observed in the re-radiated signals from a tree at certain angular positions when 
both the transmitter and receiver are aligned on either side of the tree [2]. The first set of measurements was aimed at 
investigating the behaviour of both co-polar and cross-polar components of the received signal around the vicinity of 
the nulls, by rotating the receiver around the tree in increments of 0.1° of the angular position, denoted as (j) . Fig.l 
shows the geometry adopted. Both transmitter and receiver were placed in the far field of the antennas at a height of 
1.38m, illuminating the centre of the canopy at distances of dl = 3m and d2 = \m . The second set of measurements 
consisted of measuring the polarisation patterns of the received signal around the vicinity of these nulls. This was 
achieved by rotating a linearly polarised receive antenna about its central axis in a plane normal to the direction of the 
incident field, through 360° in 0.1° increments. For each position of the receiver ̂ , the polarisation pattern was recorded 
[4]. For both experiments the system link budget resulted in a -0.66 dBm received signal strength. The noise floor was 
measured to be - 60 dBm. The tree specimens used in the investigation were ficus plants of the type used indoors, with 
leaves about 3 cm wide and 5 cm width with the main trunk of diameter of 5 cm. Similar investigation was performed 
on a metallic tree-like structure. The structure consisted of a main vertical metal rod representing the trunk to which was 
attached a number of smaller rods fixed at appropriately chosen angles to mimic the branches.

ANALYSIS OF RESULTS

Attenuation, Scattering and Depolarisation

Deep nulls in the 360° attenuation measurements [2] have been investigated further. Scatter measurements were 
performed around the ficus tree in order to gain knowledge about and establish the reasons for these nulls. Similar



experiments were also conducted on a metallic tree at interim stages of its construction including a structure with all the 
branches attached to the vertical trunk. Fig.2 clearly shows a null in the co-polar signal at angular position <f> = 0°. 
Here the signal level observed is about 12 dB below the median signal level. The signals have been normalised by 
subtracting the free space measurement to obtain the signal level change due to the presence of the tree alone, as shown 
in Fig.3. The average signal level shows a similar trend in the received signal mean value around the null. Three distinct
regions of interest may be identified. These are referred to as the forward region ( - 20° < ^ < +20°), the back and 
side scatter region ( — 90° < <j) < -60° ) and the transition region (- 60° < (p < —20°).

In the forward region the signal is mostly influenced by the forward scattered signal. The co-polar signal is attenuated 
by the tree as expected, due to absorption by the leaves, branches and main trunk, whereas the cross-polar signal shows 
a considerable gain relative to its level in the absence of the tree. The short-term correlation coefficient computed 
between the two components indicate an inverse relationship which confirms the exchange of the signal energy between 
the two components and the depolarisation of the received signal, as indicated in Fig.5. A comparison of the cumulative 
distribution function (cdf) for each of the trees under test is shown in Fig.4. All tests conducted on these trees yielded a 
similar outcome. The 'cdf indicates that the correlation coefficient is < 0 for 63% of the time (for the ficus), followed 
by 55% and 50%, for the metal tree with two branches and one branch, respectively. The main metal trunk on its own 
shows a highly positive correlation level at > 0.5 for 100% of the time. This shows negligible depolarisation caused by 
the trunk, as it is expected due to its vertical orientation.

The back and side scatter region contains the signal re-radiated from the tree as well as the direct signal arriving from 
the source via a side lobe. In this region both co-polar and cross-polar components show similar levels which are 15 to 
20 dB higher than the free space level, as shown in Fig.3. This is explained by the rise of the diffused or incoherent 
scattered signal components arising only when the tree is in the radio path. The correlation coefficient indicates 
virtually no correlation between the co-polar and cross-polar signals, in the case of the ficus tree, as indicated in Fig.4. 
The direct side lobe coupling between antennas explains the small level of correlation at ±0.3 .

In the transition region the propagating radio signal is gradually changing from one dominated by the coherent 
component to that mostly consisting of a diffused incoherent one, showing large variability in the correlation. This 
behaviour may be explained by the weakening and enhancement respectively of the coherent (transmitted) and 
incoherent (scattered) components in the received signal, over this region. In the case of the metal trees, the 'cdf shows 
a higher level of correlation due to the existence of multipath in this region. The multipath observed may be attributed 
to the presence of diffracted and reflected modes arising from the curved surfaces of the rods in the metallic tree, 
interfering with the direct component received through the side lobe coupling of the transmit and receive antennas.

Polarisation States of the Re-Radiated Signals

The shape and orientation of the various physical attributes of the tree relative to the incident polarisation govern the 
degree of depolarisation. This was investigated to determine the cause of the deep fades observed. Changes in the 
polarisation state of the re-radiated signal occur as a result of the currents induced in the trunk, branches and leaves, 
which are significantly influenced by the complex permittivities of the various materials making the tree. The general 
polarisation of a wave is characterised by the axial ratio (AR), the tilt angle T of the polarisation ellipse, and the sense 
of rotation (CW or CCW, RH or LH), as described in [3]. The axial ratio and the tilt angle can be estimated from the 
polarisation pattern as shown in Fig.5.

In this paper, both the axial ratio (defined to be the ratio of the minor axis of the polarisation ellipse to the major axis) 
and the tilt angles of the polarisation patterns are investigated for each position of the receiver^. Results of the 'cdf of 
the axial ratios and tilt angles extracted from the polarisation patterns of different trees are given in Fig.6. They clearly 
indicate that, for the case of the ficus tree, the axial ratio has tended to be > 0.6 for most of the times and the tilt angle 
varying from 60° to 130° for 80% of the time. This demonstrates significant depolarisation of the incident signal and 
may be caused by random polarisation influenced by the diffuse or incoherent signal component observed in the back 
and side scatter region. In the forward region, the tree re-radiated signal has a well defined elliptical polarisation pattern, 
see Fig.5, proving that the depolarisation of the received signal is more of a conversion to an elliptical polarisation. 
Here significant energy is converted away from the co-polar component, resulting in the signal nulls observed.



Measurements conducted on the metal trees have shown smaller values of axial ratios and tilt angles when compared to 
those of the ficus tree. As expected, signal depolarisation increases as the number of branches added to the main metal 
trunk is increased.

CONCLUSION

The results obtained from the measurements and their analyses, show that vegetation affects significantly the 
propagation of radio signals in the microwave frequency bands, where the wavelength is quite comparable to the 
physical elements forming the tree, ie. trunk, branches and leaves. Depolarisation is shown to have a considerable 
influence on the level of signal received as a result of tree re-radiation. This results in part of the signal energy being 
transferred to the cross-polar component or in a randomly polarised re-radiated signal. This affects the transmitted 
(mainly coherent) forward component and the scattered (mainly diffused) components received from around the sides 
and back of the tree. However, the forward region is characterised by a well defined elliptical polarisation pattern while 
in the region well away from this region, the re-radiated signal is more likely to be randomly polarised with the re- 
radiated energy not exhibiting a well defined polarisation state.

Results obtained from the metal free-like structure are quite usefiil in understanding the propagation modes arising from 
single trees in the radio path. Further work is planned here, where complex geometries such as a vegetation medium can 
be modelled using the Finite Difference Time Domain (FDTD) approach [5]. The individual components will be 
modelled and simulated using this technique. Idealised structures, such as the metallic tree, whose electromagnetic and 
geometric properties are easier to define, will be very useful in establishing the desired model.
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Fig. 1. Measurement Geometry: (a) Top view and (b) Side view



Fig. 2. Scatter measurement for ficus tree as a 
function of receiver rotation angle 6
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Fig. 4. Cumulative distribution functions of correlation coefficients of measured co-polar and cross-polar 
components with different specimens: (i) Ficus (ii) Metal trunk (iii) Metal trunk + I branch (iv) Metal trunk +

2 branches (v) Metal trunk + 6 branches

Fig. 5. Polarisation pattern of there-radiated 
signal from the ficus tree at a null position

Fig. 6. CDF's of axial ratios and tilt angles of
different tree specimens: (i) Ficus (ii) Metal trunk
(iii) Metal trunk + I branch (iv) Metal trunk + 2

branches (v) Metal trunk + 6 branches
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I. Introduction

The use of microwave frequencies in telecommunications has become an alternative to 
line systems based on copper wire or fibre optics. The development of cellular systems, 
personal communications systems (PCS), and wireless local loop systems (WLL) has 
rapidly demonstrated the reliability of radio systems. Future systems are characterised 
by their high flexibility, spectral efficiency and higher data communication rates. This 
coupled with the integration of satellite links has resulted in providing world-wide 
roaming and global coverage. With the rapid increase and diversity of microwave 
radio applications in urban and suburban environments, the probability of a signal 
propagating through a vegetation medium is increased. Radio planning involves better 
understanding of the radio propagation channel. Since vegetation in the radio path has 
a significant influence on the propagation of the radio signal at microwave 
frequencies, it becomes necessary to increase knowledge of the radio channel 
characteristics and the radio propagation modes. This should result in more accurate 
design tools of radio links in urban, suburban and rural environments.

The effects of single trees on the propagation of radiowaves in the 20 GHz microwave 
band on radio design and planning are being investigated. Both wanted and interfering 
signals experience significant attenuation and random scatter, as discussed in Al- 
Nuaimi and Hammoudeh, [1994], [3] and loss of polarisation as discussed in Stephens, 
Al-Nuaimi and Caldeirinha, [1998], [2].

Deep nulls in the signal strength have been observed on the re-radiated signals from a 
tree at a certain angular positions when both the transmitter and receiver are aligned on 
either side of the tree. A null is defined as a sharp decrease in the received signal level 
observed to be in the region of 15 to 30 dB below the median level of the signal. Such 
values were observed to occur at particular positions of the tree specimen which could 
not be explained simply by localised blockages of the signal caused by branches and 
leaves. In [2], the depolarisation of the signal as it propagates through the tree was 
considered to be the most likely process responsible for the signal nulls.

This paper outlines further investigation carried out around the vicinity of the nulls in 
terms of the behaviour of both the co-polar and cross-polar components of the received 
signal. Analysis of the measurement results which include average signal levels and 
correlation between the two components of the received signal have resulted in the
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identification of three regions of interest. These regions will be discussed in the paper 
where it is shown that good agreement exists between the measured signals behaviour 
and that which may be predicted qualitatively from the Radiative Transfer Energy 
Theory described in Johnson and Schwering [1985], [1].

II. The Measurement System

A set of propagation measurements was conducted on various trees inside an Anechoic 
Chamber to investigate the vegetation effects on the propagation of radio signal in the 
20 GHz frequency band. The transmitter consists of a 100 mW voltage controlled 
oscillator at 20 GHz followed by an attenuator and connected to a horn antenna with 20 
dBi gain and a 3 dB beamwidth of 19°, see Figure 1. The receiver consists of a lens 
horn antenna of 19 dBi gain, which is attached to an orthogonal mode transducer 
(OMT) enabling the measurement of the co-polar and cross-polar components 
simultaneously. A waveguide switch was used to switch between the two modes, 
controlled by a personal computer synchronised with rotary tables. The output of the 
switch was connected to a balanced mixer, mixing the received signal with a 19.78 GHz 
signal of the local oscillator, giving an intermediate frequency of 220 MHz. This was 
then connected to a low noise amplifier and then fed into a logarithmic amplifier, as 
shown in Figure 2, which converted the signal strength into a voltage level monitored 
by the data acquisition board.

Waveguide

VCOat 
20 GHz

Attenuator 20 dBi horn 
antenna

Figure 1 - Schematic diagram of the 20 GHz transmitter

Orthogonal Mode

Dual Polarised Lens 

horn Antenna

V V : Co-polar signal 

V H : Cross-polar signal

Figure 2 - Schematic diagram of the 20 GHz receiver
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III. Co-polar and Cross-polar Measurements

The attenuation effect of the tree on the radio path corresponding to its insertion loss at 
20 GHz was measured as a function of tree rotation angle. From previous work, as 
discussed in [2], deep nulls in the co-polar component were observed when the tree was 
made to rotate around its vertical axis through 360° in 0.1° increments. Figure 3 clearly 
shows these nulls in the co-polar signal at specific angular positions of the tree. The 
graph shows the co-polar signal being significantly attenuated with the signal levels at 
the nulls being 12-22 dB relative to their free space level.

VV Polarisation 
VH polarisation

-25
50 100 150 200 250 300 350 400 

Rotation Angle of the Tree, 0

Figure 3 - Measured attenuation of a ficus tree as a function of its rotational angle

In this paper we report the results of measurements aimed at investigating the received 
signal strength in the area around the tree, when the tree is positioned such that a signal 
null arises at the receiver initially in line with the transmitter. Figure 4 shows the 
measurement geometry adopted. For each 0.1° increment of the receiver position 
defined by <j>, both the co-polar and cross-polar components are measured as a function 
of <(>. Both transmitter and receiver were placed in the far field region of the antennas at 
1.38 metres of height, illuminating the centre of the canopy, and dl and d2, the 
distances between the transmitter and receiver to the centre of the tree, were 3 metres 
and 1 metre, respectively. The transmitted signal was vertically polarised with a 
wavelength of 1.5 cm. The transmitted power level was set at 21 dBm, with 20 dBi and 
19 dBi gains of the transmitter and receiver antennas, respectively. The low noise 
amplifier had a gain of 30 dB and the free space loss (fsl) for a distance of 4 metres
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between the transmitter and receiver is 70.66 dB. The noise floor was measured to be 
-60 dBm. The system budget link resulted in a +19.34 dBm signal strength, which was 
subsequently attenuated by 20 dB to prevent saturation of the received signal. The 
budget link is summarised in table 1.

O = +135° '

Tx

d1 d2 

Figure 4 - Measurement Geometry

O=0°

Budget link

Transmitted power

Transmitter Horn antenna 
gain

Free space loss

Receiver lens horn antenna 
gain

Low-noise amplifier gain 
(LNA)

Additional attenuation at the 
receiver
Power received

21 dBm

20dBi

-70.66 dB

19dBi

32 dB

-20 dB
-0.66 dBm

Table 1 - Budget link
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The tree specimens used in the investigation were ficus plants of the type used indoors. 
These had an average height of 1.7 m and were 70 cm wide with branching covering the 
top 1.3 m of the tree height. The trees had leaves about 3 cm wide and 5 cm with the 
main trunk of diameter 5 cm. A photograph of the tree is shown in Figure 5.

Figure 5 - The Ficus Benjamina tree

A scatter plot of the signal received is given in Figure 6, where the effect of the 
radiation pattern of the antenna can be clearly seen. In order to eliminate this effect, a 
circular free space measurement was performed. For each increment of (j> a 
measurement each was taken for the co-polar and cross-polar signals. These were 
subsequently normalised by subtracting the free space measurement to obtain the signal 
level change due to the presence of the tree. Figure 7 gives the scatter signal level 
measured at every position corresponding to those shown in Figure 6. Here, linear fsl, is 
defined as the free space loss measurement when both transmitter and receiver were 
aligned either side of the turntable on which the tree was subsequently placed whilst, 
circular fsl is defined as that corresponding to when the receiver was made to rotate 
around the turntable as a function of c|>.
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Co-polar Component 
Cross-polar Component

-120 -100 -60 -40 -20 
Rotation Angle of the Tree, 0

Figure 6 - Scatter measurement normalised to linear fsl as a function 
of receiver rotation angle (|>

Co-polar Component 
Cross-polar Componer t

-140 -120 -100 -80 -60 -40 -20 
Rotation Angle of the Tree, 0

20 40

Figure 7 - Scatter measurement normalised to circular fsl as a function 
of receiver rotation angle ()>
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IV. Discussion of Results

Scatter measurements have been performed around the trre under investigation as a 
function of (f>, the rotational angle of the receiver. Deep nulls observed in the 360° 
attenuation measurements were investigated, see Figures o and 7. The average signal 
levels, as shown in Figure 8, of the scatter measurement for both co-polar and cross- 
polar components show similar trend in the signals mea .1 value behaviour as a function 
of rotation angle around the null. There are three distinct regions in the rotational

25

20

15

10

-1 '—— 
-120

Co-polar 
Cross-pola

-100 -80 -60 -40 -20 
Rotation Angle of the recei\er,°

40

Figure 8 - Average Co-polar and Cross-polar components vs. 
receiver rotation angle (|>

average signal pattern which are of interest. These may be referred to as i) the forward 
region ii) the back and side scatter region and iii) the transitional region.

The forward region is the region around the tree containing the <f> = 0° position, 
corresponding to the null position and on either side of it. It is so called because the 
signal received is mostly influenced by the forward scattered signal. In this region the 
co-polar component is attenuated by the tree as expected due to absorption by the leaves 
and branches. The effect of depolarisation can clearly be seen by the significant increase 
in the level of the cross-polar component which shows considerable gain relative to its 
level in the absence of the tree. As reported in [2], in this region the tree re-radiated 
signal has a well defined elliptical polarisation pattern.
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The back and side scatter region ($ in the range -80° to -120°), contains the signal re- 
radiated from the tree as well as some direct signal arriving from the source 
(transmitter) via a sidelobe. Interestingly, both co-polar and cross-polar components 
show similar levels which are 15 to 20 dB higher than the free space level. This may be 
explained by the side and back scatter modes of signal propagation which give rise to 
mostly incoherent signal component present only when the tree is in the radio path. This 
results in an increase in the received signal level observed previously in other 
measurements [2], The similarity in the signal level between the co-polar and cross- 
polar mean components levels indicate that in this region, the signal does not have a 
well defined polarisation pattern, i.e. it is more likely to be randomly polarised. Further 
work is planned here.

The transition region may be defined in the range of angle between ^ =-40° to <f> =-80°. 
In this region the signal re-radiated by the tree is gradually moving from a situation 
corresponding to elliptical polarisation to that of random polarisation. This is again 
consistent with the propagation radio signal gradually changing from one dominated by 
the coherent component to that mostly consisting of a diffused incoherent one.

In order to investigate and measure the degree of linear relationship between the two 
components over the rotational angle of the receiver, the correlation coefficients 
between the co-polar and cross-polar components was computed. The correlation 
coefficient is an arithmetic measure that is used to determine the amount of linear 
association between the two components. That measure of linear association is given by 
Equation 1, where Vv and Vh are the co-polar and cross-polar components, respectively, 
and the bars denote their mean values.

The correlation coefficient function has been computed as a function of the receiver 
rotation angle. Short-term correlation has been chosen in order to better characterise 
these three regions of interest. This is done using a sliding window of 10° containing 
100 samples. The correlation coefficient was computed between the two components. 
The window is shifted by half a Window each time over the rotational angular range of 
the movement of the receiver.

The results of short-term correlation computation are shown in Figure 9. These can be 
summarised as follows:

(i) In the region referred to as the back and side scatter region, the correlation 
coefficient is quite low indicating virtually no correlation between the co-polar 
and cross-polar signals. This would be consistent with a randomly polarised 
signal mostly influenced by the diffused or incoherent component. The small
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(iii)
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level of correlation seen here could be due to the direct side lobe coupling 
between the receive and transmit antennas.

In the region around the nulls, the forward signal region, the correlation is 
negative indicating an inverse relationship between the co-polar and cross- 
polar components. This negative correlation coefficient confirms the exchange 
of signal energy between the two components and their dependence on the 
strong forward scatter caused by the tree. This can also explain that the 
depolarisation of the received signal may be responsible for the occurrence of 
the nulls in the co-polar component.

The transition region showing large variability in the correlation. This requires 
further investigation, but the behaviour may be explained here by the 
weakening and enhancement respectively of the coherent and incoherent 
components in the received signal over this region.

I«
]5 -0.1
o
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-02

-03

-0.4

-0.5

\

-60 -40 -20 
Rotation Angle of the recei\er,°

Figure 9 - Calculated Correlation Coefficient as a function of 
receiver position around the null (sliding window of 10°)

V. Conclusion

The results show that vegetation matter affects the propagation of radio signals in the 
microwave frequency bands (centimetre wavelength frequencies). Three important 
mechanisms are being studied arising from a wave travelling through a vegetation 
medium. These are attenuation, scatter and depolarisation. The Radiative Transfer 
Energy theory [3] explains the effects of attenuation and scatter.
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The depolarisation which results in part of the signal energy being transferred to the 
orthogonal (cross-polar) component occurs because of the re-radiated signals from the 
physical components of the tree, e.g. trunk, branches and leaves which are randomly 
oriented. The EM field in the area around the tree, being the vector sum of all the re- 
radiated wavelets may also result in cancellation leading to nulls in the measured signal.

The analysis of the co-polar and cross-polar components measured in the region around 
a null position has revealed results which confirm that depolarisation of the propagating 
signal in vegetation has a considerable influence on the level of signal re-radiated from 
the tree. This affects the transmitted (mainly coherent) forward component and the 
scattered (mainly diffused) components received from the sides and back of a single 
tree.

The results obtained from the measurements and their analysis show that the forward 
scattered signal emerging from the tree will have a well defined elliptical polarisation 
pattern which may result in the co-polar signal experiencing a sharp decrease at specific 
orientations of the tree. However, in the region well away from the forward region 
dominated by the diffused scatter signal, the re-radiated signal would be randomly 
polarised with the re-radiated energy not showing a preferred polarisation state. In the 
transition region between the forward and back scatter regions, the situation is rather 
complex, requiring further investigation.

The results in this paper extend those which may be derived using the Radiative Energy 
Transfer Theory. This theory has sought to model the re-radiated energy in terms of the 
absorption and scatter propagation modes only. Our results have demonstrated that 
depolarisation of the propagating signal should also be considered in the 
characterisation and modelling procedures. With specific reference to the radiative 
energy transfer model, further work is required on the model parameters to include the 
effects of depolarisation, and its dependence on the physical attributes of the trees.
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1. INTRODUCTION

Single trees in the radio path significantly influence the propagation of radio waves at 
microwave and millimetre wave frequencies [Ulaby, 1988]. As a result of a radio wave being incident 
on a single tree, three distinct propagation mechanisms are observed: a direct transmitted wave 
resulting in an attenuated signal level in the direction of propagation of the incident signal; a scattered 
signal in a side and backward directions generally modelled as an isotropic scatter function, and the 
transmitted forward component that may become significantly depolarised. The effects associated 
with attenuation and backscatter are discussed in AL-Nuaimi and Hammoudeh, [1994]. This paper 
considers the depolarisation of the incident signal resulting from the interaction of the radio wave with 
single trees.

Single trees often intersect radio paths and their effect on the polarisation state of the propagating 
signal has been observed to be considerable. The amount of depolarisation produced by the physical 
components of the tree e.g. branches, leaves and trunk is potentially useful in establishing the 
propagation characteristics of a vegetation medium composed of many trees.

Experiments carried out in an anechoic chamber consisted of placing one tree on a turntable and 
rotating the tree through 360° in 0.1° increments. At each angle of rotation the signal received through 
the tree was measured. Figure 1 shows the measurement geometry. In this geometry the distances 
between the transmitter and the tree were chosen so that the tree was placed in the far field region of 
the transmit antenna. Both transmit and receive antennas were vertically polarised. Although in later 
experiments the receiver was rotated about its axis which enabled measurement of the received Co- 
polar and Cross-polar components of the signal leaving the tree. The frequency used in the 
measurements was 20 GHz.

Figure 3 shows the received signal level as a function of the rotation angle of the tree. The figure 
gives the level of the Co-polar signal as a function of the rotation angle of a Ficus plant whose height 
and diameter were 1.70m and 0.7m respectively.

Of special note are the deep nulls observed in the received signal. As can be seen these are very deep 
being 35 to 40 dB below the average level of the signal. These nulls can not simply be explained by 
the variability in the leaf distribution of the plant. The nulls may be explained by the existence of 
multipath modes, but these were thought to be unlikely due to the random nature of the leaf 
distribution and the relatively low reflectivity of the vegetation material.
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It was thought that the deep nulls could be due to a significant depolarisation of the incident linearly 
polarised signal. This is discussed in this paper.

H THEORETICAL AND PRACTICAL CONSIDERATIONS OF DEPOLARISATION

Depolarisation is defined as being a change in the polarisation of a wave from one state to 
another caused by some medium [Beckmann, 1968], namely, vegetation in the case of this study. The 
polarisation of a propagating wave has been measured using the 'polarisation pattern' method [IEEE, 
1979]. This method involves rotating a linearly polarised receive antenna about its central axis in a 
plane normal to the direction of the incident field. The voltage induced in the receive antenna has been 
recorded as the antenna was rotated. The measured signal strength may then be plotted against the 
rotation angle of the receive antenna, the resulting graph is referred to as the polarisation pattern. 
From the polarisation pattern, the polarisation ellipse can be extrapolated as shown in Figure 2 by the 
dashed ellipse. Values for the tilt angle and the axial ratio of the incident wave on the receive antenna 
may then be determined from the polarisation ellipse. This method does not provide the sense of 
polarisation so if the polarisation was to be plotted on the Poincare sphere, two conjugate points 
would be plotted, one in each one of its two hemispheres.

The polarisation of a propagating field can be mathematically represented in a number of ways. The 
method adopted within this paper is by the use of the axial ratio and tilt angle.

The tilt angle, t, is defined as being the angle between the horizontal plane and the major axis of the 
polarisation ellipse. The tilt angle lies within the range of -180° to +180°. Thus the tilt angle for a 
horizontally linearly polarised wave would be 0° and for a vertically linearly polarised wave, the 
angle would be 90°

The axial ratio, AR, is the ratio between the magnitudes of the minor and major axis of the 
polarisation ellipse as shown in the following equation, it also provides the sense of polarisation.

. _ Minor AxisAJv — ————————
Major Axis

The value of the axial ratio lies in the range -1 to +1, where the sign determines the sense of rotation, 
being negative for right hand sense and positive for the left hand sense. An AR value of 0 represents 
a linearly polarised wave and a value of 1 represents a circularly polarised wave.

To be able to determine the axial ratio and tilt angle of a particular field the receive antenna was 
rotated using a high precision turntable controlled by a computer. The computer simultaneously 
collected the strength of the signal received as the antenna was rotated. This was achieved by 
connecting the output of the 20 GHz receiver system to a logarithmic amplifier followed by an 
analogue to digital PC card that allows up to a sampling rate of 1 MHz. The signal strength could then 
be digitally recorded.

Ill .RESULTS

Polarisation pattern measurements were conducted on six conifer trees and two Ficus plants. 
It is not possible to present the results pertaining to all of these cases. In each case, a 360° 
measurement was first conducted to establish the rotation angles at which deep nulls occurred. 
Selecting these angles and those in the vicinity, polarisation pattern measurements were subsequently 
carried out to determine the polarisation of the signals emanating from the trees. The procedure is 
illustrated by looking at the results pertaining to a Cypress conifer.
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3.1 Results from Cypress Conifer Tree
Figure 3 displays the 360° attenuation measurement pattern which shows an exceptionally 

deep null at 190.3°. The polarisation pattern of the signal exiting the vegetation was measured at the 
rotation angles of this and other nulls and at angle immediately before and after the nulls. The 
polarisation of the wave from the tree was also measured at angles where peaks in the received signal 
level were seen such as 151.5°. Figures 4, 5, 6 and 7 give the polarisation patterns corresponding to 
rotation angles 189°, 190.3°, 192° and 151.5°. The tilt angles and axial ratios for these polarisations 
are presented in Table 1.

Description

Peak 
Pre-null 

Null 
Post-null

Rotation 
Angle
151.5° 
189° 

190.3° 
192°

Tilt Angle

74.4° 
147.7° 
0.2° 
34.7°

Axial Ratio

0.01 
0.19 
0.16 
0.16

Table 1 Polarisation States for Cypress Conifer

In addition to this we present results for another Cypress Conifer tree and a Ficus Plant. These are 
given in Tables 2 and 3.

Description

Pre-null
Null

Post-null
Pre-null

Null
Post-null

Rotation 
Angle
50.5°
51.1°
52°
79°

80.5°
81°

Tilt Angle

26°
174.6°
150.3°
173.9°
2.3°
17.9°

Axial Ratio

0.37
0.28
0.29
0.29
0.15
0.08

Table 2 Polarisation States for second Cypress Conifer

Description

Pre-null
Null

Post-null
Non-null
Pre-null

Null
Post-null

Rotation 
Angle
100°

100.8°
104°
250°
258°

258.8°
260°

Tilt Angle

72.1°
1.75°
81.2°
93.9°
167.2°
174.6°
97.1°

Axial Ratio

0.21
0.42
0.05
0.15
0.38
0.17
0.10

Table 3 Polarisation States for Ficus Plant 

IV.DISCUSSION OF RESULTS

In all the polarisation pattern measurements the source of the 20 GHz signal illuminating the 
tree samples was linearly vertically polarised. The receiving antenna of the measuring system was 
rotated in a vertical plane around its axis and the received signal level was observed. If the 
polarisation of the incident signal is not significantly changed the polarisation pattern measured would 
show a tilt angle of 90° and an axial ratio close to zero. Changes in these parameters result in a
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polarisation ellipse with significant Cross-polar content leading to an elliptical polarisation state or in 
some cases to a randomly polarised state.

Examining the angular positions at which nulls were observed in the examples described above, we 
have tilt angles of 0.2° in Table 1; 174.6° and 173.9° in Table 2 and 1.75°, 167.2° in Table 3. These 
result in ellipses at near horizontal tilts and along with their respective axial ratios indicate that most 
of the transmitted power has been depolarised into the horizontal plane.

Additionally it can be seen from these tables that angles corresponding to a peak value in Table 1 or 
those well removed from a null (104°, 250°, 260°) in Table 3 correspond to tilt angles close to the 
vertical position (90°) and relatively small axial ratios. In these cases a certain amount of 
depolarisation has occurred but is relatively small in comparison to the depolarisation at the angles 
corresponding to the nulls. Another test was applied to these angles that consisted of measuring the 
peak power observed, together with partial signal power components in both the vertical and 
horizontal planes. The results are shown in Table 4.

Description

Peak
Null
Null
Null
Null
Null

Non-Null

Rotation 
Angle

151.5°
190.3°
51.1°
80.5°
100.8°
258.8°
260°

Vertical 
Polarisation 
Power, dBm

-16.4
-42.35
-24.58
-26.29
-37.52
-38.74
-18.69

Horizontal 
Polarisation 
Power, dBm

-27.27
-26.31
-13.47
-9.98
-34.73
-27.20
-35.15

Peak Power, 
dBm

-16.05
-26.06
-13.37
-9.87
-33.34
-26.94
-18.53

Table 4 Signal Levels of Various Polarisation States

It is evident from Table 4 that in nearly all the cases where nulls were observed the power in the 
signal has been lost from the Co-polar signal. In most cases the power has become associated with the 
cross-polar component. The last two entries in Table 4 demonstrate clearly that once the null is passed 
the signal power is no longer depolarised to the horizontal plane.

V.METAL TREE INVESTIGATION

In order to demonstrate the change in the polarisation state of the signal as a result of its 
interaction with a tree like structure, a metallic tree was constructed and tested in stages. The tree 
consisted of a main vertical metal rod representing the trunk. To this rod a number of smaller rods 
were attached at the same angles generating branches. Two further stages were taken generating 
secondary branches attached to the primary branches. A photograph of the complete structure is 
shown in Figure 8. Polarisation patterns were obtained at all the interim stages of the construction and 
for the complete structure. The results are shown in Table 5.

Stale of Metal Tree
Freespace

Trunk
Main Branches
All Secondary 

Branches
Complete Tree

Tilt Angle
90.6°
91.5°
93.9°
110.3°

106.9°

Axial ratio
0.04
0.04
0.16
0.24

0.28

Table 5 Polarisation States for Various stages of Construction of the Metal Tree
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The table demonstrates very clearly that with the trunk alone the received signal shows very little 
depolarisation as is expected due to the trunk being a vertical structure. As the main branches are 
added followed by the secondary branches the tilt angle shifts towards the horizontal and the axial 
ratio increases. This provides important evidence about the physical process which is responsible for 
the signal depolarisation by the elements of a vegetation medium. What is different in such a medium 
is that both the tree structure and the complex permittivity of its vegetation material are in reality far 
more complex than is suggested by the simplified model of the metallic tree.

VI.CONCLUSIONS

Measurements investigating how vegetation depolarises a propagating signal have been 
performed and presented for a number of different trees. From the measurements it can be seen that 
significant depolarisation takes place at the rotation angles which coincide with the measured nulls of 
the 360° attenuation patterns especially for the conifer trees. In some cases, it has been seen that the 
transmitted vertical linearly polarised wave has been depolarised to a near horizontally polarised wave 
by the vegetation material. The depolarisation occurs as a result of the various components of the tree 
having currents induced in them. The various tree components are then re-transmitting the waves at 
different polarisations resulting in an overall depolarisation of the originally transmitted wave.

With the metal tree it can be seen that the amount of depolarisation increases as more and more 
branches are added to the structure. This shows that the various components of the tree are responsible 
for the depolarisation of the incident signal.
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Figure 1 Measurement Geometry.
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Figure 3 360° Attenuation Pattern of Cypress Conifer 1.
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Figure 4 Polarisation Pattern at Rotation Angle of 189°.
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Figure 5 Polarisation Pattern at Rotation Angle of 190.3C
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Figure 6 Polarisation Pattern at Rotation Angle of 192°.
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Figure 7 Polarisation Pattern at Rotation Angle of 151.5C

Figure 8 The Complete Metal Tree.


