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Abstract

The overall growth in cellular, fixed and satellite communications markets, has exceeded 

many expectations and there is a widespread anticipation that the 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 propaga 

tion models. In the particular case of land mobile radio systems and wireless fixed access 

systems, obstacles in the form of vegetation volumes, e.g formations of trees, are likely to 

influence radio propagation, giving rise to absorption and scattering of radio signals. In this 

context, this thesis investigates suitable techniques to characterise and model the effects 

of inhomogeneous volumes of vegetation on the propagation modes of radiowaves. The 

thesis proposes an enhanced model based on the Radiative Energy Transfer theory (RET) 

which was discretised to accommodate forests formed by different vegetation species with 

their distinct propagation characteristics. The discretised model computational structure, 

comprises several element cells, whose characteristic propagation parameters may be as 

signed independently. The discretised RET (dRET), is therefore capable of gathering the 

interactive responses between the element cells comprising the computational structure, 

leading to the determination of the received signal inside or around a given illuminated 

vegetation medium.

The performance of the proposed model, was assessed utilising results from an extended 

range of measurements, carried out in different environments. Such measurements com 

prised those necessary for the model input parameters extraction. Others enabled the 

model assessment through comparison between the model predictions and the actual di 

rectional profile of the measured received signal results. An initial assessment of the model 

was carried out in the laboratory, using an idealised test forest formation placed inside an 

anechoic chamber, whereas the final model assessment was performed in an outdoor tree 

groupings formed by several different full size trees. Both indoor and outdoor measure 

ments, confirmed good overall model performance and predictions of both absorption and 

scattering propagation modes caused by the presence of vegetation in the radio path. This 

was demonstrated at micro- and millimetre wave frequency bands, centered at 11.2, 20, 40 

and 62.4 GHz frequencies.

The thesis provides a valid tested method to evaluate the dRET propagation parameters 

for various isolated volumes of vegetation. Such parameters, may subsequently be utilised 

into the proposed propagation model, which is shown to be capable of dealing with typical 

and non homogeneous forests thereby effectively predicting the received signal directional 

profile at several locations inside and around the inhomogeneous forest. 

The thesis has many novel features. These include the development and extension of the 

basic dRET model removing many limitations. The parameter extraction including the ef 

fects of the receive antenna radiation pattern is another novel contribution. Further novelty 

lies in the application of the dRET model to mixed, finite and inhomogeneous vegetation 

formations. As a result of these refinements and extensions, the dRET propagation model 

has been shown to yield predicted results which agree well with measurements.

IV



Acronyms

2D Two dimensions

2G Second Generation Mobile System

3D Three dimensions

3G Third Generation Mobile System

4G Fourth Generation Mobile System

BFWA Broadband Fixed Wireless Access

Bi-MIMICS Bistatic Michigan Microwave Canopy Scattering Model

BPF Band Pass Filter

CCIR Consultative Committee for International Radio

CCwD Counter Clockwise Direction

CEPT Conference Europeene des Administrations des Postes et des 

	Telecommunications

CW Continuous Wave

CwD Clockwise Direction

DAQ Data Acquisition Card

DG Dual Gradient model

DR Dynamic Range

dRET discrete Radiative Energy Transfer model

DRO Dielectric Resonator Oscillator

DSL Digital Subscriber Line



ECC

ETSI

EXD

FBR

FDTD

FITU-R

FS

FSL

GF

GSM

GTD

HF

HPBW

HSDPA

IF

ITU-R

LAI

LAN

LHS

LNA

LNB

LogAmp

LOS

MAN

Electronic Communications Committee

European Telecommunications Standards Institute

Exponential Decay Model

Front to Back Ratio

Finite Difference Time Domain

Fitted ITU-R model

Free Space

Free Space Loss

Green Function

Global System for Mobile Communications

General Theory of Diffraction

High Frequency band

Half Power Beamwidth

High-Speed Downlink Packet Access

Intermediate Frequency

International Telecommunications Union - Radiocommunica- 

tions Section

Leaf Area Index 

Local Area Network 

Left Hand Side 

Low Noise Amplifier 

Low Noise Block 

Logarithmic Amplifier 

Line of Sight 

Metropolitan Area Network

VI



MED

MIMICS

MoM

Multi-MIMICS

MWS

NF

NLOS

NZG

PC

PCMCIA

PE

PLL

PLO

PO

PVC

RADAR

RAL

RCS

RET

RHS

RMS

RX

SA

SMA

TTL

Modified Exponential Decay Model

Michigan Microwave Canopy Scattering Model

Method of Moments

Multi-layer Michigan Microwave Canopy Scattering Model

Multimedia Wireless Systems

Noise Figure

Non Line of Sight

Non-Zero Gradient model

Personal Computer

Personal Computer Memory Card International Association

Parabolic Equation

Phase Locked Loop

Phase Locked Loop Oscillator

Physical Optics

Polyvinyl Chloride Plastic

Radio Detection and Ranging

Rutherford Appleton Laboratory

Radar Cross Section

Radiative Energy Transfer theory

Right Hand Side

Root Mean Square

Receiver

Spectrum Analyser

Sub Miniature type A (connector)

Transistor to Transistor Logic

vn



TX 

UHF

UMTS

UTD

VCO

VNA

vv

WiMAX

Transmitter

Ultra High Frequency band

Universal Mobile Telecommunication System

Uniform Theory of Diffraction

Voltage Controlled Oscillator

Vector Network Analyser

Vertical-vertical polarised signal component (Co-polar)

Worldwide Interoperability for Microwave Access

vin



Contents

Acknowledgements ............................... iii

Abstract ..................................... iv

Acronyms .................................... v

Table of Contents ................................ viii

List of Figures .................................. xiii

List of Tables .................................. xxi

1 Introduction 1

1.1 Background of the study ......................... 1

1.2 Radiowave propagation modes ...................... 3

1.2.1 Free space propagation ...................... 4

1.2.2 Propagation through vegetation ................. 5

1.3 Identification of study areas and objectives of research ........ 7

1.4 Structure of the thesis .......................... 9

2 Literature review of propagation modelling in vegetation 11

2.1 Introduction ................................ 11

2.2 Types of measurements .......................... 12

2.3 Empirical models for excess attenuation ................. 13

2.3.1 Exponential Decay models (EXD) and derivatives ....... 14

2.3.2 ITU-R models and derivatives .................. 15

2.4 Semi-empirical models for excess attenuation .............. 16

2.4.1 Non-Zero Gradient model .................... 17

2.4.2 Dual Gradient model ....................... 17

2.5 Analytical (Theoretical) models ..................... 19

2.5.1 Ray based models ......................... 20

2.5.2 Physical Optics (PO) based models ............... 22

2.5.3 Radiative Energy Transfer (RET) based models ........ 23

2.5.3.1 RET model for homogeneous media . ......... 24

2.5.3.2 Discrete Radiative Energy Transfer model (dRET) . 27

IX



CONTENTS

2.5.3.3 Michigan Microwave Canopy Scattering Model ... 28

2.5.3.4 The generic 1-60 GHz propagation through vegeta 

tion model ....................... 30

2.5.4 Other theoretical models ..................... 33

2.6 Summary and interim conclusion .................... 34

3 Overview of the measurement systems 36

3.1 Introduction ................................ 36

3.2 The far field criteria ........................... 37

3.3 Radiation pattern measurements ..................... 38

3.4 Dynamic range of the measurement system ............... 39

3.5 Measurement systems overview ..................... 40

3.5.1 The 11.2 GHz measurement system ............... 40

3.5.1.1 Transmitter section ................... 41

3.5.1.2 Characterisation of antennas ............. 42

3.5.1.3 Receiver section ..................... 44

3.5.1.4 Overall dynamic range ................. 44

3.5.2 The 20 GHz measurement system ................ 44

3.5.2.1 Transmitter section ................... 46

3.5.2.2 Characterisation of antennas ............. 47

3.5.2.3 Receiver section ..................... 48

3.5.2.4 Overall dynamic range ................. 51

3.5.3 The 40 GHz measurement system ................ 51

3.5.3.1 Transmitter section ................... 52

3.5.3.2 Characterisation of antennas ............. 53

3.5.3.3 Receiver section ..................... 54

3.5.3.4 Overall dynamic range ................. 57

3.5.4 The 62.4 GHz measurement system ............... 57

3.5.4.1 Transmitter section ................... 58

3.5.4.2 Characterisation of antennas ............. 58

3.5.4.3 Receiver section ..................... 60

3.5.4.4 Overall dynamic range ................. 61

3.6 Anechoic chamber and peripherals .................... 62

3.7 Accuracy analysis ............................. 64

3.7.1 Spectrum analyser and logarithmic amplifier calibration .... 64

3.7.2 Antenna related errors ...................... 67

3.7.3 Attenuators, LNA and IF cable calibration ........... 67

3.7.4 Measurement system maximum error estimation ........ 69

x



CONTENTS

3.7.5 Accuracy analysis of the measured angles and distances .... 71

3.7.5.1 Indoor measurements .................. 71

3.7.5.2 Outdoor measurements ................. 72

3.8 Summary and interim conclusion .................... 72

4 RET based model for homogeneous vegetation 73

4.1 Introduction ................................ 73

4.2 RET model basics ............................. 74

4.3 Mathematical formulation of the RET ................. 76

4.4 Parameter extr. and optim. method for homogeneous vegetation ... 90

4.4.1 Parameter extr. and RET model results at 11.2 and 20 GHz . 93

4.4.1.1 Measurement setup ................... 94

4.4.1.2 RET input parameter extraction and measurement

results .......................... 95

4.4.2 Correction of the phase function parameters using inverse con 

volution .............................. 101

4.5 Summary and interim conclusion .................... 109

5 The discrete RET approach 112

5.1 Introduction ................................ 112

5.2 Original dRET formulation ....................... 112

5.3 Limitations of the original discrete model ................ 116

5.4 An extended dRET propagation model ................. 118

5.4.1 Improvements to the original dRET approach ......... 120

5.4.1.1 Enhanced angular resolution .............. 121

5.4.1.2 Solving Iri and Id equations .............. 125

5.4.1.3 Receiver antenna effect ................. 127

5.4.1.4 Non uniform interface illumination .......... 130

5.4.1.5 Oblique incidence and point source illumination . . . 136

5.4.2 Extended dRET mathematical formulation ........... 139

5.4.3 Model summary and further development guidelines ...... 141

5.5 Parameter extraction method for inhomogeneous vegetation media . . 142

5.5.1 Measurement of the extinction coefficient fce .......... 144

5.5.2 Phase function estimation .................... 146

5.5.3 Optimisation of the scattering cross section ka ......... 149

5.6 dRET parameter scaling ......................... 151

5.7 dRET testing using idealised propagation scenarios .......... 159

5.7.1 Scenario 1 - Single vegetation block ............... 160

XI



CONTENTS

5.7.2 Scenario 2 - Three vegetation blocks .............. 162

5.7.3 Scenario 3 - Vegetation screen + isolated vegetation block . . 164

5.7.4 Scenario 4 - Single line of trees ................. 165

5.7.5 Scenario 5 - 3D block of vegetation ............... 168

5.8 Interim conclusion ............................ 173

6 Measurements overview, results and analysis 175

6.1 Introduction ................................ 175

6.2 Indoor measurements ........................... 176

6.2.1 Description of the vegetation test formations .......... 178

6.2.2 Modelling of the idealised forest ................. 180

6.2.3 Parameter extraction measurements and results ........ 183

6.2.4 3D re-radiation function measurement ............. 192

6.2.5 Directional spectrum measurement results and analysis . . . .195

6.3 Outdoor measurements .......................... 211

6.3.1 Description of the test forest and measurement procedure . . .212

6.3.2 Parameter extraction phase: measurements and results . . . .218

6.3.3 Attenuation and directional spectrum results .......... 224

6.3.4 Critical analysis of the outdoor dRET model assessment . . . 232

6.3.4.1 Sensitivity of the model to the input parameters . . . 233

6.3.4.2 Sensitivity of the model to the phase function para 

meter scaling ...................... 236

6.3.4.3 Comparison between the RET and the dRET .... 237

6.4 Summary and interim conclusion .................... 241

7 Review and Conclusions 244

7.1 Review of the thesis ............................ 244

7.2 Conclusions ................................ 253

7.2.1 Contribution to models ...................... 254

7.2.2 Contribution to measurements .................. 255

7.2.3 Contribution to published literature ............... 256

7.3 Recommendations for further work ................... 258

References 261

Appendix 269

A Calculation of the RMS error 270

B Solving first order linear differential equations 271

xn



CONTENTS

C Modified dRET model flowchart 272

D Samples of published work 273
D.I Book section ................................ 273

D.2 Journal papers .............................. 273

D.3 Conference Papers ............................ 273

xin



List of Figures

1.1 Diagram of a simple radio communication system. ........... 4

2.1 Vegetation back scattering measurement configuration. ........ 13

2.2 Vegetation attenuation measurement configuration. .......... 13

2.3 DG model vegetation geometry. ..................... 18

2.4 Four layer typical forest model. ..................... 20

2.5 Four layer typical forest scenario. .................... 21

2.6 Houses interleaved with trees and its equivalent scenario. ....... 22

2.7 Incident wave on a slab filled with thin disks and cylinders. ...... 23

2.8 Diagram of an RET scatterer. ...................... 24

2.9 Computed Gaussian phase function for various a and (3 values. .... 26

2.10 Specific intensity / (f, s) definition. ................... 26

2.11 Discretised vegetation structure. ..................... 27

2.12 MIMICS backscattering geometry. .................... 29

2.13 MIMICS backscattering propagation mechanisms. ........... 29

2.14 Propagation modes: through and around the vegetation volume. ... 31

2.15 Geometry of the ground reflected wave. ................. 32

3.1 Diagram of the radiation pattern measurement setup (Top view). . . 39

3.2 Block diagram of the 11.2 GHz measurement system. ......... 41

3.3 Radiation pattern of the 11.2 GHz 10 dBi horn antenna. ....... 42

3.4 Diagram of the measurement site employed in the 35 dBi dish radia 

tion pattern measurement. ........................ 43

3.5 Radiation pattern of the 35 dBi parabolic antenna: a) 1° resolution;

b) detail of the main lobe with 0.2° resolution. ............. 43

3.6 Block diagram of the 20 GHz measurement system. .......... 46

3.7 The 20 GHz transmitter housed inside the metallic box. ........ 47

3.8 Measured radiation patterns of the: a) 10 and b) 15 dBi horn antennas. 48

3.9 Measured radiation patterns of the: a) 20 dBi horn and b) 33 dBi

lens horn antennas. ............................ 48

xiv



LIST OF FIGURES

3.10 The 20 GHz receiver housed inside the metallic box. .......... 49

3.11 Functional block diagram of the 40 GHz measurement system. .... 53

3.12 Measured radiation pattern of the 40 GHz: a) 10 and b) 15 dBi horn

antennas. ................................. 54

3.13 Measured radiation pattern of the 40 GHz: a) 20 dBi horn antenna

and b) 29 dBi lens horn antenna. .................... 54

3.14 The 40 GHz receiver section, set to measure an antenna radiation

pattern, inside the anechoic chamber. .................. 55
3.15 Block diagram of the 62.4 GHz measurement system. ......... 58

3.16 Measured radiation pattern of the 62.4 GHz: a) 10 dBi and b) 25 dBi

horn antennas. .............................. 59

3.17 Measured radiation pattern of the 62.4 GHz 36 dBi lens horn antenna:

a) complete radiation pattern; b) detail around the main lobe. .... 59

3.18 600 MHz IF band pass filter measured transfer function in dB. .... 60
3.19 Measurement application software screenshot. ............. 63

3.20 Logarithmic amplifier calibration setup. ................. 65

3.21 Logarithmic amplifier calibration curves (220 MHz, 600 MHz and

manufacturer specification). ....................... 66
3.22 Logarithmic amplifiers absolute power errors. .............. 66

3.23 Measured calibration curves of the: a) 11.2 and b) 20 GHz attenuators. 68

3.24 Measured calibration curves of the: a) 40 GHz (TX and RX) and b)

62.4 GHz attenuators. .......................... 68

3.25 Measured LNA gain and IF cable loss. ................. 69

4.1 Gaussian phase function superimposed to an isotropic backscattering

level. .................................... 75

4.2 Diagram of an RET scatterer. ...................... 76

4.3 RET forest model and coordinate system diagram. ........... 78

4.4 Overlapping triangular functions Fn (pJ). ................. 83

4.5 Contributions of the RET individual terms to the total vegetation

attenuation under normal incidence (6P = 0). .............. 87

4.6 Directional spectrum of the received signal under normal incidence

(ep = 0). .................................. 88

4.7 Detail of the directional spectrum of the received signal under normal

incidence (6P = 0). ............................ 89

4.8 Directional spectrum of the received signal under oblique incidence

(0P = 45°). ................................. 89

4.9 Directional spectrum measurement setup. ................ 91

xv



LIST OF FIGURES

4.10 Effect of the albedo parameter (W) on the RET attenuation predictions. 92

4.11 Diagram of the Populus forest measurement site. ........... 93

4.12 Receiver adjacent arrangement allowing simultaneous 11.2 and 20

GHz measurements. ............................ 95

4.13 Measured directional spectrum at position #1 and fitted phase func 

tion at 11.2 GHz. ............................. 97

4.14 Measured directional spectrum at position #1 and fitted phase func 

tion at 20 GHz. .............................. 97

4.15 Measured directional spectrum at position #4 and fitted phase func 

tion at 11.2 GHz. ............................. 98

4.16 Measured directional spectrum at position #4 and fitted phase func 

tion at 20 GHz. .............................. 99

4.17 Influence of the albedo parameter (W) on the predicted received sig 

nal directional spectrum. ......................... 100

4.18 Comparison between the predicted and the measured received nor 

malised signals at 11.2 GHz. ....................... 102

4.19 Comparison between the predicted and the measured received nor 

malised signals at 20 GHz. ........................ 102

4.20 Multiple scattering contributions received by an antenna placed inside

a scattering medium. ........................... 103

4.21 a. and j3 errors due to the convolution using a 15 dBi horn antenna. . 106

4.22 a and (3 errors due to the convolution using a 20 dBi horn antenna. . 106

4.23 Idealised forest setup. ........................... 107

4.24 Idealised forest diagram. ......................... 108

5.1 Discretised vegetation structure. ..................... 113

5.2 Input and output intensities at a generic discrete vegetation cell. . . .114

5.3 Discrete phase function based on a) Gaussian phase function and b)

based on a three step phase function. .................. 115

5.4 3D dRET forest geometry diagram. ................... 119

5.5 2D dRET forest geometry diagram. ................... 119

5.6 Right-handed 3D coordinate system. .................. 120

5.7 Schematic of the 2D dRET cell interaction. ............... 122

5.8 Schematic of the averaging method allowing to enhance the dRET

angular resolution. ............................ 122

5.9 Diagram of the averaging method used in angular region 2. ...... 123

5.10 3D dRET cubic cell structure (27 elements). .............. 124

xvi



LIST OF FIGURES

5.11 Convergence evaluation of the enhanced dRET utilising a) piecewise 

linear approximation and b) the complete equations, both considering 
As = 5m. ................................. 126

5.12 5^R influence on the RET received signal prediction. ......... 127
5.13 Receiver antenna 2D angular coordinates. ............... 128
5.14 Receiver antenna 3D angular coordinates. ............... 129

5.15 10 dBi 20 GHz receiver antenna 3D radiation pattern. ......... 131
5.16 2D geometry for the calculation of the air to vegetation interface

illumination. ................................ 132
5.17 Normalised received signal (dBf) at the air vegetation interface of a 

20 meters height and 20 meters width forest using a 20 GHz 10 dBi 
horn antenna placed 10 meters away from the interface. ........ 134

5.18 Normalised received signal (dBf) at the air vegetation interface of a 
20 meters height and 20 meters width forest using a 20 GHz 10 dBi 
horn antenna placed 5 meters away from the interface. ........ 135

5.19 Normalised received signal (dBf) at the air vegetation interface of a 
20 meters height and 20 meters width forest using a 20 GHz 10 dBi 
horn antenna placed at the ground level and 5 meters away from the 
interface. .................................. 136

5.20 Normalised received signal (dBf) at the air vegetation interface of a 
20 meters height and 20 meters width forest using a 20 GHz 10 dBi 
horn antenna placed at the ground level at 5 meters from the interface 
pointing upwards with 40° of elevation. ................. 137

5.21 Impinging rays at the air to vegetation interface a) with oblique in 
cidence (parallel rays) and b) under point source illumination. .... 138

5.22 Oblique incidence signal path. ...................... 139
5.23 Discrete angular directions distributions: a) elevation angles; b) az 

imuth angles. ............................... 140
5.24 Measurement geometry for dRET input parameter extraction. .... 143
5.25 Setup for ke parameter extraction. .................... 144
5.26 Measured received power levels at positions MI and M3 for a White

Oak tree at 40 GHz. (12 meters of canopy diameter) ......... 145
5.27 Phase function measurement using the receiver antenna rotation around

the tree method. ............................. 147
5.28 Indoor re-radiation measurement setup (Side View). .......... 147
5.29 Approximated method to measure the phase function parameter j3. . 148
5.30 Example of the phase function parameter (3 extraction for a Silver

Birch at 40 GHz. ............................. 148

xvn



LIST OF FIGURES

5.31 Side scattered signal level measurement setup. ............. 149
5.32 dRET tree model used during the ka parameter optimisation. ..... 150
5.33 Indoor re-radiation function function measurement setup (Top View). 152
5.34 Pictures of the four Ficus Benjamina plants used throughout the

parameter scaling measurements. .................... 153
5.35 Plant arrangement corresponding to the various vegetation volumes

employed in the parameter scaling measurement. ............ 154
5.36 Measured re-radiation functions obtained at 40 GHz for: a) Ficus 1;

b) Vegetation volume formed by 4 Ficus plants. ............ 154
5.37 Variation of a and f3 parameter with the number of vegetation vol 

umes: a) 20 GHz; b) 40 GHz. ...................... 156
5.38 Variation of a. and /3 parameter with the number of vegetation vol 

umes at 62.4 GHz. ............................ 156
5.39 dRET geometries used to test the performance of the phase function 

parameter scaling method: a) single cell geometry and b) cell split 
geometry. ................................. 158

5.40 Simulation results for the scattered signal of the White Oak tree. . . 159
5.41 dRET test scenario 1, using two different transmitter positions (di 

mensions in meters). ........................... 161
5.42 ITi + Id results for test scenario 1 considering a 10 dBi receiver antenna. 161
5.43 Diagram of scenario 2, formed by three similar vegetation blocks (di 

mensions in meters). ........................... 163
5.44 a) In and b) Iri + Id results for test scenario 2 considering an omni 

directional RX antenna. ......................... 163
5.45 Diagram of scenario 3, formed by a vegetation screen and an isolated

vegetation block (dimensions in meters). ................ 164
5.46 Iri and directional spectrum Iri + Id results for scenario 3. ...... 165
5.47 Diagram of scenario 4, formed by a single line of identical vegetation

blocks mimicking trees (dimensions in meters). ............. 166
5.48 Coherent signal (Iri ) attenuation due to the interaction with a single

line of trees. ................................ 166
5.49 Total signal (Iri + Id) attenuation due to the interaction with a single

line of trees. ................................ 167
5.50 Simulated received directional spectrum profile for positions RXi and

RX-2 of scenario 4. ............................ 168
5.51 Simulated received directional spectrum profile for positions RX3 and

of scenario 4. ............................ 168

xvm



LIST OF FIGURES

5.52 Diagram of scenario 5 - 3D inhomogeneous vegetation volume (di 

mensions in meters). ........................... 169

5.53 Coherent signal normalised level for the middle height layer of sce 

nario 5 considering a uniform and plane illuminating wave. ...... 170

5.54 Simulated Id directional spectrum profile within the observation row

of scenario 5 at 2 and 5 cells of depth. ................. 170

5.55 Simulated Id directional spectrum profile at the observation row of

scenario 5 at 9 and 13 cells of depth. .................. 171

5.56 Measurement of the directional spectrum broadening. ......... 172

6.1 Photograph of a) conifer tree and b) ficus tree and c) generic diagram
of a plant. ................................. 177

6.2 Plan of indoor measurement formation #1, inside an anechoic chamber. 178
6.3 Plan of indoor measurement formation #2, inside an anechoic chamber. 179

6.4 Plan of indoor measurement formation #3, inside an anechoic chamber. 180
6.5 Plan of indoor measurement formation #4, inside an anechoic chamber. 181

6.6 Photograph of the idealised conifer forest: a) TX detail ; b) complete
conifer plant formation. .......................... 181

6.7 Idealised forest model diagram. ..................... 182
6.8 Anechoic chamber re-radiation function measurement diagram. .... 183

6.9 Photograph of a) conifer and b) ficus plant under re-radiation mea 
surement. ................................. 184

6.10 Re-radiation function measurement regions. .............. 184

6.11 Re-radiation function of single illuminated conifer #10 at a) 20 GHz
and b) 62.4 GHz. ............................. 185

6.12 Re-radiation function of single illuminated conifer #3 at a) 20 GHz
and b) 62.4 GHz. ............................. 186

6.13 Re-radiation function of single illuminated conifer #6 at a) 20 GHz
and b) 62.4 GHz. ............................. 187

6.14 Re-radiation function of ficus #4 at a) 20 GHz and b) 62.4 GHz. ... 187

6.15 Optimised Gaussian phase function obtained from ficus #3 at 20 GHz. 190

6.16 Diagram of the 3D re-radiation measurement mechanical rig. ..... 193

6.17 Photographs of the 3D re-radiation measurement mechanical rig. . . . 193

6.18 3D re-radiation received signal in free space configuration. ...... 194

6.19 3D re-radiation received signal with the ficus plant present in the

radio path. ................................. 194

6.20 Received signal directional profile at position #1 of formation #1. . . 198

6.21 Received signal directional profile at position #1 of formation #2. . . 198

xix



LIST OF FIGURES

6.22 Received signal directional profile at position #1 of formation #3. . . 199
6.23 Received signal directional profile at position #1 of formation #4. . . 199
6.24 Smoothed received signal directional profile at position #1 of forma 

tion #1. .................................. 200

6.25 Received signal directional profile at position #8 of formation #1. . . 201
6.26 Received signal directional profile at position #8 of formation #2. . . 202

6.27 Received signal directional profile at position #8 of formation #3. . . 202
6.28 Received signal directional profile at position #8 of formation #4. . . 203
6.29 Received signal directional profile at position #11 of formation #1. . 203
6.30 Received signal directional profile at position #11 of formation #2. . 204
6.31 Received signal directional profile at position #11 of formation #3. . 204
6.32 Received signal directional profile at position #11 of formation #4. . 205
6.33 Received signal directional profile at position #11 of formation #4

(with adjusted parameters). ....................... 205
6.34 Received signal directional profile at position #13 of formation #1. . 206
6.35 Received signal directional profile at position #13 of formation #2. . 207
6.36 Received signal directional profile at position #13 of formation #3. . 207
6.37 Received signal directional profile at position #13 of formation #4. . 208
6.38 Received signal directional profile at position #13 of formation #4

(with adjusted ke parameter). ...................... 208
6.39 Wyevale Garden centre a) location diagram and b) satellite view of

test forest (Courtesy of Google Earth). ................. 213
6.40 Scaled map of Wyevale Garden Centre test site. ............ 213
6.41 General view of the Wyevale test forest interface. From left to right:

Oak tree, Oleaster tree and Ornamental Cherry in second plan. . . . 214
6.42 Diagram of the test forest with a superimposed 2.5 m square grid. . . 217
6.43 dRET cells used for Wyevale test forest modelling. .......... 218
6.44 Measurement geometry for dRET parameter extraction. ........ 219
6.45 Wyevale test site indicating the individual vegetation blocks used for

parameter extraction. ........................... 219

6.46 Receiver angle (<J)RX) coordinate system. ................ 225
6.47 Received directional spectrum at measurement point #1: a) 11.2

GHz; b) 20 GHz. ............................. 225

6.48 Received directional spectrum at measurement point #1: a) 40 GHz;

b) 62.4 GHz. ................................ 226

6.49 Received directional spectrum at measurement point #4: a) 11.2

GHz; b) 20 GHz. ............................. 226

xx



LIST OF FIGURES

6.50 Received directional spectrum at measurement point #4: a) 40 GHz;

b) 62.4 GHz. ................................ 227

6.51 Received directional spectrum at measurement location #6: a) 11.2

GHz; b) 20 GHz. ............................. 228

6.52 Received directional spectrum at measurement location #6: a) 40

GHz; b) 62.4 GHz. ............................ 229

6.53 Received directional spectrum at measurement location #9: a) 11.2

GHz; b) 20 GHz. ............................. 230

6.54 Received directional spectrum at measurement point #9: a) 40 GHz;

b) 62.4 GHz. ................................ 230

6.55 Comparison between the RET and dRET predictions and measured 

directional spectrum at: a) measurement point #1 at 11.2 GHz and 

measurement point #3 at 62.4 GHz using mean forest propagation 

parameters. ................................ 239

6.56 Comparison between the RET and dRET predictions and measured 

directional spectrum at a) measurement point #4 and b) measure 

ment position #6 at 40 GHz both using mean forest parameters. . . . 239

C.I discrete Radiative Energy Transfer (dRET) model flowchart. ..... 272

xxi



List of Tables

2.1 NZG model best fit parameters at 11.2 and 20 GHz. .......... 17

2.2 DG model parameters. .......................... 18

3.1 Antennas minimum far field distance. .................. 38

3.2 Overall dynamic range of the 11.2 GHz system. ............ 45

3.3 Specifications of the 11.2 GHz measurement system. .......... 45

3.4 Measured half power beamwidth of the 20 GHz antennas. ....... 49

3.5 Overall dynamic range for the 20 GHz measurement system employ 

ing an SA and a LogAmp. ........................ 51

3.6 General specifications of the 20 GHz measurement system. ...... 52

3.7 Measured half power beamwidth of the 40 GHz antennas. ....... 55

3.8 Overall dynamic range of the 40 GHz measurement system using an

SA and a LogAmp. ............................ 56

3.9 General specifications of the 40 GHz measurement system. ...... 57

3.10 Measured half power beamwidth of the 62.4 GHz antennas. ...... 59

3.11 Overall dynamic range for the 62.4 GHz measurement system using

an SA and a LogAmp. .......................... 61

3.12 General specifications of the 62.4 GHz measurement system. ..... 62

3.13 Summary of the LNA characteristics. .................. 69

3.14 10 m low loss IF cable characteristics. .................. 70

3.15 11.2 GHz measurement system maximum expected non-systematic

error. .................................... 70

3.16 20 and 40 GHz measurement systems maximum expected non-systematic 

error. .................................... 71

3.17 62.4 GHz measurement systems maximum expected non-systematic

error. .................................... 71

4.1 11.2 and 20 GHz measurement system setup. .............. 94

4.2 Characteristics of the measurements performed at each location inside

the Populus forest. ............................ 95

xxn



LIST OF TABLES

4.3 Optimised phase function parameters obtained at positions #1 to #4

inside the vegetation medium at 11.2 and 20 GHz. ........... 99

4.4 Optimised albedo parameter and residual RMS error obtained at po 

sitions #1 to #4 inside the vegetation medium at 11.2 and 20 GHz. . 100

4.5 20 and 40 GHz receiver antennas parameters. ............. 108

4.6 Measured and corrected scattering parameters at 20 GHz. ...... 109

4.7 Measured and corrected scattering parameters at 40 GHz. ...... 109

5.1 a and f3 values extracted from measured vegetation blocks at 20 GHz. 155

5.2 a and (3 values extracted from measured vegetation blocks at 40 GHz. 155

5.3 a and (3 values extracted from measured vegetation blocks at 62.4 GHz. 156

5.4 a and j3 parameter estimation absolute error. ............. 157

5.5 Scaled and unsealed propagation parameters from the White Oak tree

at 20 and 40 GHz. ............................ 159

5.6 Directional spectrum broadening analysis as a function of vegetation

depth. ................................... 172

6.1 Dimensions of the conifer and ficus plants. ............... 177

6.2 Idealised forest measured extinction coefficients (Np/m). ....... 189

6.3 Idealised forest fitted a and (3 parameter values for the ficus plants. . 191

6.4 Idealised forest fitted scattering coefficient ks parameter values for

ficus plants. ................................ 192

6.5 3D re-radiation function extracted parameters at 20 and 40 GHz. . . 195

6.6 Maximum effective dynamic ranges for the indoor propagation for 

mations (dB). ............................... 197

6.7 RMS error between measurements and model predictions (formations

#1 and #2). ................................ 209

6.8 RMS error between measurements and model predictions for forma 

tion #3 with and without ke correction. ................ 209

6.9 RMS error between measurements and model predictions for forma 

tion #4 with and without ke correction. ................211

6.10 Receiver and transmitter antennas employed during the directional

spectrum measurements. ......................... 215

6.11 Tree types present at the Wyevale Garden Centre test site. ...... 215

6.12 Approximate tree leaf sizes present at the Wyevale Garden Centre site. 216

6.13 Effective dynamic ranges for the various measurement locations at

the Wyevale test site (dB). ........................ 216

xxm



LIST OF TABLES

6.14 Mean received signal levels at M% and M3 obtained through the pa 

rameter extraction measurements normalised to MX, in dB. ...... 220

6.15 ke extracted values from measured vegetation blocks at 11.2, 20, 40

and 62.4 GHz. ............................... 220

6.16 a. and /? values extracted from measured vegetation blocks at 11.2,

20, 40 and 62.4 GHz. ........................... 221

6.17 Scaling factor of each tree assuming 2.5 m dRET cells. ........ 222

6.18 Scaled parameters used at 11.2, 20, 40 and 62.4 GHz. ......... 223

6.19 ks values extracted from measurement vegetation blocks at 11.2, 20,

40 and 62.4 GHz. ............................. 224

6.20 RMS error between predicted and measured values at Wyevale test

site. .................................... 232

6.21 Propagation parameter sets employed in the dRET sensitivity to eval 

uation. ................................... 234

6.22 RMS errors between the predictions and measurements using the sen 

sitivity test parameter sets. ....................... 234

6.23 Variation of the RMS errors obtained using the extracted and the

sensitivity test parameters. ........................ 235

6.24 RMS errors between the predictions and measurements using the

scaled corrected parameters. ....................... 237

6.25 Wyevale test forest RET input parameters sets. ............ 238

6.26 Wyevale test forest RET geometry parameters. ............ 238

6.27 RMS errors between RET predictions obtained with mean input pa 

rameters and the measured received signal and RMS error comparison 

between the RET and the dRET modelling. .............. 240

xxiv



Chapter 1

Introduction

1.1 Background of the study

The first experiments about the discovery of the relationship between magnetism 

and electricity can be attributed to Hans Christian 0rsted. The Danish physicist 

demonstrated in 1820, that a wire carrying a current was able to deflect a magnetized 

compass needle. In 1831 [I], Michael Faraday began a series of experiments in which 

he discovered the electromagnetic induction, leading to a mathematical relation 

known as the Faraday's Law. Faraday was the first to propose that electromagnetic 

forces extend into the empty space around a conductor and his work would later 

lead to one of the four Maxwell equations. These equations were first presented in 

1873 by James Clerk Maxwell, and together, they describe the behaviour of both 

the electric and magnetic fields, as well as their interactions with matter [1]. From 

1886 to 1888, the German physicist Heinrich Rudolf Hertz experimentally validated 

the electromagnetic waves behaviour as it was theoretically predicted by Maxwell 

and Faraday a few decades before. Hertz discoveries opened the avenues for the 

invention and demonstration of wireless radio telecommunications.

The invention of wireless radio communications, notwithstanding some con 

tention, can be attributed to Guglielmo Marconi [2]. In 1901, the Italian scien 

tist, was responsible for a major radio communication milestone [2] when he estab 

lished the first transatlantic radio communication between a transmitting station 

in Poldhu, Cornwall (UK) and St John's, Newfoundland (currently Canada). By 

demonstrating to the world the possibility of transmitting radio waves over long dis 

tances, Marconi pioneered a completely new industry, which has recently resulted in 

mobile telecommunications. Other important milestones such as the building of the 

first practical transistor by William Shockley, John Bardeen and Walter Brattain in 

1947 and consequently the introduction of integrated circuits, has lead to deploy-
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ment of the first cellular mobile communication networks in the mid 1980's. The 

introduction of the second generation (2G) and third generation (3G) digital mobile 

communication systems in 1992 and 2004 respectively, represents an outstanding 

development of wireless communication systems following Marconi's experiment in 

1901.

Over the last few decades, mobile and fixed radio communications have become 

familiar and widespread wireless technologies. Although in recent years, the over 

all growth in cellular, fixed and satellite communications markets, has exceeded 

expectations, there is a widespread anticipation that demand for wireless telecom 

munication systems will continue to expand in the foreseeable future.

Despite the novelty of the 3G Universal Mobile Telecommunications System 

(UMTS), its 384 kbit/s of maximum usable downlink data rate soon proved to 

be insufficient, and consequently, mobile communication systems recently evolved 

to faster communication protocols, such as the High-Speed Downlink Packet Access 

(HSDPA) [3, 4]. This 3.5G mobile technology, provides a smooth evolutionary path 

from the UMTS networks, allowing downlink data speeds beyond 10 Mbit/s per cell 

[5].

Further development of these technologies, is foreseen through the deployment 

of fourth generation (4G) networks between 2010 and 2015 [6]. Although the most 

critical "killer" applications of the 4G networks are not completely clear, the main 

difference between 3G and 4G systems might rest on the availability of high quality 

video services. More so, unlike 3G networks, 4G will be based on packet switching 

only [6].

To this extent, the next few years will bring a new world of possibilities, not only 

in voice communication, but also through the convergence of several mobile multime 

dia broadband services and applications such as in the Worldwide Interoperability 

for Microwave Access system (WiMAX).

The ever increasing need for bandwidth and coverage, while maintaining accept 

able levels of interference, has forced the radio communication system developers 

to employ higher carrier frequencies for their radio systems. The frequencies of 

2-3 GHz for Universal Mobile Telecommunication System (UMTS), 3-10 GHz for 

satellite radio networks [7] and WiMAX, 20-40 GHz for Broadband Fixed Wireless 

Access (BFWA)[8] and 60 GHz for point to point radio links [9, 10], have been 

earmarked for today's and future telecommunication systems. Over such a wide 

frequency range, covering both microwave and millimetre wave bands, the accurate 

planning and design of wireless links and networks are both necessary and desir 

able. These in fact require research on radiowave propagation and understanding of 

radio paths and channels, followed by accurate models. Consequently, the research
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of radiowave propagation models suitable to the micro- and millimetre wave signal 
frequencies is highly desirable.

The design, implementation and deployment of such a wide range of future com 
munication services, relies on the availability of radiowave propagation and simula 
tion models. These tools are required to describe and characterise, with sufficient 
accuracy, the interaction between radiowaves and the surrounding environment, es 
pecially when obstacles are present in the radio path. Amongst the possible range 
of obstacles, e.g. terrain profile, buildings and cars, vegetation is known to have a 
major influence in the performance of radio communications [11]. To the extent that 
vegetation of all kinds is known to be present in urban, sub-urban and rural environ 
ments [11] the research of propagation models capable of representing the vegetation 
effects on the communication system performances is therefore very important.

Future communication systems will be characterised by their high flexibility, 
spectral efficiency and data communication rates. These services are also expected 
to integrate terrestrial and satellite links providing worldwide roaming and global 
coverage. The need for widespread network coverage, especially in remote areas, fur 
ther increases the interest for reliable propagation models and consequently justifies 
the need for further research in these areas.

1.2 Radiowave propagation modes

Due to the unguided nature of radiowave propagation, wireless radio communica 
tions systems are predisposed to be affected by the interaction of radio waves with 
the obstacles present within or in the vicinity of the radio path. Although such ob 
stacles cause losses, thereby reducing the radio system coverage, in some cases, such 
losses may be desirable to improve the system performance through the reduction 
of co-channel interference i.e. employing site shielding as an interference reduction 

technique.
In fixed radio communications systems, the transmitter and the receiver are 

normally positioned so that the environment causes a limited degradation of the 
radio signal. The degradation is limited by ensuring the radio path is unobstructed 
and consequently the transmitter and receiver antennas are in line-of-sight (LOS) 
configuration. Even when this desirable LOS situation is possible, the surrounding 
environment might be an useful ally blocking the radio signal propagation in selected 
directions, thus increasing the immunity of the system to destructive interference. 
Whenever LOS geometries are impossible, the losses associated with the obstacles
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present in the radio path must be accurately accounted for, using appropriate sim 

ulations tools.

In mobile radio communications, the uncertainty in the mobile station location, 

seldom allows a permanent LOS communication. To this extent, the reliability of the 

mobile communication systems completely relies on the accurate characterisation of 

the losses caused by all types of obstacles.

Radiowaves propagating in an urban radio environment, suffer from different 

interaction modes arising from the objects found in the vicinity of the radio path. 

These modes, include specular reflections from flat surfaces such as buildings, dif 

fractions caused by edges such as building roofs and corners, absorption from walls, 

floors and vegetation screens, and also diffuse scattering caused by rough surfaces 

or more complex structures such as vegetation [12].

In sub-urban and rural propagation environments, which might be found in re 

mote areas, the interaction with hilltops and vegetation volumes is normally present. 

In the absence of buildings and other man made structures, radiowave propagation 

effects caused by the interaction with natural structures represent a significant in 

fluence in the prediction of the communication system performance.

The remainder of this section, presents a brief discussion of the radiowave prop 

agation under idealised free space conditions. This discussion also introduces the 

main propagation mechanisms involved in the propagation of radio waves through 

vegetation. Special emphasis is given to channel characterisation at millimetre and 

microwave frequency bands, due to the reasons outlined above.

1.2.1 Free space propagation

A very simple radio communication system might be formed as presented in Fig. 1.1. 

In this figure, Pt represents the signal power effectively delivered to the transmitter 

antenna, while Pr is the available signal power at the receiver antenna terminals. Gt 

and Gr stand for transmitter (TX) and receiver (RX) antenna gains and R is the 

distance between both antennas.

Figure 1.1: Diagram of a simple radio communication system.



1.2 Radiowave propagation modes

Under idealised free space conditions, the ratio of signal power received by one 

antenna to that transmitted by another is given by the Friis transmission equation 
(1.1) [13J:

where Pt , Pr , G>, Gt and R are defined as above and A is the signal wavelength. 

The signal wavelength as well as the antenna distance, must be expressed in the 

same units, whereas the antenna gains are with respect to isotropic radiators and in 

linear units. Therefore, the antenna gains represent the power level improvement, 

in the boresight direction, with respect to an ideal isotropic antenna. More so, this 

simple equation assumes that both antennas are in free space and consequently the 

radio path is completely unobstructed.

The free space loss (FSL), which is caused by the effect of the radiating energy 

spread, can be given in logarithmic units (dB) by equation (1.2).

(1.2)

The FSL equation clearly shows that the path loss increases by approximately 6 dB 

each time the distance is doubled (independently of the signal frequency used) and 

consequently, the received signal power decreases with the square of the distance, 

which is consistent with the energy spreading. The signal losses are also increased 

by 6 dB when the signal frequency is doubled.

The excess loss measures the loss caused by an obstacle present in the radio 

path e.g. a vegetation volume, in addition to the free space loss given by (1.2) 

[11]. Assuming a lossy channel, the excess loss is a positive quantity measured 

in dBf i.e. dB in addition to the free space loss. The excess loss absolute value, 

may be estimated by measuring the received signal level and normalising it to the 

received signal level in the absence of radio path obstruction. This quantity, which 

is lower than zero, may also be expressed in dBf whenever the excess free space 

loss is accounted for. Both the excess loss and the normalised received signal level, 

present the same absolute values.

1.2.2 Propagation through vegetation

Experimental results reported in [14], show that trees singly or in a group, signifi 

cantly influence the amount of the received signal level in point-to-point radio links.
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This effect, due to radio waves propagating through vegetation, is caused by three 

principal propagation mechanisms [11]:

1. Diffraction around the vegetation edges;

2. Reflection by the ground underneath the vegetation canopy;

3. Scattering due to multiple reflection inside the canopy and vegetation struc 

tures.

At millimetre and microwave frequencies, the most important propagation com 

ponent is certainly due to the scattered signal within the foliage structure formed 

by the vegetation canopy [11]. The signal effects arising from this scattering mech 

anism, include absorption, directional spreading and depolarisation of radiowaves 

[11, 14].

Due to the complexity of vegetation structures, most of vegetation propagation 

studies made to date [11, 14-18] have only attempted to model relatively regular 

vegetation structures, such as single trees or lines of trees. From these studies, the 

majority were concerned either with the excess attenuation or shadowing effects 

caused by the presence of vegetation in the radio path, while only a few [11, 17], 

attempted to measure and model the scattered diffuse signal component generated 

inside vegetation structures. The extensive measurement campaigns and analytical 

results processing performed in [11, 18], have shown that vegetation causes more 

complex signal distortion than simple shadowing and signal attenuation. The pres 

ence of vegetation structures in the radio path, was shown to cause a significant 

directional and polarisation spreading of the incoming radiation [14].

The formulation of a propagation model which can describe the complex inter 

action phenomena occurring inside the vegetation media, while taking into account 

the various realistic possible geometries and system related parameters, is necessary 

and also highly desirable, since it will potentially yield significantly more accurate 

received signal predicted results.

The Radiative Energy Transfer model (RET), as it is presented in [18], is only 

applicable to situations where the propagation medium can be considered homoge 

neous i.e. its average propagation characteristics are invariant throughout its vol 

ume. Nevertheless, in order to model a realistic forest, one must consider the differ 

ent propagation characteristics arising from the various vegetation volumes forming 

the forest. The various vegetation types present in a forest, might present different 

morphological characteristics and consequently differ in size, density, species, and 

foliation state. Each of these vegetation volumes, eventually presents distinct propa 

gation characteristics, forming an inhomogeneous volume that can not be accurately

6
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modelled with the RET. The problem arising from the inhomogeneous nature of the 

vegetation medium, might be solved by discretising the vegetation medium into in 
dividual cells small enough to be considered homogeneous. Only then, a specific 

theoretical propagation model can be used to describe the interaction between these 

scattering structures and the radiowaves. This propagation model will refered to as 
the discrete RET (dRET) [19].

1.3 Identification of study areas and objectives of 

research

The fundamental aim of this research project is to formulate a propagation model 

capable of accurately predicting the effects caused by isolated and inhomogeneous 

groups of vegetation to the propagation of millimetre and microwave frequency radio 

waves. The model should be based on incorporating solid fundamental knowledge 
about propagation of radiowaves in vegetation media. To this extent, the model 

should extend the applicability of the RET to more complex and realistic vegetation 
environments, which include the various forest layouts.

Some previously published works e.g. [20, 21], which rely most on empirical and 

semi-empirical models, are exclusively capable of predicting the excess attenuation 
caused by the presence of a vegetation volume in the radio path. During this re 

search work, instead of using such simple propagation models, the more complex 
and potentially more accurate RET theory will be used. This theory, which has 

been extensively applied to various modelling purposes e.g. scattering of lightwaves 

in gaseous atmospheres, has recently been adapted to model radiowave propagation 

through vegetation [11, 18].

In order to model vegetation volumes presenting inhomogeneous propagation 
characteristics, a modified version of the RET, the so-called dRET, will be used. 

Although this approach was initially introduced in [19], it suffers from a wide range 

of applicability issues. To overcome these issues, an improved version of the dRET 

will be derived and its predictions extensively compared with results of measure 

ments carried out in realistic forest environments. The new model should be able to 

deal with inhomogeneous and irregularly planted forests, possibly presenting various 

vegetation groups separated by free space gaps. The boundary effects caused by the 

modelling of isolated vegetation structures should also be addressed.
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At the outset, the main objectives of this thesis can be outlined as follows:

1. To carry out literature search of previous, current and related research on 

propagation modes arising from the illumination of trees by radiowaves at 

frequencies above 1 GHz, with specific emphasis on the Radiative Energy 
Transfer (RET) theory;

2. To develop a discrete RET based model, including parameters definition, for 

radio propagation through vegetation, applicable over the frequency range 

of 1-60 GHz. This model should built on existing knowledge on radiowave 
propagation on vegetation;

3. To perform a numerical evaluation of the RET based theoretical model for a 
number of relevant site geometries;

4. To develop a reliable method to effectively measure the phase function and to 

extract the effective propagation parameters to serve as inputs for the RET 
model. This method should be easily applicable to full size outdoor trees;

5. To define suitable measurement sites in the UK, and in Portugal if appropriate. 
These sites must be formed by inhomogeneous vegetation structures arranged 

on generic and realistic forest geometries;

6. To validate the parameter extraction method and the propagation model using 
the measurement data acquired on selected tree specimens, in outdoor and 

indoor environments and for both foliated states over the specified frequency 
range. Some specific geometries, comprising group and line of trees, may also 

be considered;

7. To explore and analyse correlation/trends between the parameters of the model 

and the physical attributes of vegetation volume. Consideration should be 

given to the feasibility of establishing a correlation between the RET input 

parameters and the database of propagation measurements, available from the 

generic 1-60 GHz propagation model reported in [11];

8. To validate the proposed models using measurement results acquired on se 

lected mixed forests in the 1-60 GHz frequency range;

9. To compare the performance of the proposed model and parameter measuring 

method with the existing suitable propagation models such as the RET.
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1.4 Structure of the thesis

The present research work involves the study of the propagation of millimetre and 

microwave radio signals in inhomogeneous isolated vegetation structures. The mod 

elling of such structures, will be accomplished by adapting and improving the ex 

isting RET theory to accommodate the new geometry and vegetation morphology 

requirements. The research programme also involves comparison between the de 

veloped model predictions and measurement results gathered in a series of different 

vegetation environments. Under these circumstances, the structure of the thesis is 
summarised as follows.

Chapter 1 deals with an introduction of the vegetation effects on radiowave 
propagation in the millimetre and microwave frequency bands.

Chapter 2 is concerned with the literature review of the radiowave propagation 

modelling in vegetation. The propagation models are categorised according to their 

implicit mathematical characteristics and modelling criteria. A special emphasis is 

given to the theoretical models applicable to propagation of radiowaves at frequency 
bands above I GHz. The RET based models, such as the initial version of the 

discrete RET and the Michigan Microwave Canopy Scattering Model (MIMCS), 
are described in more detail. This chapter also compares the positive and negative 

aspects corresponding to the applicability and accuracy of each model.

Chapter 3 extensively describes the measurement hardware systems used dur 

ing this research work. The complete characterisation of the hardware, as well as 
the identification of possible non systematic error sources, is separately performed 

for each measurement system. Specific measurement procedures aiming to mitigate 

systematic measurement errors, are also analysed. Methods utilised to minimise 

the sources of systematic errors are explained while the maximum error values in 

troduced by the remaining error sources are estimated. The measurement software 

application, which automates the measurement procedures, thus minimising human 

interaction during the experiments, is also presented.

Chapter 4 presents the RET modelling applied to vegetation and explains its 

mathematical formulation. The detailed explanation of a measurement method al 

lowing the extraction of the RET input parameters is also presented. Although this 

procedure is based on the method presented in [11], it has undergone a few modifi 

cations which considerably simplify the measurement routine. These modifications 

lead to the extraction of parameters in isolated vegetation blocks, which is also used 

in the new dRET model. Finally, the parameter evaluation method is tested and 

assessed based on measurements performed in Populus trees at 11.2 and 20 GHz.
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Chapter 5 is concerned with an in depth description of the discrete Radiative 

Energy Transfer model. Although this model is based on the RET, it provides means 

of dividing the vegetation volumes into cells possibly characterised by distinct prop 

agation parameters. These cells might be filled with vegetation, or simply represent 

empty free space cells. This modelling is based on a discrete approach initially pre 

sented in [19] which is further adapted and investigated. The chapter starts with the 

presentation of the original formulation, where the main model shortcomings and ap 

plication difficulties are highlighted. Solutions for these problems are subsequently 

presented, leading to a new mathematical formulation for the extended propagation 

model. Finally, the modified dRET modelling is tested over a range of 5 different 
idealised vegetation formations, thereby demonstrating the model capabilities.

Chapter 6 provides a detailed description of the indoor and outdoor experimental 
programme carried out to test and assess the dRET modelling accuracy. Initially, 

a preliminary test to the proposed parameter extraction method and propagation 
model, was performed in a controlled laboratory environment. This test was car 

ried out using a group of conifer and ficus plants which exhibited different physical 
and propagation characteristics. The propagation parameters were independently 

extracted from each plant. The plants were later arranged in a geometrical matrix 

formation mimicking an idealised downscaled forest. The propagation parameters 
were subsequently used to model this vegetation volume with the dRET and its 
results compared with the received signal data obtained from measurements per 

formed at 20 and 62.4 GHz. A more extensive and realistic test, was carried out 
in an outdoor forest located near Cardiff in South Wales. This test also involved 

parameter extraction and signal attenuation measurements, which were performed 

using a wider frequency range i.e. 11.2, 20, 40 and 62.4 GHz. Once again, the 

forest was modelled with the dRET based on the measured propagation parameters 

for each different tree type. The final model assessment, was done by comparing 
predicted and measured received signal results at several locations inside the test 

forest, using an RMS error criterion.

Finally, Chapter 7 reviews the objectives of the research work, and how far they 

have been fulfilled. The overall agreement between the dRET predictions and the 

measured results is discussed, suggesting the proposed modelling method is suitable 

to be used as a relatively accurate planning tool. Furthermore, the measurement 

site and geometries used to perform the outdoor measurement experiments, are 

considered to be quite generic. This therefore suggests the applicability of the new 

propagation model to cover a wide range of realistic vegetation volume scenarios. 

Finally, potential ways to improve the general accuracy of the methods developed 

in this thesis are proposed.

10



Chapter 2

Literature review of propagation 

modelling in vegetation

2.1 Introduction

This chapter presents a review of previous work related to measurement and mod 

elling of radio waves behaviour when propagating through vegetation.

Vegetation of different types has an important impact on the propagation of radio 

waves. Consequently, several propagation models intended to predict the effects of 

vegetation in radiowave propagation, can be found in specific literature [18, 20, 22]. 

These models, find their applications not only in the telecommunications but also 

in the remote sensing field. While the remote sensing community is interested in 

relating the signal scattered from a forest with its geometric and biophysical charac 

teristics, the telecommunications community is normally interested in studying the 

radio link performance, and how it is affected by wave absorption, fading, interfer 

ence and depolarisation, due to the presence of vegetation matter in the radio path 

[22].

Vegetation media normally exhibits complex effects on radio waves leading to 

degradation in the performance of radio communication systems and a distortion 

the remote sensing data. Three main physical effects are important in radio wave 

propagation through vegetation media [11]: absorption, scattering and depolari 

sation [14, 23, 24]. The absorption effect is caused by the transformation of the 

electromagnetical waves into other forms of energy, e.g. heat, which occurs princi 

pally within the leaf structure, whereas scattering, spreads the radiation into several 

different directions, especially side ways and backwards. Depolarisation also occurs 

within the foliage structure, which tends to arbitrarily change the polarisation state 

of radio signals travelling through trees.
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2.2 Types of measurements

Data extracted from vegetation radio measurements is extremely useful for prop 

agation characterisation and model validation. Such model validation, is usually 

made through comparison between measurement data, gathered from real vegeta 

tion media, and propagation model predictions. The data extraction from vegetation 

media can be performed either under laboratory or real field conditions. Although 

field acquired data tends to be more reliable, because typical environments are be 

ing tested, laboratory data has the advantage that the medium parameters can be 

changed and conveniently controlled. Field measurements are also expensive, time 

consuming and subject to prevailing weather conditions. Laboratory measurements 

are consequently used for primary model assessment under controlled situations, 

whereas real scenario measurement data is used for final validation of the models.

Models which describe the radiowave propagation in vegetation media fall into 

three broad categories:

• Empirical models, which are expressed by very simple mathematical equa 

tions [15, 16, 20, 25];

• Semi-Empirical models, which try to overcome the lack of accuracy of the 

empirical models, through consideration of a few forest and system related 

parameters [21, 26];

• Analytical or Theoretical models, where the actual physical phenomena 

involved in the radiowave propagation are considered and included [11, 18].

The principal characteristics from these propagation models are described in the 

sections 2.3 to 2.5.

2.2 Types of measurements

Depending on the final purpose intended for the measured data, two types of radio 

measurements are used in vegetation media i.e. back scattering and attenuation 

measurements.

In remote sensing applications, the back scattering measurement configuration, 

presented in Fig. 2.1, is useful for assessing vegetation and land surface characteris 

tics [22]. This measurement, evaluates the amount of energy scattered by a tree or 

a vegetation volume in different directions.

In radio communication systems, the attenuation caused by the presence of veg 

etation is normally an important effect. The signal attenuation, usually determined 

using the configuration presented in Fig. 2.2, is caused by the absorption, scattering 

and depolarisation effects.

12



2.3 Empirical models for excess attenuation

__ V

' ^ \

Figure 2.1: Vegetation back scattering measurement configuration.

EJ<
Figure 2.2: Vegetation attenuation measurement configuration.

Although the majority of radiowave propagation models presented in the litera 

ture are capable of predicting either the attenuation or the scattered signal levels, 

only a few models accommodate both effects simultaneously [11].

Alternatively, radiowave propagation measurements can also be classified accord 

ing to the relative positions of the receiver (RX) and the transmitter (TX). To this 

extent, the measurements might fall into one of the two categories:

• Mono-static configuration, where TX and RX are located at the same 

position;

• Bi-static configuration, where the TX and the RX are located in different 

positions.

Typically, Radio Detection and Ranging (RADAR) measurements are monosta- 

tic, whereas in radio communication systems, the TX and the RX are positioned 

at different locations. To this extent, bi-static configuration is useful in mimicking 

telecommunications point to point radio links, therefore providing more interesting 

and relevant measurement data.

2.3 Empirical models for excess attenuation

Empirical models are characterised by relatively simple mathematical expressions, 

which are normally adjusted to fit specific measurement data. Although their simple
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nature makes these expressions easy to apply, it also compromises their accuracy.

The exponential law is commonly used in these models to express the decaying 
behaviour of the radiowave signal when propagating through the volumes of vege 
tation media. The actual decay rate is controlled through the adjustment of one or 

more parameters present in the mathematical formulation. These model parame 

ters, are not directly related to the vegetation physical characteristics. Instead, they 

are adjusted to fit predictions to a particular set of measured data. Consequently, 

the predictions obtained by such models are often highly influenced by a specific 

measurement scenario and as such, can only provide good estimates for the partic 
ular situation specified by frequency, geometry and vegetation species in which the 

measurement data was acquired in the first place [18, 20, 27].

2.3.1 Exponential Decay models (EXD) and derivatives

The exponential decay models (EXD) rely on simple exponential equations to de 

scribe the variation of the signal strength along the radio path inside the vegetation 
medium. An extensive review of this type of propagation models, as well as their 
comparison with measured values, is presented in [20].

The basic EXD model presents the relatively simple mathematical formulation 

given by Eq. 2.1,

Pr = pLe-"*' , (2.1) 
IPS

where PT and Pt are the received and transmitted signal powers in Watt, Gt and Gr 

are the transmitter and receiver antenna gains, Ips is the loss in the absence of trees 
(Free Space), a is the specific attenuation (Np/m) and df is the vegetation depth 

in meters.
Various values for the specific attenuation a are presented in [20] considering 

different polarisations, signal frequencies and tree species. Although the exponential 
model presents a specific attenuation ratio that is invariant with the vegetation 

depth, this was later found to contradict some of the available measurement data 
[11, 20]. The results from those measurements, suggest that the a parameter tends 

to decrease at high vegetation depths. Therefore, the accurate performance of the 

EXD model was shown to be limited to relatively small vegetation depths.

To overcome the discrepancy between the EXD model and the measurement data, 

as presented before, the Modified Exponential Decay model (MED) was introduced 
This model, is based on a dual slope attenuation ratio which depends on the
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vegetation dept. The a. formulation for the MED model is given by Eq. 2.2:

= f 1.33/a284d7°-412 14m <df < 400m 

a ( 0.45/0 ' 248 Om < df < Urn ' ( }

where / if the signal frequency in GHz and df is the vegetation depth in meters. 
The specific attenuation parameter a, defined by (2.2) determines the dual slope 

behaviour of the MED model. This behaviour was supported by several sets of 

measured attenuation data performed in various environments across the United 

States of America at frequencies raging from 230 MHz to 96 GHz. Although the 

measurement data, used to produce the MED model fitting, included frequencies up 

to 96 GHz, subsequent studies at 11.2 GHz [16] showed that the MED significantly 

underestimates the losses caused by vegetation media. This poor performance of 
the MED model, especially at high frequencies, has led to the development of more 
accurate prediction models.

2.3.2 ITU-R models and derivatives

In order to overcome the inaccuracies of the EXD and MED exponential models, the 

Consultative Committee for International Radio (CCIR) developed in 1986 a new 

model which was later named ITU-R after the International Telecommunications 

Union - Radiocommunications Section [15, 17]. This model was adjusted using 

the UHF measurement results obtained in [20], which were carried considering the 
majority of the radio path occupied by the vegetation and assuming a maximum 

vegetation depth of 400 meters. According to the ITU-R model, the attenuation 

due to the presence of foliage, L in dB, is expressed by Eq. 2.3:

L = 0.2/a3 d°- 6 , (2.3)

where / is the signal frequency in MHz and d is the foliage depth in meters.

Although the original formulation of the ITU-R model was stated to be applicable 

in the signal frequency range of 200 MHz to 95 GHz, measurements performed in [16] 

at 11.2 GHz, revealed that the performance of the model could be further improved 

by using a slightly different mathematical formulation. A new propagation model 

was then proposed based on a set of input parameters which were fitted to the 

measured attenuation data obtained in a regularly planted apple orchard. This 

model, known as the modified ITU-R model or MITU-R is expressed by Eq. 2.4:

L = kdn , (2.4)
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where k and n are frequency and vegetation dependent parameters. An optimised set 
of values for these parameters was proposed in [16]. The result of this optimisation 
is shown in Eqs. 2.5 and 2.6 for the in-leaf and out-of-leaf situations, respectively.

L = 11.2W0 - 43 (2.5)

f 1.74d d < 31m 
~~ \ 23.76d°-23 d > 31m ^ ' '

The ITU-R models have been further modified in COST 235 [28]. The new 
mathematical formulation is expressed by Eq. 2.7:

( 15.6r°-009 d°-26 in - leaf 

~ \ 26.6/-°-2da5 out - of - leaf ' ( ' '

where L is the excess attenuation caused by foliage in dB, f is the signal frequency 
in MHz and d is the vegetation depth in meters.

In [17] a new version of the ITU-R model was introduced and named the fitted 
ITU-R or FITU-R. In this paper, the performance of the new version of the model 
was compared with the older ITU-R versions at 11.2 and 20 GHz. According to the 
FITU-R model, the excess attenuation caused by the presence of trees in the radio 
path is expressed by Eq. 2.8:

f 0.39/°-39d0 ' 25 in-leaf

\ 0.37/°- 18 d°-59 out-of-leaf ' l ' '

where the parameters are the same as those defined for Eq. 2.7. The complete 
assessment performed in [17] concluded that, for a given propagation scenario, the 
best prediction results could be obtained with the proposed FITU-R model.

2.4 Semi-empirical models for excess attenuation
The semi-empirical models differ from empirical ones because they incorporate a 
few parameters related to the vegetation characteristics. Although these models do 
not incorporate the actual physical electromagnetic phenomena taking place inside 
the vegetation medium, they take into account (to some extent) a few parameters 
related to the physical dimensions of the forest e.g. the common illuminated volume, 
the width of the vegetation volume and the clearance between antennas and the the 

air to vegetation interface.
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________________2.4 Semi-empirical models for excess attenuation

In particular, two important semi-empirical models were originally presented by 

researchers at Rutherford Appleton Laboratory (RAL) in [21, 26]. These are the 

Non-Zero Gradient (NZG) and an improved version of the later, the Dual Gradient 

(DG) model.

2.4.1 Non-Zero Gradient model

The NZG model was developed by researchers at RAL [26] to accommodate the 

dual slope behaviour of the measured attenuation curves inherent to the radiowave 

propagation through foliage [16, 29]. This new model is based on a three parameter 

equation given by (2.9). These parameters provide a way of controlling the initial 

and the final signal attenuation rates.

(2.9)

where L is the excess attenuation caused by the forest in dB, R0 and ROO are the 

initial an final specific attenuation rates in dB/m, d is the vegetation depth in meters 

and finally, k is the offset of the final asymptotic attenuation rate in dB.

Although, several values for the NZG model parameters can be found in the 

literature [17, 25, 26], the values found in [17], presented in Table 2.1, are known to 

fit a wider number of vegetation scenarios at 11.2 and 20 GHz.

It is evident from the analysis of the NGZ model equation (2.9), that this model 

does not consider the vegetation volume geometry nor the antennas radiation pattern 

effects on the attenuation functions. These drawbacks, contribute to inaccurate 

predictions generated by this model, particularly when isolated vegetation volumes 

are concerned or narrow beamwidth antennas are used. In order to overcome this 

inaccuracy, another semi empirical model, the DG model was later proposed.

2.4.2 Dual Gradient model

The DG semi-empirical model [21] is the first of its kind to take into account the 

site specific geometry, by considering the vegetation scenario presented in Fig. 2.3.

Table 2.1: NZG model best fit

NZG parameter
R0 (dB/m} 
R^dB/rn) 

k(dB]

parameters at 11.2 and

Leaf status
In-leaf Out-of-leaf
19.82 6.25 
0.33 0.24 

37.87 6.45

20 GHz.
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Vegetation

Figure 2.3: DG model vegetation geometry.

Both the TX and RX antenna beamwidths, BTX and BRX-, respectively and also 

the antenna to vegetation distances r\ and r% are now considered in the calculation 

of the excess attenuation predictions. To this extent, the excess attenuation L in 

dB, is given by (2.10):

k
(2.10)

where parameters o, b, c, k, R0 and ROO are constants given by Table 2.2 and W 

is the maximum effective coupling width between RX and TX antennas, which is 

defined by Eq. 2.11.

Table 2.2: DG model parameters.

DG parameter
a
b
c

k(dB) 
R0 (dB/m) 
R^dB/m)

Leaf status
In-leaf Out-of-leaf

0.7 0.64
0.81 0.43
0.37 0.97
68.8 114.7 
16.7 6.59 
8.77 3.89
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W = min

(n+d+n) tan(BTX ) ta

+ d) tan

\

(2.11)

where a; is the width of the vegetation volume.

An assessment of the DG model behaviour, was performed in [21] through the 

comparison between the DG, the ITU-R models and several measurement data sets. 

This comparison, showed that the new model could reduce by one half the RMS 

error between the predicted values and the measured data at 11.2, 20 and 37.5 GHz.

Equation 2.10 denotes that the foliage attenuation predicted with the DG model, 

exhibits an inverse dependence on the signal frequency i.e. the attenuation decreases 

with the increasing signal frequency. This behaviour seems to contradict some stud 

ies [29] and also the expectations that vegetation absorption should increase at 

higher signal frequencies. This otherwise strange frequency dependence, might be 

explained due to the lower Fresnel clearance inherent to high frequency radio signals. 

The high frequency signals tend to easily find free propagation paths through gaps 

in the foliage structure, consequently leading to a lower attenuation value. However, 

such behaviour is only likely to occur when trees with sparse canopies are considered.

2.5 Analytical (Theoretical) models

Theoretical models for radiowave propagation in the vegetation medium, are charac 

terised by mathematical formulations which attempt to offer insight into the physical 

phenomena involved in the radiowave propagation. The accurate modelling of the 

radiowave propagation through tree foliage utilising theoretical models, generally 

requires an accurate description of the tree geometry, including branches and leaves. 

Due to their inherent high mathematical complexity, these models often use numeri 

cal approximations and simplified geometrical models to provide valuable solutions.

In order to model a real forest using the complex theoretical propagation models, 

a simple forest geometry consisting of four different dielectric regions was initially 

proposed in [30]. The four dielectric layers, representing free space (air layer) above 

the forest, the canopy layer, the trunks and the ground underneath the forest, were 

arranged according to the diagram presented in Fig. 2.4.

Two different theoretical approaches to model radiowave propagation in vege 

tation are presented in literature [11, 14]. In the first approach, the vegetation 

is modelled as a stratified medium, consisting of homogeneous layers, in which the 

propagation characteristics of each layer are considered to be constant [11, 30-37]. In
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Figure 2.4: Four layer typical forest model.

a more realistic approach, the vegetation material is considered to be inhomogeneous, 

and the vegetation is described as a mixture of trunks, branches and leaves [38-45]. 

These vegetation elements are normally modelled as simple geometrical shapes e.g. 

cylinders for trunks, and ellipses for leaves to whom suitable electromagnetical theo 

ries are subsequently applied e.g. General Theory of Diffraction/Uniform Theory of 

Diffraction (GTD/UTD) [46, 47], Physical Optics (PO) [39, 42] or Radiative Energy 

Transfer theory (RET) [11, 14, 18].

2.5.1 Ray based models

Various ray based models applied to propagation of radiowaves through vegetation 

media can be found in the literature [31, 46-48]. In [48] a model for periodic regularly 

planted man-made vegetation structures was presented. This 2D model describes 

the radiowave propagation in a medium containing vertical cylinders, representing 

trunks, and randomly oriented disks representing leaves. The trees forming the 

vegetation medium are considered to be periodically positioned according to the 

particular layer structure presented in Fig. 2.5. Both the transmitted and reflected 

signals through each of the layers, are determined using the Bragg mode theory 

which consists of a particular solution of the Green function that characterises each 

of the scatterers [48].

In [46], several models were applied to a wooded cross-road forming a single knife 

edge. This rural scenario, which is said to be typical from a micro-cell environment, 

was tested at 1.9 GHz using two propagation modes: the transmitted component, 

which is propagated through the canopy, and the diffracted component which trav 

els in the edge by lateral wave propagation. This ray based model, exhibits good 

predicted results which are in general agreement with the performed measurements. 

Nevertheless, these suffered from significant predictions errors within the first few
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Vegetation 
layer

\

Figure 2.5: Four layer typical forest scenario.

meters of vegetation due to the inadequate assumption of homogeneity in the vege 

tation medium [46].

Paper [47] presents a propagation model for urban environments based on Univer 

sal Theory of Diffraction (UTD) multiple diffraction. This model takes into account 

the propagation over buildings, inside street canyons, and to some extent the excess 

loss introduced by vegetation. The model prediction results were compared with 

measurements obtained for three different urban scenarios in the Portuguese city 

of Lisbon at 900 MHz. The measurements were obtained using actual GSM base 

stations as transmitters.

In [31] the author presents a model for radio pulse transmission along mixed 

paths in a stratified forest. This approach, used a 4 layer forest model similar to the 

one presented before [30]. The paper presents predicted transmission loss results 

for several forest configurations with vegetation depth between 200 and 1000 m, in 

frequencies ranging from 100 until 2000 MHz.

The applicability of ray based models to predict the behaviour of radiowaves 

propagating in environments where vegetation is present, seems to be limited to 

frequencies below 3 GHz [11], This is due to the complex nature of the vegetation 

medium which is not compatible with the deterministic approach of electromagnetic 

theories such as the GTD/UTD. Such a deterministic approach, requires prior de 

tailed and precise knowledge of the geometric characteristics of the elements forming 

the vegetation e.g. size, position and orientation. Despite approximate statistical 

descriptions of the positions and orientations from vegetation elements which are 

used, the results are often biased towards the particular propagation scenario under 

consideration. This is especially true when using frequencies above 1 GHz and con 

sequently, the sizes of the elements forming the vegetation canopies approach the
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Residencial scenario

Equivalent geometry
TX

Phase screen

Absorbing screen RX

Figure 2.6: Houses interleaved with trees and its equivalent scenario.

signal wavelength. Assuming the detailed geometrical description of the elements 
forming a vegetation volume is normally not available, the usage of such determin 
istic models becomes inaccurate and impractical.

2.5.2 Physical Optics (PO) based models
In [39] a new theoretical model is presented to evaluate the effect of trees on the 
propagation loss in residential areas. This model considers a row of houses adjacent 
to trees as presented in Fig. 2.6. The buildings were modelled as completely ab 
sorbing screens, while the trees were considered to be slabs filled with thin discs and 
cylinders representing leaves, branches and twigs according to the diagram shown in 
Fig. 2.7. The partially absorbing vegetation phase-screen mean-field, was calculated 
using a discrete scattering theory by Foldy and Lax [39]. Subsequently, the Physical 
Optics (PO) theory and multiple Kirchhoff-Huygens integration, was used to evalu 
ate the diffracted field at each of the successive absorbing/phase half-screens up to 
the mobile receiver. Simulation results were obtained for 900 MHz signal frequency, 
and up to 20 building/tree screens. Buildings were considered to have 8 m height 
and 50 m of separation between them, whereas the trees were considered to be 4 m 

higher than the buildings.
A few other similar approaches to vegetation modelling have been reported in 

the literature. In [42], the PO approach is used to estimate the radar scattered 
signal from a target placed in the vegetation medium. This challenging problem 
was divided into two parts: the first part related to the computation of the field 
propagation and scattering from the foliage and the second part concerning the char-
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Figure 2.7: Incident wave on a slab filled with thin disks and cylinders.

acterisation of the scattering from the target as it is illuminated by the attenuated 

and scattered field originated from the vegetation. Although various simulations 

using simple and complex targets were presented for frequencies up to 2 GHz, these 

results were not compared with actual measurements.

In [43] the vegetation canopy was modelled using a similar approach to the one 

presented in Fig. 2.7 although here, a 3D cylinder filled with randomly positioned 

scatterers was considered. The leaves filling the 3D cylinder, were modelled as thin 

lossy dielectric disks and the branches as finite lossy dielectric cylinders. Various tree 

parameters like size, orientation statistics and densities were analysed for an Oak 

tree as this was considered to be a typical example of the tree usually found in the 

urban environment. The coherent scattered field which propagated through the 3D 

vegetation model, was calculated using a simple exponential decay law. Instead, the 

incoherent scattered field was obtained from Foldy and Twersky integral equations 

using Twersky multiple scattering theory [49]. Finally, these results were used to 

enhance the accuracy of a ray-based propagation model. The predicted values were 

compared with measurement data obtained in the city of Fribourg, Switzerland at 

1.89 GHz. The resulting RMS error ranged from 3.6 to 17.5 dB depending on the 

order of the ray tracing model used.

2.5.3 Radiative Energy Transfer (RET) based models

Historically, two distinct theories have been developed to deal with multiple scat 

tering phenomena [49]: the analytical theory and the transport theory.

The analytical theory is based on Maxwell differential equations and completely 

describes the physical electromagnetical phenomena taking place in any medium. 

To obtain this mathematically rigorous description of the scattering phenomena, a

23



2.5 Analytical (Theoretical) models

complete knowledge of the medium structure and geometry is needed. Consider 

ing the particular case of radiowave propagation through vegetation media, such 

deterministic models would rely on a detailed position and orientations description 

for every element of the forest, including twigs, trunks, leaves and fruits. In most 

cases, such detailed description of the propagation media is not available and it is 

so difficult to obtain that it becomes impractical [11]. To this, extent, a different 

kind of theory was created to deal, in an approximated manner, with such random 

media [49].

The transport theory, instead of starting from elementary wave equations, deals 

directly with the transport of the energy throughout a medium containing randomly 

distributed particles. Although this theory is heuristic and lacks the mathematical 

rigour of the analytical theory, the Radiative Energy Transfer theory is a widely 

used method to model the wave propagation through random media [49].

2.5.3.1 RET model for homogeneous media

The RET theory has extensively been used to predict micro and millimetre wave 

signal attenuation, scattering and depolarisation due to the presence of vegetation 

in the radio path [11, 17, 18, 29, 50-52].

The RET models the vegetation medium as a random and statistically homo 

geneous medium, filled with small discrete scatterers with length ds like the one 

presented in Fig. 2.8, where §' and s are the directions of incoming and outgoing 

radiation respectively and f is the scatterer position vector.

Each scatterer is characterised by a set of two parameters and one directional 

scattering profile called the "phase function" [49]. These parameters are:

• The absorption coefficient, ka , which describes the amount of the incoming 

radiation that is absorbed by the scatterer, given in Np/m;

Figure 2.8: Diagram of an RET scatterer.
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• The scattering cross section per unit of volume, ks , which describes the 

amount of signal scattered by the element volume, given in m2/m3 or simply 
m- 1 ;

• The phase function or p (s, s'), which is the scatter directional profile of each 

scatterer, where §' and s are shown in Fig. 2.8.;

Based on the absorption and the scattering coefficients, the extinction coefficient 

ke can be defined according to Eq. 2.12 [49].

ke = ka + ks (2.12)

An important simplification in the mathematical formulation of the RET is 

achieved by considering the model input parameters to be invariant across the veg 

etation volume [29], consequently characterising the vegetation medium as homoge 

neous. It is further assumed that the phase function p (I, I') only depends on the 

scatter angle 7 (angle subtended by directions s and s').

Since the forest scatterer elements i.e. branches, leaves and trunks, are large 

when compared to the signal wavelength at microwave and millimetre frequencies, a 

strong forward scatter will occur and the phase function can be assumed to consist 

of a narrow Gaussian forward lobe, superimposed on an isotropic background level. 

Such a phase function might be modelled using Eq. 2.13 [18], where /3 represents 

the width of the forward lobe and a is the ratio of the forward scattered signal to 

the total scattered power.

" (!-«) (2.13)

Figures 2.9 a) and 2.9 b) show the computed phase function represented by Eq. 

2.13, for a wide range of a and (3 parameter values. The effects of both parameters 

on the shape of the phase function are clearly visible i.e.: a controls the backscatter 

level, whereas /3 defines the half power beamwidth of the phase function.

The RET uses specific intensity [49] rather than power to represent the propa 

gating signal strength. These two quantities are related by Eq. 2.14, where J is the 

specific intensity, P is the power emanating from an element of area da over a solid 

angle du>, as can be seen in Fig 2.10 [49].

, (2.14)

where f represents the position of the area element da and s is the direction of the 

emanating energy.
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Figure 2.10: Specific intensity / (f, i) definition.

The RET equation, in its scalar form, is given by (2.15) where the Left Hand 
Side (LHS) describes the spatial variability i.e. the derivative of the intensity over 
one scatterer. The first term on the Right Hand Side (RHS) of the RET equation, 
accounts for the reduction in the intensity due to absorption and scattering. Finally, 
the second term on the RHS represents the increase of intensity resulting from the 
scattering contributions from the surrounding scatterers [18, 49].

dl (f, g) 
ds

Ks

4?T
ff p (§,§') I (f,s')du' (2.15)

t/ *J
47T

By solving Eq. 2.15 one can calculate the effects caused by absorption and 
scattering of the radiowave signal propagating through the vegetation medium. A 
method to solve this equation was presented in [18, 29]. This method is based on 
the homogeneity of the medium and on the assumption of an infinite extent air-to- 
vegetation interface. A detailed explanation of this method will be given in chapter 

4.
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2.5.3.2 Discrete Radiative Energy Transfer model (dRET)

The discrete RET (dRET) approach [19], is a technique intended to deal with iso 

lated volumes of vegetation, consequently overcoming some of the limitations found 

in the original RET formulation presented in [11, 18}.

A forest is, by definition, a group of trees or, in its general form, a collection of 

various types of vegetation. The inhomogeneity intrinsic to vegetation structures, 

justifies the need for a model that can accommodate more accurately such varying 

characteristics. In contrast to the previous numerical and analytical solutions [11, 

29, 30, 35], which are derived for infinitely extended vegetation layers, this approach 

enables the consideration of the actual vegetation volume geometry and its influences 

on the propagation characteristics [19].

The dRET approach, consists of dividing the medium into several non overlap 

ping vegetation cells exhibiting the same propagation characteristics as presented 

in Fig. 2.11. This is followed by the application of a modified version of the RET 

in such a way, that the overall interaction between the cells of the structure can be 

determined.

The output intensities are calculated for each cell forming the vegetation struc 

ture, as a function of the input ones. This process, starts in the first layer of cells 

(air-to-vegetation interface) where the input intensity (J0 ) is known. The algorithm 

proceeds across the complete structure in what can be seen as a marching technique, 

allowing one to calculate the intensity of the signal corresponding to all the cells 

of the structure. In order to accommodate the interactions between all the cells 

inside the vegetation structure, an iterative process is used until the energy balance 

reaches a steady state i.e. until there is an insignificant variation of energy between 

successive iterations. The comparison between the intensity in the air-to-vegetation

Depth

Vegetation 
volume

Vegetation cell 

Figure 2.11: Discretised vegetation structure.
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interface and the intensity in each of the cells forming the medium, allows one to 

estimate the excess attenuation caused by the presence of the vegetation volume.

The dRET presented in [19] relies on the same input parameters as the RET i.e.: 

absorption coefficient, scattering cross section per volume unit and phase function. 

Although a few indications about the method to determine the input parameters 

are given, further work is needed to determine an effective parameter extraction 
procedure.

Although the dRET model performance was assessed in [19], only a very lim 

ited vegetation scenario, formed by a simple line of three Ficus plants and a single 

frequency, 75 GHz, were considered. Many of the dRET possibilities were left unex 

plored e.g. the possibility of accommodating inhomogeneous vegetation structures. 

Some of these important dRET enhancement possibilities are explained and further 
developed in this thesis.

2.5.3.3 Michigan Microwave Canopy Scattering Model

The Michigan Microwave Canopy Scattering model (MIMICS) is an RET based 

model which has been extensively applied to the calculation of backscattering signals 

emanating from tree canopies [33, 40, 41, 53-56]. The original model was developed 

to cover the 1-10 GHz frequency range, and an incidence angle covering the angular 

range from 15°   70° relative to normal incidence [53]. The MIMICS model accounts 

for both co- and cross-polarised scattering within the vegetation canopy.

In the MIMICS, forest is modelled by dividing the vegetation into three different 

regions as presented in Fig. 2.12:

  Region I: representing the canopy layer;

  Region 2: which stands for the trunk layer;

  Region 3: which represents the underlying surface (ground).

The first region is characterised by the average height and diameter of the tree 

canopy size, its shape and also its distributions of leaves and branches. The trunk 

region is characterised by the density, the height and the diameter of the trunks, as 

well as its permitivity. Finally, in region 3, both the roughness and the dielectric 

properties of the ground are considered. The first version of the MIMICS (MIMICS 

I), which was originally presented in [40, 54], has been developed considering con 

tinuous and homogeneous crown layers. The MIMICS I is a first order scattering 

model and consequently only the scattering processes that involve single scattering 

by each region and double scattering by a pair or regions were considered.
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\
Crown layer 

Trunk layer 

Ground layer

Figure 2.12: MIMICS backscattering geometry.

Figure 2.12 shows a diagram of the propagation scenario considered in the MIM 
ICS model. The intensity In, also shown in the figure, is the incident intensity in 
the air-vegetation interface, while Is stands for the backscattered intensity resulting 
from the scattering process. The relation between these two intensities is given by 
Eq. 2.16:

/a (S)=T(J)/0 , (2.16)

where I is the vector representing intensity directions, and T (s) is a transformation 
matrix which considers the various scattering mechanisms occurring inside the forest.

An example of some of the scattering mechanisms considered by the MIMICS 
transformation matrix are shown in Fig. 2.13 [40, 54]. A total of 10 different 
mechanisms were considered in the final model.

In [40], the MIMICS I model was used in the L-band (1.25 GHz) to calculate 
the multipolarised backscattered signal from a Walnut orchard with different sta 
tus of irrigation. Specific measurements performed at different hours of the day, 
were used to extract the diurnal variations. The model inputs were derived from 
an extensive set of ancillary scenario dependent data e.g. canopy structural char 
acteristics, dielectric properties of vegetation and soil surface and canopy moisture

Figure 2.13: MIMICS backscattering propagation mechanisms.
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informations.

Although the MIMICS performed accurately in the prediction of short term di 

urnal variations, it failed to predict the cross-polarised backscatter for incidence 

angles near 40° [40]. The apparent inability of the model to predict the backscatter- 

ing signal at such angles, was attributed to the inhomogeneous characteristics of the 

orchard canopy architecture. Apparently, as the incidence angles become smaller, 

the signal tended to propagate over a longer vegetation path, and consequently, the 

backscattered signal is more dependent on the inhomogeneous characteristics of the 

vegetation [40].

In [55] a new version of the MIMICS considering the dynamic foliage scattering 

was introduced . This model version, is able to account for the signal amplitude 

modulation caused by the scatterers movement. The model was also applied to 

ground-to-ground bistatic scatter.

A statistical sensitivity analysis of the MIMICS to the input parameters was 

performed in [57]. This study made a sensitivity analysis of the 19 input parameters 

of the model and proposed an hierarchical classification of the parameters in terms 

of their relevance.

The multi-layer version of the MIMICS (Multi-MIMICS) suitable for nonuniform 

forest canopies modelling, is introduced in [33, 56, 58]. This model is a multi-layer 

incoherent scattering model based on the RET, where the canopy is divided into 

multiple horizontal layers as a part of a vertical profile. The microwave radiation 

interacts with the scatterers along the propagation path and these processes are 

mathematically represented by the average extinction and source matrices within 

each layer. In this study, which was conducted in Australian forests, the multi-layer 

model was found to better represent the forest structure especially in the L and P 

frequency bands.

Recently, another contribution to the MIMICS development was published [41], 

the bistatic MIMICS model (Bi-MIMICS). This model, which is based on the MIM 

ICS, uses the RET to calculate the fully polarimetric transformation matrix. The 

development of the Bi-MIMICS was motivated by the increased information which 

can be available from the bistatic measurements. The simulated predictions for the 

scattered signal were compared with measurements in the L (1.25 GHz), C (4 GHz) 

and X (10 GHz) bands with relatively good results.

2.5.3.4 The generic 1-60 GHz propagation through vegetation model

A generic 1-60 GHz propagation model [11, 51] was developed under a consortium 

formed by the University of Glamorgan, the University of Portsmouth, the Ruther 

ford Appleton Laboratory and the QinetiQ. The aim of this project was to provide a
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generic model for the determination of the radiowave loss when propagating through 

vegetation media. The model is ideally suited for micro- and picocellular radio ser 

vice planning but, with the aid of a forest parameter database, it may also be used 

for macrocellular system planning.

The generic propagation model considers, as shown in Fig. 2.14, the existence 

of three main propagation modes in the vegetation volume [59]: the ground re 

flected component, the diffracted component and the scattered component which 

propagates through the canopy. The work also consisted of a detailed series of mea 

surements designed to resolve each individual propagation component, together with 

a detailed model input parameter database, involving several tree species and signal 

frequencies.

In order to model each of the propagation modes outlined before, different ap 

proaches were used. The diffracted received signal, is formed by three distinct 

diffracted components i.e. two side diffracted signals and one top diffracted signal. 

All these components were calculated using the ITU-R Rec. 526-7 model [60].

The ground reflected signal is also formed by two propagation modes i.e. the 

ground reflected component and the partially scattered component. The partially 

scattered component corresponds to the portion of the radio path intercepting the 

canopy as is explained in Fig. 2.15. The loss associated with the ground reflection is 

modelled as explained in the CCIR report 1008-1 [61] using the electrical properties 

from the ground surface contained in the ITU-R recommendation 527-3 [62]. The ad 

ditional loss generated due to the propagation of the ground reflected wave through

^— Through (scattered) component 

—— Diffracted (side) component 

^^ Ground reflected component

Figure 2.14: Propagation modes: through and around the vegetation volume.
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Scattered component 
Ground reflected component

Figure 2.15: Geometry of the ground reflected wave.

canopy, was modelled using the RET model [18]. This mixed method employed in 

the ground reflected component modelling, is therefore capable of accommodating 
the effects caused by the raised canopy.

The excess attenuation caused in the signal propagating through the vegetation 

foliage, is calculated using the RET modelling proposed in [18]. In order to obtain 

accurate predictions of the excess attenuation, the four RET input parameters were 

optimised to fit a generic set of measurement data. This data was acquired from sev 

eral measurement campaigns performed for 5 tree species at 6 different frequencies, 

ranging from 1.3 to 61.4 GHz.

The total loss Ltotai in dB, experienced by a signal propagating through trees 

is given by the combinations of the different loss terms expressed in Eqs. 2.17 and 

2.18:

(2.17)

Ltotai — (^linear (2.18)

where LScai is the loss due to the scattered component, LSideA , LSideB and LTap repre 

sent the diffracted components (see Fig. 2.14) and LGround is the loss corresponding 

to the ground reflected wave.
The full model assessment was performed in a regularly planted line of London 

Plane trees at frequencies ranging from 400 MHz up to 18 GHz. The results obtained
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with the full implementation of the model were compared with the measured signal 

loss, obtaining a RMS error of 8.38 dB [11], whereas the previous ITU-R 833-3 model 

achieved 11.51 dB.

As a major outcome of this research work, the proposed model was adopted for 

the ITU-R 833-5 recommendation for propagation in vegetation media during the 

year of 2005 [63].

Although the generic model presents relatively accurate predictions for the excess 

attenuation caused by the presence of vegetation, it also presents a number of limi 

tations. These limitations are due to the adoption of the RET model to characterise 

the scattered signal propagation. Like the RET, the generic model considers, to a 

certain extent, the propagation medium to be homogeneous and of infinite extent. 

A more realistic modelling of vegetation volumes, would potentially be achieved by 

considering an inhomogeneous forest approach. This might be done by replacing the 

RET by an improved dRET capable of accommodating inhomogeneous and isolated 

vegetation volumes.

2.5.4 Other theoretical models

A few other theoretical approaches have been used to model vegetation media in 

addition to the ones presented before. These models are based on methods utilising 

the following theoretical approaches:

  Method of Moments (MoM) [44, 45, 64-66];

  Finite Difference Time Domain (FDTD) [14, 34, 36];

  Parabolic Equation (PE) [67];

  Green Function (GF) [32, 35];

Although a detailed explanation of these modelling methods is beyond the scope 

of this thesis, a brief review is presented here.

The Method of Moments (MoM) is a process allowing an integral equation to be 

transformed into a set of linear algebraic equations [1] so that they can be subse 

quently solved using numerical techniques. In problems involving electromagnetic 

field calculations, especially when complex charge or current distributions are in 

volved, this method allows one to deal with such complex distributions as a series 

of small simple uniform problems [I].

In [45] the effect of the trunk layer in the HF and UHF signal propagation is 

characterised using the MoM. A numerical solution based on the MoM in conjunction 

with Monte Carlo simulations is proposed to evaluate the scattering effect of sparsely
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distributed tree trunks. Due to the relatively small frequencies used (low UHF), the 
forest canopy was considered to be homogeneous and the scattering from the canopy 
layer could be ignored. Only two propagation components were considered within 
the canopy layer: geometric optics, which accounts for the direct path between 
the receiver and the transmitter, and the reflected fields from the upper and lower 
interfaces; lateral wave or diffracted component which propagates along the canopy- 
air interface.

The multiple publications by J. Wang [64-66] present several approaches for 

applying the MoM in a random vegetation medium. In [64], a rather simplistic 
approach using a simple two layer model to represent the forest, is proposed. This 
method, was further developed in [65, 66] by using several advanced numerical 
calculation techniques allowing the simplification of the MoM formulation.

A particularly relevant work was carried out in [14] to model the leaves and 
other tree structures by using the Finite Difference Time Domain (FDTD) method. 
The FDTD was used to calculate the Radar Cross Section (RCS) of a single leaf, 
and those calculations were extended so that a complete tree could be modelled. 
Simulations were also performed using a metallic structure mimicking a tree, and 
these results were compared with measurements performed in real trees at 2, 20 
and 62.4 GHz. Similar approaches, considering lower signal frequencies are also 
presented in [34, 36].

An empirical formula for the calculation dielectric properties of the single leafs 
for different plants is presented in [38], based on 1-100 GHz measurements. This 
work also highlights the temperature dependence of the leaf parameters.

Finally, two important full wave methods must be addressed: the Parabolic 
Equation (PE) and the Green Function (GF). These methods, which are relatively 
complex, rely on the full geometric knowledge of the propagation medium and are 
consequently difficult to apply in the micro and millimetre frequencies range. To 
the author's knowledge, the only approaches to the propagation through vegetation 
modelling using PE and GF, are either for UHF frequencies or for very simple layered 

scenarios [32, 35, 67].

2.6 Summary and interim conclusion

Radio propagation prediction models are very important tools to radio planners 
and service providers, since they allow the optimisation of the cell coverage and the 

minimisation of unwanted interfering signals.
The initial radio propagation models for vegetation media were aimed at pro 

viding estimates of the path loss for specific frequency bands only. These empirical
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models, being based on simple equations, did not account for more complex prop 

agation effects. Several investigations suggested the vegetation medium causes not 

only signal attenuation, but also more complex effects e.g. scattering, diffraction 

and depolarisation. Consequently, new and updated models predicting these effects 

arose and were validated through appropriate field measurements.

The Radiative Energy Transfer based models have successfully been used to 

simulate radiowave propagation and scattering in vegetation environments. Nev 

ertheless, the existing RET based models which can be used for ground-to-ground 

propagation, do not account for several forest intrinsic characteristics like inhomo- 

geneity. The RET modelling is also unable to consider other important factors such 

as system dependent parameters. From these, the radiation patterns of the trans 

mitter and receiver antennas are know to have an important role in the received 

signal strength when vegetation is present.

By using an enhanced discrete RET approach, one would be able to build a 

vegetation cellular structure, which could closely mimic the forest under modelling. 

Such an irregular cell structure could be utilised by the radio planner to describe 

more accurately a more realistic vegetation geometry. To this extent, further work is 

required in the pursuit for an accurate model capable of dealing with real vegetation 

characteristics, and at the same time, rely on simple propagation parameters to 

characterise the vegetation media. Characterising vegetation by means of simple 

parameters, will allow one to construct a wide parameter database which will be 

available to radio system planners. This database, should include several species, 

foliation states, growth stages, and signal frequencies.

Furthermore, a parameter extraction method aiming to characterise the vegeta 

tion, based on relatively simple propagation measurements should also be investi 

gated. Such a simple parameter extraction method, which yields the propagation 

model input parameters and therefore including the inhomogeneity effects into a 

reliable propagation model, represents a very challenging objective of this research 

project. An equally important part, is the achievement of good agreement between 

the propagation model predictions and measured data acquired in realistic forest 

environments. These and other results will be obtained through the experimental 

and measurement programme explained in chapters 3 to 6.
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Chapter 3

Overview of the measurement 
systems

3.1 Introduction

In order to validate the proposed propagation model, which takes into account the 

effects caused by inhomogeneous vegetation volumes located in the vicinity of the 

radio path, a wide range of measurements was conducted. This experimental in 

vestigation was carried out in two different environments: a controlled environment 

e.g. the anechoic chamber and a more realistic outdoor environment. The various 

measurement experiments fall into three main categories:

• System characterisation aiming at characterising system components e.g. 

antenna radiation patterns, or the complete measurement system e.g. power 

reference measurements;

• Parameter extraction measurements aimed at obtaining, from specific mea 

surement procedures, the propagation model input parameters. These mea 

surements were performed using specific geometries in order to separate the 

vegetation characteristics related to each model input parameter;

• Attenuation and directional spectrum measurements for obtaining mea 

sured data that can be compared to the model predictions and consequently 

assess its performance. The parameter extraction and attenuation measure 

ments were performed using different uncorrelated geometries, consequently 

minimising the possibility of biasing the model predicted results towards a 

particular scenario.

The parameter extraction phase was based on bistatic scatter measurements. 

This measurement procedure was used to characterise the re-radiation functions from
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single trees or from a small group of trees. The re-radiation function represents the 

directional profile of the scattered energy around a vegetation specimen or volume. 

It is normally determined by placing the receiver set up to measure the scattered 

signal level at one or more different locations around the illuminated vegetation 
volume which is under test.

Attenuation and directional spectrum measurements are used to determine the 

insertion loss caused by the presence of vegetation in the radio path, or to evaluate 

how the signal directional profile is distorted by vegetation. In the first case, the 

measurement data is obtained as a function of the vegetation depth, whereas in the 

latter case, it is a function of the receiver antenna rotation angle around its vertical 
axes.

All measurements performed during this research work were narrowband mea 

surements i.e. single frequency measurements. Because the frequency sweep facility 

was not employed, no time or phase variation of the received signal were recorded. 

Therefore, the received power values were averaged over a sufficiently large time, 

space or angular interval to allow a stable mean signal level to be obtained.

The measurements performed during this project used 4 different signal frequen 

cies i.e. 11.2, 20, 40 and 62.4 GHz, which correspond to the 4 distinct measurement 

systems. These systems, are individually described in section 3.5.

3.2 The far field criteria

The Fraunhofer region is defined as the region where the angular field distribution 

of an antenna is essentially independent of the radial distance from the antenna [68] . 

Consequently, it is also the region where the radiation pattern no longer varies with 

the radial distance from the antenna. This region extends from a minimum radial 

distance boundary to infinity. An ample value for the lower Fraunhofer region limit, 

also known as far field distance, is given by Eq. 3.1:

2D2
R= 2-, (3.1)

where R is the lower radial distance limit, D is the largest linear dimension of the 

antenna and A is the signal wavelength. Some studies go even further and prove that 

the limit imposed by Eq. 3.1 can be lowered by one half and still retaining good 

far field properties [69]. Nevertheless, the distance value given by Eq. 3.1 was used 

during this project, except on few occasions where this distance was very difficult 

to achieve.
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Table 3.1: Antennas minimum far field distance.

DMO.X
Frequency

11.2 GHz

20 GHz

40 GHz

62.4 GHz

Gain
lOdBi 
35dBi
lOdBi 
15dBi 
20dBi 
33dBi
lOdBi 
15dBi 
20dBi 
29dBi
lOdBi 
25 dBi 
36dBi

Type
Horn
Dish
Horn 
Horn 
Horn

Lens-Horn
Horn 
Horn 
Horn 

Lens-Horn
Horn 
Horn 

Lens-Horn

Value
29.0 
60.0
16.7 
28.5 
51.7 
24.0
8.3 
14.9 
28.3 
68.0
6.2 

40.5 
13.0

Units
mm 
cm
mm 
mm 
mm 
cm
mm 
mm 
mm 
mm
mm 
mm 
cm

Value
63.0
26.8
3.7 
10.8 
35.7 
7.6
1.8 
5.9 

21.3 
1.2

1.60 
68.3 
7.0

R
Units

cm
m
cm 
cm 
cm 
m1

cm 
cm 
cm 
m1

cm 
cm 
m1

1 the actual far field distance might be smaller due to the presence of the dielectric lens

The minimum far field distances corresponding to the various antennas used 
during this project are presented in Table 3.1 using Eq. 3.1.

3.3 Radiation pattern measurements
In order to characterise the antennas employed during the measurement campaigns, 
precise radiation pattern measurements were conducted. These measurements were, 
whenever possible, carried out in a controlled environment inside the anechoic cham 
ber, by attaching the antenna under test to a mechanical rig (turntable). The 
turntable was able to accurately rotate the antenna, to predefined measurement an 
gles, ensuring a repeatability of 12 sec arc. Although this measurement setup only 
allowed the extraction of one single plane radiation pattern, by rotating both the RX 
and TX antennas over their horizontal axes, alternative planes could be measured. 
The radiation pattern measurement setup is shown in Fig. 3.1, where d represents 
the distance between the RX and TX. Due to the physical size of the anechoic cham 
ber, the maximum RX to TX distance was limited to 2.9 m. Nevertheless, this was 
enough to ensure that the measurements were carried out approximately within the 
far field region of the horn antennas. The 11.2 GHz dish antenna, whose far field 
distance is far beyond the physical dimensions of the anechoic chamber, was mea 
sured outdoors using a specific geometry aiming to avoid unwanted ground signal 
reflections, which might otherwise lead to unreliable radiation pattern results.
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Antenna 
under test 360B rotation around 

RX vertical axes

Figure 3.1: Diagram of the radiation pattern measurement setup (Top view).

While performing measurements inside the anechoic chamber, the distance be 

tween the RX antenna and the chamber walls was set to at least 1 m. This ensures 

that the location of the measurement devices remains in the quiet zone of the ane 

choic chamber. More so, narrow beam antennas were employed in the TX, thus 

reducing its illuminating area and consequently limiting unwanted reflections due 

to the presence of measurement devices and other equipment inside the anechoic 

chamber.

3.4 Dynamic range of the measurement system

The dynamic range (DR) of a system is denned as the difference between the maxi 

mum and the minimum signal levels that it can receive. The maximum signal level 

which can be received by a radio communication system, is normally limited by 

the saturation of its active devices, whereas the minimum receivable signal level is 

limited by the receiver's noise floor.

Whenever a radio system is used to measure the excess attenuation caused, 

for instance, by the presence of vegetation in the radio path, two different types 

of attenuation are present: the predictable Free Space Loss (FSL), which can be 

estimated using the Friis transmission equation, and the excess loss caused by the 

vegetation under measurement. The sum of these loss terms determines the overall 

measured attenuation which is limited by the overall DR (DROv ) of the measurement 

system.
The overall DR of a system is calculated regardless of the FSL, the RX or TX 

introduced attenuations or the receiver system saturation. Therefore, assuming the 

correct attenuation values were introduced in the system, thus preventing the system 

saturation, the effective DR (DREff ) might be calculated through (3.2).

DREff = DR0v - FSL - AttTX - AttRX , (3.2) 
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where AttTX and AttRX are the introduced attenuation values at the RX and TX, 

respectively, while the effective DR stands for the available system margin for excess 

loss attenuation measurement. All quantities are assumed to be in logarithmic units.

In order to maximise the measurement capability of the system in terms of ex 

cess attenuation, the system set up should ensure the overall DR is used to measure 

the excess loss instead of the predictable FSL. Hence, the received power level in 

the absence of blocking (Free Space) should place the system slightly below the sat 

uration level, maximizing the DR margin left to measure the excess loss. This is 

done through the addition of attenuation at the TX or RX by means of mechanical 

attenuators, consequently preventing the system saturation. Under these circum 

stances, the accuracy of the measurements largely depends on the availability of an 

accurate characterisation of the attenuators, leading to the precise knowledge of the 
introduced attenuation level.

In section 3.5, a detailed characterisation of the four radio measurement systems 

used throughout this research work is presented. Several characteristics of the mea 

surement systems are highlighted, with special emphasis given on the overall DR, 

since this is particularly relevant to the capability of the system to measure excess 

attenuation.

3.5 Measurement systems overview

For the purpose of this study, a wide range of detailed propagation experiments 

were performed using four different signal frequencies i.e. 11.2, 20, 40 and 62.4 

GHz. Each spot frequency measurement was performed using a different radio 

measurement system. Although the measurement systems were based on similar 

architectures, the various techniques used to generate the radio signals, as well as 

the signal levels throughout the systems are slightly different. In sections 3.5.1 to 

3.5.4, the systems characteristics including their respective power link budgets and 

maximum excess loss measurement capabilities, are described.

3.5.1 The 11.2 GHz measurement system

Wireless radio digital services such as the World Interoperability for Microwave 

Access (WiMAX) [70] aim to provide business and consumer wireless broadband 

services on the scale of the Metropolitan Area Network (MAN). This service will 

supply broadband solutions optimised for access in frequency bands below 11 GHz. 

The technology has a target range of up to 50 km and a target transmission rate 

exceeding 100 Mbps. Additionally, it is expected to challenge Digital Subscriber
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Line (DSL), an expensive technology to deploy and maintain, especially in emerg 
ing markets. Although the initial WiMAX Forum certification profiles are in the 
3.5 (licensed) and 5.8 GHz (license-exempt) bands [70], subsequent standard addi 
tions specify operation at frequencies between 2 GHz and 11 GHz, in both licensed 
and license-exempt bands. More so, it will offer various service categories, fast 
connection, adaptation of modulation and transmitted power to the propagation 
characteristics and should be capable of non-line-of-sight operation. The knowledge 
of the propagation channel, especially the interaction between the radio waves and 
vegetation of any form, is therefore an important issue for the deployment of such 
systems. Thus, the need for appropriate propagation models and planning tools at 
the frequencies bands around 11 GHz.

The 11.2 GHz measurement system was exclusively used in outdoor measure 
ments due to the physical limitations imposed by the size of the antennas. This 
system, which consists of a TX and RX operating at 11.2 GHz, allowed single 
frequency (narrowband) continuous wave (CW) measurements. The system block 
diagram, shown in Fig. 3.2, has its functional description in sub-sections 3.5.1.1 to 
3.5.1.4.

3.5.1.1 Transmitter section

The transmitted 11.2 GHz signal is directly generated using a dielectric resonator 
oscillator (DRO), supplied by a 15 VDC voltage. The current consumption of this 
DRO is below 150 mA, allowing it to be powered from a 12 V battery through 
a DC-DC up-converter, during several hours. The output signal from this DRO, 
which is rated at 13 dBm, is connected to a coaxial to waveguide adapter. This 
adapter, feeds the signal to the TX antenna through a waveguide attenuator with

Radio 
path

15 Vdc
20 Vdc

Data logger 
^j"^! „i *p Sr

I I——.mm
Computer

Figure 3.2: Block diagram of the 11.2 GHz measurement system.
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a maximum attenuation of 40 dB. The attenuator is used to limit the transmitted 

signal power level whenever the saturation of the receiver active elements might 

occur. Consequently, by limiting the amount of transmitter power, one can maximise 

the usable dynamic range of the system.

3.5.1.2 Characterisation of antennas

The propagation experiments performed employing this measurement system, made 

use of two different antennas: a 10 dBi horn antenna at the TX side and a 35 dBi 

dish antenna at the RX side. The 10 dBi antenna presents a Half Power Beamwidth 

(HPBW) of approximately 50° and consequently it is able to provide a relatively 

wide area of illumination within its HPBW. Due to this reason, the 10 dBi antenna 

was used as the TX side, where the wide illumination angle was used to achieve 

almost uniform illumination of the vegetation volumes. On the contrary, at the 

receiver side, the much narrower dish antenna was used, due to its potential ability 

in resolving the various directional components of the received signal.

The two 11.2 GHz antennas (10 dBi and 35 dBi) were fully characterised through 

measurement of their radiation patterns. The normalised radiation patterns for both 

of the principal planes of the 10 dBi antenna, were measured with 1° resolution inside 

an anechoic chamber. The measured radiation patterns, presented in Fig. 3.3, show 

a Half Power Beamwidth (HPBW) of 66° and 57° in the E-plane and H-plane, 

respectively.
Although the characterisation of the 10 dBi antenna was feasible inside the ane 

choic chamber, it was impossible to achieve an accurate characterisation of the 35

-60
-180 -135 -90 -45 0 45 90 

RX antenna rotation angle (deg)
135 180

Figure 3.3: Radiation pattern of the 11.2 GHz 10 dBi horn antenna.
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Figure 3.4: Diagram of the measurement site employed in the 35 dBi dish radiation pattern 
measurement.
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Figure 3.5: Radiation pattern of the 35 dBi parabolic antenna: a) 1° resolution; b) detail of the 
main lobe with 0.2° resolution.

dBi using the same method, due to its relatively high far field distance (sa 26m). 
Instead, an alternative outdoor measurement was performed using a specific mea 
surement site where the ground reflected component could be avoided. Such a site, 
was found near the University of Glamorgan campus, where the ground level was 
well above the street level and a TX-RX distance above 30 meters was possible to 
accommodate. The topography of this site, presented in Fig. 3.4, shows the mecha 
nism intended to block the ground reflected component. The 360° radiation pattern 
for the H plane of the 35 dBi dish antenna, measured with 1° resolution is shown 
in Fig. 3.5 a) whereas a plot of the main lobe is presented in Fig. 3.5 b) using 0.2° 
resolution. The measured HPBW for the 60 cm dish antenna was approximately
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3.5.1.3 Receiver section

The 11.2 GHz receiver is based on a super heterodyne configuration using a single 
frequency conversion. The RX consists of an RX antenna and a commercial Low 

Noise Block (LNB) which is normally used in satellite television receiving systems.

The RX dish antenna is coupled to the waveguide of the LNB through a feed 
horn antenna, placed at the geometrical focus of the parabolic reflector.

The LNB is formed by a frequency conversion section and a Low Noise Amplifier 
(LNA) section. The frequency conversion section uses a 10 GHz DRO to shift down 
the received signal frequency to a 1.2 GHz Intermediate Frequency (IF) signal. The 
overall gain of the LNB is 56 dB with a 1.2 dB Noise Figure (NF). The maximum 

received signal at the output of the LNB, which ensures minimal gain compression, 
is 0 dBm.

The downlink of the 1.2 GHz IF signal is achieved using a 10 m low loss RX 
coaxial cable, which also uplinks the 20 VDC and 100 mA for the LNB power supply.

The measurement of the IF signal strength is done using a spectrum analyser 
(SA) as a radio receiver. The SA is completely controlled by a Personal Computer 
(PC) via the GPIB interface using a specific measurement software which was devel 
oped during this project. This software, which is intended to automatically control 
the measurement, was developed under Matlab® and will be described in section

3 /~4 
.6.

3.5.1.4 Overall dynamic range

The overall dynamic range for the 11.2 GHz system is presented in Table 3.2, there 
fore assuming the absence of FSL and system saturation.

The 1.2 GHz IF signal power level was measured by means of a HP 8590 spectrum 
analyser (SA). This measurement device exhibits a noise floor around -70 dBm when 
connected to the 11.2 GHz measurement system. This increased noise floor level 
when compared to the standalone noise floor of the SA (-90 dBm), is due to the 
additional noise generated by the LNA. According to these figures, the 11.2 GHz 

system achieves a theoretical overall dynamic range (DRov ) of 179.4 dB. The general 
specifications of the 11.2 GHz measurement system are summarised in Table 3.3.

3.5.2 The 20 GHz measurement system

The Broadband Fixed Wireless Access (BFWA) has raised a general interest in 

the communication community due to the high capacity it can offer [8]. Due to 

this capability, many operators and regulatory bodies have grasped the amazing
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Table 3.2: Overall dynamic range of the 11.2 GHz system.

Parameter
Maximum transmitted power

TX attenuation
Transmitter antenna

Receiver antenna
Low Noise Block

10 m cable
Connectors

Equivalent received signal1
Noise Floor

Overall dynamic range

Value
13.0
0.0
10.0
35.0
56.0
-3.6
-1.0

109.4
-70.0
179.4

Units
dBm
dB
dBi
dBi
dB
dB
dB

dBm
dBm
dB

Equivalent received signal level at the RX excluding 
the radio path losses and RX saturation

Table 3.3: Specifications of the 11.2 GHz measurement system.

CW frequency 11.2 GHz
Source power 13 dBm
IF frequency 1.2 GHz
Noise Floor -70 dBm

Max. Overall Dynamic Range 179 dB
TX antenna beamwidth 57°
RX antenna beamwidth 3.2°

possibilities that still lie ahead. The high frequency BFWA systems, operating above 
20 GHz, can implement cellular broadband two-way communication systems with 
fixed and nomadic access. Although the use of high frequency signals, makes Line- 
of-Sight (LOS) communication desirable, the Non-Line-of-Sight (NLOS) possibility 

is also being considered.
The frequencies in the 20-30 GHz band, especially above 25 GHz, are excel 

lent candidates for broadband deployment since there are large portions of unused 
bandwidth, representing an considerable potential transport capacity. The 25-29.5 
GHz and 36-36.5 GHz bands have been the most promising bands for high-frequency 
BFWA for a variety of communication services [8]. This increased potential for com 
munication system deployment and development, relies on radio propagation channel 
modelling and research especially in the more realistic NLOS propagation scenario. 
The signal frequencies employed during the experiments performed throughout this 
research work, were intended to help radio system planners to effectively deploy such 

broadband services.
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antenna
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Figure 3.6: Block diagram of the 20 GHz measurement system.

The architecture of the 20 GHz measurement system is somewhat similar to the 
one presented before. The system comprised a transmitter and receiver working at 
similar frequencies as shown by the detailed block diagram presented in Fig. 3.6.

3.5.2.1 Transmitter section

The 20 GHz transmitter signal is generated by a Gunn diode voltage controlled 
oscillator (VCO) rated 20 dBm (100 mW). The operation frequency can be adjusted 
from 19.89 GHz until 20.05 GHz when applying a voltage of 0 to 20 VDC to the VCO 
power supply. The experiments performed, used a 20 GHz signal frequency, which 
was obtained by supplying the VCO with 7 VDC - The Radio Frequency (RF) output 
from the oscillator, is connected to a rectangular waveguide, which feeds the signal 
to the TX antenna as shown in Fig. 3.6.

In order to increase the frequency stability of the VCO, a heat sink was directly 
attached to its back. This contributed to the thermal inertia of the VCO, conse 
quently stabilizing its frequency of operation especially in outdoor environments. 
Furthermore, increased temperature and frequency stability of the VCO is achieved 
by housing the transmitter inside a metallic box, which also provided portability 
and ruggedness. Figure 3.7 shows a photograph of the 20 GHz transmitter showing 

the VCO heat sink.
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Figure 3.7: The 20 GHz transmitter housed inside the metallic box.

3.5.2.2 Characterisation of antennas

During the experiments carried out throughout this research project, the 20 GHz 

receiver module was used in conjunction with several different receiver antennas e.g. 

standard horn antennas and a high gain lens horn antenna.

The standard horn antennas have 10,15 and 20 dBi of gain respectively, whereas 

the lens horn antenna exhibits 33 dBi of gain. All the antennas were measured 

to obtain their amplitude radiation patterns in both the H and E-planes. The 

relatively low far field distances of the standard horn antennas, allowed measurement 

of the radiation pattern to be performed inside the anechoic chamber. Manufacturer 

specifications for the lens horn 33 dBi antenna, show a far field distance of 5.5 m, 

which is impossible to accommodate inside the anechoic chamber. Nevertheless, 

various radiation pattern measurements performed with RX to TX distances ranging 

from 2.0 to 2.9 m, provided similar radiation pattern values. This suggest that the 

measured radiation pattern at 2.9 m, presented in Fig. 3.9 b), can be considered a 

good approximation of the far field radiation pattern.

The radiation patterns were measured by mounting the antenna under test on 

a rotary table which was remotely controlled by a PC using the specific software 

application developed during this project. The table was rotated 360° in the az- 

imuthal plane with increments of 1°. At every angular position, the received signal
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Figure 3.8: Measured radiation patterns of the: a) 10 and b) 15 dBi horn antennas.
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Figure 3.9: Measured radiation patterns of the: a) 20 dBi horn and b) 33 dBi lens horn antennas.

strength was evaluated and recorded. The elevation radiation pattern corresponding 
to the E-Plane, was measured by reversing the polarization of the transmitting and 

receiving antennas.
The measured radiation patterns from the various 20 GHz horn antennas are 

shown in Figs. 3.8 and 3.9. Further characterisation of these antennas was achieved 
by extracting the HPBW from detailed radiation pattern measurements performed 

around the main lobe. These results are summarised in Table 3.4.

3.5.2.3 Receiver section

The 20 GHz receiver comprises a RX antenna (horn or lens), a waveguide attenuator 

and a frequency down conversion section, as shown in Fig. 3.10. The antenna, the
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Table 3.4: Measured half power beamwidth of the 20 GHz antennas.

Gain
lOdBi 
15dBi 
20dBi 
33dBi

HPBW
Type
Horn 
Horn 
Horn 
Lens

H-plane
45.5° 
33.5° 
17.0° 
4.0°

E-plane
49.5° 
32.5° 
17.0° 

N.A.

  

Figure 3.10: The 20 GHz receiver housed inside the metallic box.

attenuator and the mixer are connected through rectangular waveguide sections 

consequently ensuring minimum signal losses.

The frequency conversion section is formed by a balanced mixer, a local oscilla 

tor (LO) and low noise amplifier (LNA). The balanced mixer uses the 19.78 GHz 

signal provided by the LO to generate the 220 MHz IF signal, which is used for 

measurement purposes. This mixer has an conversion loss of approximately 4 dB.

The frequency of the LO signal and consequently the IF signal frequency can 

be adjusted using a mechanical tuning screw. During the course of measurements, 

the IF signal was maintained as close as possible to 220 MHz. The IF frequency 

stability was critical when the logarithmic amplifier (LogAmp) was used, due to its 

relatively narrow bandwidth (50 MHz).

Although the IF signal power level can be acquired using two different devices i.e. 

the SA controlled via GPIB interface and the LogAmp using a data acquisition card 

(DAQ), the acquisition with the spectrum analyser presented several advantages:
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  It has a wide and adjustable bandwidth: the bandwidth of the spectrum 

analyser can be controlled using the SPAN command and consequently the 

frequency variations of the systems oscillators are more easily accommodated;

  It exhibits a low noise floor level: If a small bandwidth is used, the sensitivity 

of the spectrum analyser can be as low as -90 dBm ;

  The received signal can be monitored on the SA display and consequently any 

frequency drift in the IF signal can be noted and corrected when needed.

The main drawback of using the SA is related to its high acquisition time. The 

SA acquires at a rate of 1 to 10 samples per second depending on the bandwidth 

used. Hence, the acquisition of 20 signal samples, might take up to 20 seconds.

The logarithmic amplifier (LogAmp) is a device that outputs a DC voltage pro 

portional to its input signal power. This voltage is subsequently acquired via a DAQ 

attached to a PC which stores the measurement data. The data acquisition rate is 

only limited by the maximum sampling rate of the DAQ i.e. 100 ksamp/s and by 

the LogAmp output slew rate which is 80 ns. Nevertheless, its narrow bandwidth 

(50 MHz) and relatively high noise floor (-60 dBm) are severe drawbacks. Hence, 

the LogAmp was exclusively used in indoor measurements since the oscillators were 

stable enough for the IF signal to remain within the LogAmp bandwidth. More so, 

the low FSL allowed the received signal strength to stay consistently above the -60 

dBm noise level of the LogAmp.

The LNA used with this system was a Miteq AM-1578 with 44 dB gain and 

a typical Noise Figure (NF) of 1.6 dB. Several tests performed in the laboratory 

confirmed the gain and NF figures. In order to find the output power range which 

ensured the linear behaviour of the LNA, specific power sweep measurements were 

also performed. These measurements showed no noticeable gain reduction below 10 

dBm of output power.

In both indoor and outdoor environments, a 10 m low loss coaxial cable was used 

to feed the IF signal from the receiver enclosure to the signal power measurement 

device. Whenever used, the LogAmp was housed inside the receiver metallic box, 

while the DAQ was installed into the measurement control PC. The LogAmp output 

DC voltage, was downlinked using the RF coaxial cable. Due to the high input 

impedance of the DAQ, the current flowing in the coaxial cable and its corresponding 

voltage drop can be considered negligible. Under these circumstances, whenever the 

LogAmp was used, the coaxial cable losses were negligible.

A Personal Computer (PC) was used to control the measurement process as well 

as to monitor and store the measured data. This was done using the RS 232 port to
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Table 3.5: Overall dynamic range for the 20 GHz measurement system employing an SA and a 
LogAmp.

Parameter
Maximum transmitted power

Transmitter antenna
Receiver antenna

Receiver attenuation
Mixer loss

Low Noise Amplifier
10 m cable
Connectors

Equivalent received power 1
Noise Floor

Overall Dynamic Range

With
Value
20.0
10.0
33.0
0.0
-4.0
44.0
-1.2
-1.0

100.8
-75.0
175.8

SA
Units
dBm
dBi
dBi
dB
dB
dB
dB
dB

dBm
dBm
dB

With
Value
20.0
10.0
10.0
0.0
-4.0
44.0
0.0
0.0

80.0
-60.0

LogAmp
Units
dBm
dBi
dBi
dB
dB
dB
dB
dB

dBm
dBm

140.0 dB
Equivalent received signal level at the RX excluding the radio path losses 

and RX saturation

control the rotating table and either a GPIB interface card, to control the spectrum 
analyser, or a PCMCIA DAQ card to sample and acquire the LogAmp output signal. 

In the outdoor measurements, the equipment was powered using a petrol power 
generator which supplied 230 VAC and a maximum power of 2 kW, proving to be 
enough to maintain the system continuously running for several hours.

3.5.2.4 Overall dynamic range

The overall dynamic range depends not only on the antennas but also on the received 
signal acquisition devices used. The overall dynamic range calculations presented 
in Table 3.5, are set to the worst case scenario i.e.: the SA used outdoors with 33 
and 10 dBi antennas at RX and TX, respectively; and LogAmp used indoors with 
two 10 dBi antennas. Although the saturation of the receiver active devices is not 
considered here, during the actual course of the measurements it was prevented by 
means of the introduction of additional attenuation at the receiver whenever it was 
needed. The dynamic range for the 20 GHz measurement system is presented in 
Table 3.5 and a summary of the system specifications is presented in Table 3.6.

3.5.3 The 40 GHz measurement system
In 2001, the Electronic Communications Committee (ECC) of the Conference Eu- 
ropeene des Administrations des Pastes et des Telecommunications (CEPT) defined

51



3.5 Measurement systems overview

Table 3.6: General specifications of the 20 GHz measurement system.

CW frequency 20 GHz
Source power 20 dBm
IF frequency 220 MHz
Noise Floor -75Y-602 dBm

Max. Overall Dynamic Range 176 1 / 1402 dB
A , , . ,,, Between 50° and 4°Antenna beamwidth , ,. ,________ __ depending on antenna used

1 Using Spectrum Analyser
2 Using Logarithmic Amplifier

the guidelines for the accommodation and assignment of the Multimedia Wireless 
Systems (MWS) in the frequency band of 40.5 to 43.5 GHz [71, 72]. These systems 
were defined as terrestrial multipoint systems which have their origin in telecommu 
nications and/or broadcasting, providing fixed wireless direct access to the end user 
for multimedia services.

As in any other radio communication system, prior to MWS deployment, the 
radio propagation channel has to be characterised and modelled effectively. More 
so, when the deployment of such a system is sought in sub urban and rural areas, 
vegetation, in any form, is likely to influence the radio channel. Consequently rele 
vant specific measurement data, gathered in the 40 GHz band, is highly relevant in 
order to define the MWS system planning requirements.

The 40 GHz measurement system, has a similar architecture in comparison with 
the 20 GHz system above, as can be seen in Fig. 3.11.

3.5.3.1 Transmitter section

The 40 GHz signal is generated by a GV-22 varactor tuned Gunn diode oscillator 
which is, according to the manufacturer (Farran) specifications, rated at 150 mW 
(^ 21.8 dBm). The frequency stability of the 40 GHz generated signal, is ensured 
by supplying the Gunn diode with a stable 4.43 VDc voltage, while the oscillator 
varactor (which tunes the oscillator frequency) is powered with 7.0 VDC . In order 
to further minimise the frequency drift, especially in outdoor operation, the VCO 
has an integrated heater which improves the thermal stability of the TX assembly. 

Despite all the measures undertaken to improve the frequency stability of the 
TX oscillator, the inclusion of an isolator between the VCO output and the TX 
attenuator would have further increased this stability. Without this isolator the 
resonating frequency of the VCO was constantly affected by any reflected wave that
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Figure 3.11: Functional block diagram of the 40 GHz measurement system.

might arise from the TX attenuator. This was particularly noticeable in the TX 

frequency drift whenever the TX attenuation ratio was adjusted.

The correct power up sequence of the devices forming the TX, was controlled by a 

built-in precision power supply. This power supply used a 12 VDC voltage to provide 

the precise voltage levels needed throughout the TX circuitry. The transmitter has 

a maximum current consumption peak of 3 A, just before the VCO heater reaches 

its normal working temperature. After this initial period, the supply current drops 

to about 1.5 A. In outdoor measurement scenarios, the TX was powered by a 12 

VDc lead-acid battery which could not only maintain the system running for several 

hours, but could also accommodate the initial power up current peak.

3.5.3.2 Characterisation of antennas

During this research project, the 40 GHz system was used in combination with 4 

different antennas: 10, 15 and 20 dBi standard gain horn antennas and one 29 dBi 

high gain lens horn antenna. Prior to their usage, these antennas were carefully 

characterised through the measurement of their radiation patterns. These measure 

ments were carried out in the anechoic chamber environment, using the same setup 

reported before, while fulfilling the far field criteria. For the lens horn 29 dBi an 

tenna, where the far field criterion was marginally satisfied, the radiation pattern 

was measured at different TX to RX distances between 1.6 and 2.9 m, yielding sim 

ilar results. Consequently, the measurement obtained at 2.9 m was retained as a 

good approximation of the far field radiation pattern for this antenna.
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Figure 3.12: Measured radiation pattern of the 40 GHz: a) 10 and b) 15 dBi horn antennas.
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Figure 3.13: Measured radiation pattern of the 40 GHz: a) 20 dBi horn antenna and b) 29 dBi 

lens horn antenna.

The measured radiation patterns for the 40 GHz antennas are shown in Figs. 
3.12 and 3.13. These measurements were performed by rotating the antennas under 

test in 1° increments, over a complete 360° angular range. The measured half 

power beamwidths, which were extracted from the measured radiation patterns, are 

presented in Table 3.7.

3.5.3.3 Receiver section

The 40 GHz receiver section, depicted in Fig. 3.11, was formed by a RX antenna, an 

attenuator, a frequency conversion section, a low noise amplifier and a power supply 
module. A photograph of the 40 GHz receiver while measuring an antenna radiation 

pattern inside the anechoic chamber, is shown in Fig. 3.14. The RX attenuator was
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Table 3.7: Measured half power beamwidth of the 40 GHz antennas.

HPBW
Gain

lOdBi 
15 dBi 
20dBi 
29 dBi

Type
Horn 
Horn 
Horn 
Lens

H-plane
47° 
32° 
18° 
6.6°

E-plane
39°
25° 
19° 
6°

Figure 3.14: The 40 GHz receiver section, set to measure an antenna radiation pattern, inside the 
anechoic chamber.

placed outside the box, as indicated in the figure whereas the remaining components, 
forming the receiver, were housed inside the box.

The waveguide attenuator presents a maximum attenuation value of 40 dB and 
is manually controlled by a micrometer screw. The RX local oscillator is coupled to 
the mixer by means of an isolator thus preventing a standing wave from influencing 
the frequency behaviour of the VCO. This was clearly noticeable by the increased 
receiver frequency stability when compared with the transmitter section.

The Local Oscillator (LO) is a mechanically tuned GO-22 from "Farran", working 
at 39.78 GHz, consequently yielding an IF signal with a frequency of 220 MHz. This 
LO has a ±2.5 GHz mechanical tuning bandwidth, which allows a wide choice of IF

frequencies.
The frequency down conversion section is formed by a BMC-19 mixer, also from
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" Farran", presenting a typical conversion loss of 6 dB according to the manufacturer 

specifications. This mixer had the IF port connected to a low noise amplifier similar 

to the one used with the 20 GHz measurement system. Likewise, this LNA presented 

a 44 dB gain with a 1.6 dB of typical noise figure.

A built-in power supply was used to generate the precise Gunn diode supply 

voltage i.e. 4.43 VDC and 7 VDC . A 12 VDC voltage was also present to the Gunn 
diode heating device.

The measurement of the IF signal level can be done either using the SA or the 

LogAmp. Whenever the SA was used, the IF signal was guided to the measur 

ing device via a 10 m low loss coaxial cable. This cable was also used to guide 

the LogAmp output DC voltage to the DAQ located in the measurement PC. As 

explained before, by using a DC voltage to transport the received signal strength 

information, the coaxial cable loss was virtually eliminated.

The relatively low frequency stability exhibited by this system did not allow 

narrow SA bandwidths to be used. Consequently, it led to an increased usable noise 

level. Under these circumstances, the outdoor measurements were performed using 

a SA frequency bandwidth of 50 MHz raising its noise floor to approximately -70 

dBm instead of the normal -90 dBm.

Table 3.8: Overall dynamic range of the 40 GHz measurement system using an SA and a LogAmp.

Parameter
Maximum transmitted power

Transmitter attenuation
Transmitter antenna

Receiver antenna
Receiver attenuation

Mixer loss
Low Noise Amplifier

10 m cable
Connectors

Equivalent received signal 1
Noise Floor

Overall Dynamic Range

With
Value
21.8
0.0
10.0
29.0
0.0
-6.0

44.0
-1.2
-1.0

96.6
-70.0
166.6

SA
Units
dBm
dB
dBi
dBi
dB
dB
dB
dB
dB

dBm
dBm
dB

With
Value
21.8
0.0
10.0
10.0
0.0
-6.0
44.0
0.0
0.0
79.8
-60.0
139.8

LogAmp
Units
dBm
dB
dBi
dBi
dB
dB
dB
dB
dB

dBm
dBm
dB

1 Equivalent received signal level at the RX excluding the radio path losses 

and RX saturation
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Table 3.9: General specifications of the 40 GHz measurement system.

CW frequency 40 GHz
Source power 21.8 dBm
IF frequency 220 MHz
Noise Floor -70V-602 dBm

Max. Overall Dynamic Range 166 1 / 1392 dB
A , , . ,,, Between 47° and 6°Antenna beamwidth , ,___________ __ depending on antenna used

1 Using Spectrum Analyser
2 Using Logarithmic Amplifier

3.5.3.4 Overall dynamic range

The dynamic range calculations corresponding to the 40 GHz measurement system, 
shown in this section, assume two worst case scenarios i.e. the SA was used in 
outdoor measurements with 29 and 10 dBi antennas used at RX and TX, respec 
tively; the LogAmp is used inside the anechoic chamber in conjunction with two 10 
dBi antennas. The dynamic range calculation are presented in Table 3.8 while a 
summary of the system specifications is presented in Table 3.9.

3.5.4 The 62.4 GHz measurement system
The demand for higher data transmission rates is steadily increasing following the 
introduction and successful deployment of local area networks (LAN). Some publi 
cations and regulations [9, 10] suggest there are many advantages in the high data 
rate and bandwidth which could be found in the 60 GHz frequency band as it could 
extend from Mobile Broadband System (MBS) into high data rate Wireless LAN. 
Furthermore, such systems would also provide, in the near future, complementary 
services to the Universal Mobile Telecommunications System (UMTS), through the 
proposed use of the 40 and 60 GHz frequency bands. Hence, the understanding 
of the propagation modes at these frequency bands, particularly in vegetation, will 
significantly help system planners in the design of future broadband systems.

The 62.4 GHz measurement system, used throughout this research work, is now 
described with reference to the system block diagram shown in Fig. 3.15. This 
system is based on two highly stable Phase Locked Loop oscillators (PLO) yield 
ing frequency stability of approximately ±2 ppm, according to the manufacturer 

specifications.
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Figure 3.15: Block diagram of the 62.4 GHz measurement system.

3.5.4.1 Transmitter section

The transmitter of this millimetre band system consists of a highly stable PLO 

oscillator. A 100 MHz reference signal for the PLO oscillator, can either be gener 

ated internally by a resonating crystal, or externally by a suitable 100 MHz signal 

source. The switching between these two reference sources is accomplished by a spe 

cific TTL compliant switch incorporated at the transmitter. The external reference 

signal might be used to synchronise both TX and RX PLO oscillators, providing a 

wideband measurement capability. During the course of this work, only narrow band 

measurements were performed, and consequently, only the internal crystal reference 

signal was used.

The 62.4 GHz PLO used in the transmitter, is rated at 15 dBm. Its signal is 

generated by a 20.8 GHz PLO whose frequency is subsequently tripled by a frequency 

multiplier. The output of the frequency multiplier is fed to a waveguide isolator with 

an insertion loss of 0.7 dB and a backward isolation of 30 dB. The insertion of this 

device prevents any reflected signal from damaging or disturbing the signal source.

3.5.4.2 Characterisation of antennas

The millimetre wave system can be used with three different antennas (i.e. the 10 

dBi and 25 dBi horn antennas and a 36 dBi lens horn antenna). These antennas were 

characterised inside the anechoic chamber by measuring its azimuthal and elevation 

radiation patterns. These patterns, presented in Figs. 3.16 and 3.17, were measured 

with at least 1° resolution. Due to the relatively narrow forward lobe of the 36 dBi
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Figure 3.16: Measured radiation pattern of the 62.4 GHz: a) 10 dBi and b) 25 dBi horn antennas.
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Figure 3.17: Measured radiation pattern of the 62.4 GHz 36 dBi lens horn antenna: a) complete 

radiation pattern; b) detail around the main lobe.

lens horn antenna, a detailed measurement around the main radiation direction was 

performed. Measured results, are presented in Fig. 3.17 b) with 0.1° of resolution. 

The measured antenna half power beamwidths are summarised in Table 3.10.

Table 3.10: Measured half power beamwidth of the 62.4 GHz antennas.

HPBW
Gain Type H-plane E-plane

10 dBi Horn 52^52^
25 dBi Horn 9.2° 7.9°
36 dBi Lens 2.8° 2.2°
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3.5.4.3 Receiver section

The receiver is similar to both 20 and 40 GHz systems, except for the LO signal 

generating technique and the existence of an IF band pass filter (BPF).

The received signal was fed to the frequency conversion mixer by a calibrated 

waveguide attenuator. The frequency conversion stage, used a millimetre wave mixer 

to down convert the RF signal to a 600 MHz IF. This 600 MHz IF signal was 

produced by mixing the 62.4 GHz received signal, with a 61.8 GHz signal generated 

by the local PLO oscillator. The IF signal was then amplified by the same Miteq 

LNA used before (44 dB gain with 1.6 dB NF) and filtered by a BPF centered 

at 600 MHz with a 5.38 MHz of bandwidth (-3 dB). The filter, which presents a 

measured insertion loss of approximately 2 dB, was used to reduce the amount of 

noise reaching the Log Amp. This way, the noise level of the 600 MHz LogAmp was 

lowered to -70 dBm instead of the -60 dBm obtained without the IF filter whose 

transfer function is presented in Fig. 3.18. The increased frequency stability of the 

PLO generators, provided a notably stable IF signal, in terms of frequency, thus 

allowing the utilisation of the relatively narrow IF filter. Furthermore, whenever 

the SA was used as a power measurement device, an extremely low frequency SPAN 

can be used (e.g. a few kHz), resulting in a noise floor as low as -80 dBm.

Both transmitter and receiver were housed inside PVC plastic boxes for porta 

bility and ruggedness.

r -so

-100

-120
570 580 590 600 610 620 630 

Frequency (MHz)

Figure 3.18: 600 MHz IF band pass filter measured transfer function in dB.
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3.5.4.4 Overall dynamic range

The calculation of the dynamic range of this system, is similar to the ones presented 
before. In order to achieve the highest possible angular discrimination at the receiver 
side, the 36 dBi lens horn antenna was used whenever possible. Unfortunately, its far 
field distance could not be easily accommodated inside the anechoic chamber. Hence, 
during the indoor measurement, the 25 dBi horn antenna was used instead. More so, 
in the indoor configuration, a 10 dBi antenna was considered to be attached to the 
transmitter. Using this antenna configuration, one can obtain a wide transmitter 
illumination area, while still achieving a relatively high received signal directional 
discrimination. In the outdoor configuration the 10 dBi and the 36 dBi lens horn 
were used.

In order to accommodate the high insertion losses exhibited by the vegetation 
volumes at millimetre frequencies, an increased overall dynamic range is needed. 
Consequently, the SA was always used during the outdoor measurements. This 
instrument was preferred due to its ability of showing the IF signal on the monitor 
in addition to its low noise floor level. These capabilities, helped to prevent the IF 
signal from being dangerously close to the receiver noise floor, leading to erroneous 
measurement results.

The dynamic range calculations for this system is presented in Table 3.11, while

Table 3.11: Overall dynamic range for the 62.4 GHz measurement system using an SA and a 
Log Amp.

Parameter
Maximum transmitted power

Transmitter antenna
Receiver antenna

Receiver attenuation
Mixer loss

BPF insertion loss
Low Noise Amplifier

10 m cable
Connectors

Equivalent received signal 1
Noise Floor

Overall Dynamic Range

With
Value
15.0
10.0
36.0
0.0
-3.6
0.0

44.0
-2.3
-1.0
98.1
-80.0
178.1

SA
Units
dBm
dBi
dBi
dB
dB
dB
dB
dB
dB

dBm
dBm
dB

With Lo,
Value
15.0
10.0
25.0
0.0
-3.6
-2.0
44.0
0.0
0.0
88.4
-70.0
158.4

gAmp
Units
dBm
dBi
dBi
dB
dB
dB
dB
dB
dB

dBm
dBm
dB

1 Equivalent received signal level at the RX excluding the radio path losses 

and RX saturation
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Table 3.12: General specifications of the 62.4 GHz measurement system.

CW frequency 62.4 GHz
Source power 15.0 dBm

Frequency stability ±2 ppm
IF frequency 600 MHz

IF BPF bandwidth 6 MHz
Noise Floor -85V-702 dBm 

Max. Overall Dynamic Range 1781/ 1582 dB
A , , .,,, Between 52° and 2.8°Antenna beamwidth , ,. , ,__ _ depending on antenna used

1 Using Spectrum Analyser
2 Using Logarithmic Amplifier

its principal characteristics are summarised in Table 3.12.

3.6 Anechoic chamber and peripherals
The anechoic chamber was used for indoor measurements enabling experiments to 
be performed in a controlled, electromagnetically quiet and reflection free radio 
environment. The chamber offers a usable length of 5.25 m, a width of 2.15 m 
and a height of 2.5 m. The chamber wall are completely shielded from possible 
exterior interferences by a protective metal foil. These walls are also are covered 
with "Eccosorb VHP-8", a very high performance broadband pyramidal absorber 
from "Emerson & Gumming, Inc". The absorbers pyramids, are 15.9 cm height and 
present a minimum reflection coefficient of -50 dB at signal frequencies above 5 GHz 
[73], amply covering the frequency ranges used throughout this research work.

In order to keep the environment inside the anechoic chamber undisturbed, while 
minimising possible human errors during the measurement experiments, a fully au 
tomatic measurement system was conceived. During the measurement experiments, 
the receivers were moved using a set of mechanical rigs and precision rotary tables. 
A specifically developed measurement software, was used, amongst other tasks, to 
control the movement of the precision "Parker, Inc 200RT" rotary tables, providing 
an angular accuracy of 0.004°. Depending on the type of measurement performed, 
one or two of these tables were simultaneously used. The tables were controlled us 
ing two independent indexers and the corresponding stepper drives, located outside 
of the anechoic chamber. The indexers were connected to a PC, which controlled 
the movements inside the chamber, through a serial RS-232 link.
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3.6 Anechoic chamber and peripherals

The new measurement software, developed in Matlab®, was used to control and 

monitor the entire measurement process. The software application, which was in 

stalled in the control PC, took care of all the measurement procedure: the control 

of the turn table movements and the data acquisition by either the LogAmp-DAQ 

or the spectrum analyser via GPIB interface. In both indoor and outdoor measure 

ments a laptop PC was used to perform this control task.

Whenever the LogAmp was used to measure the received signal level, its output 

DC voltage was acquired using a "PCMCIA DAQ-1200" National Instruments data 

acquisition card. This card has 12 bit resolution and a maximum sample rate of 100 

ksamp/s. Similarly, a PCMCIA GPIB interface card was used to control the SA 

function whenever this device was employed.

A screenshot of the measurement software application can be seen in Fig. 3.19. 

The software allows one not only to control the two precision rotary tables simul 

taneously, but also to perform measurements with up to 4 different measurement 

systems at the same time. The actions being performed, as well as the measure 

ment results, are displayed to the user in real time, therefore allowing the user to 

completely monitor the measurement process.
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Figure 3.19: Measurement application software screenshot.
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Prior to any measurement, an initial RX-TX antenna alignment is needed. This 

task, based on a maximum power search method, is used to determine the initial 

antenna alignment in the radiation pattern, re-radiation function and directional 
spectrum measurements.

In order to prevent an undesirable measurement and configuration data loss in 

the event of a power supply failure, the initialisation configurations and the measure 

ment results can be saved in Matlab® data files using an appropriate data structure, 

allowing them to be retrieved later in the measurement software or in other Matlab® 
applications.

3.7 Accuracy analysis

The measurement experiments performed during this project are based on relative 

measurements, i.e., all measured power values are related to a reference measure 

ment, normally performed in Free Space conditions or at the air-to-vegetation in 

terface. Normally, the systematic errors, which are present in either the reference 

and the received power measurements, are eliminated by the relative measurement 

method. Nevertheless, non-systematic errors might persist even after the normali 

sation procedure. These non systematic errors can be due to the following sources:

  SA and LogAmp calibration inaccuracy over the frequency and power range;

  Radiation pattern and antennas mismatch errors;

  Attenuator inaccuracy;

  IF low noise amplifier gain variation over the frequency and power range;

  IF cable loss variation over the frequency;

  Inaccuracies in the measurements of angle, positioning and antennas align 

ment;

An error analysis is thus performed in sections 3.7.1 to 3.7.5 so that all the 

non-systematic errors in the measurement systems are evaluated.

3.7.1 Spectrum analyser and logarithmic amplifier calibra 
tion

Two different types of spectrum analysers were used during the measurements cam 

paigns. For indoor measurements, the "Advantest R3263" was used, whereas the
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3.7 Accuracy analysis

"HP 8590" was utilised in the outdoor measurements. The latter was preferred for 

the outdoor measurements due to its increased portability and lower power con 

sumption (i.e. less than 100 W).

Several tests performed in the laboratory, yielded similar measured power values 

with both spectrum analysers. The maximum difference between the measured 

values obtained for the same signal source never exceeded 1 dB, which agrees with 

the manufacturer specification for both devices.

The logarithmic amplifiers employed are characterised by a relatively narrow 

bandwidth, and consequently, their centre frequencies should be matched to the 

system IF frequency. To this extent, two different logarithmic amplifiers were used 

throughout the measurement experiments i.e. one amplifier centered at 220 MHz 

whereas the other was centered at 600 MHz. In order to ensure the accuracy of these 

devices, an experimental setup was used to evaluate the discrepancy between the 

actual input power and the measured power given by the manufacturer calibration 

curve. According to the manufacturer specifications, this curve is described by Eq. 

3.3:

PdBm =
Vm, - 2.004

0.02482
(3.3)

where PdBm is the input signal power in dBm and Vout is the output DC voltage.

The setup used to measure the logarithmic amplifiers calibration curves is pre 

sented in Fig. 3.20. The LogAmp input signal was generated using a Rohde &; 

Schwarz SME03 signal source, which according to manufacturer data, exhibits an 

output level precision smaller than 1 dB. The input signal power level was swept be 

tween -100 and 13 dBm in 0.1 dB incremental steps. For each different input power 

level, the LogAmp output voltage was averaged by taking 1000 samples during 1 

second with the DAQ card. This procedure was performed for both logarithmic 

amplifiers at its central frequencies of operation i.e. 220 and 600 MHz. The results

R&S 
Signal Gen

ooo

Log Amp

\> ^'Bgn«'
^"" D DDDDD

Card

Personal 
Computer

Figure 3.20: Logarithmic amplifier calibration setup.
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3.7 Accuracy analysis

obtained from these measurements are shown in Figs. 3.21 and 3.22. Figure 3.21 
shows a comparison between the measured and the manufacturer calibration curves. 

Based on these measurements, the absolute error between the measured IF power 
values and the manufacturer specifications was determined. These error values are 
presented in Fig. 3.22.

From the analysis of Fig. 3.21, one can conclude that the 600 MHz amplifier 

has a quasi linear response in the -75 to +5 dBm input power range. The 220 MHz 
LogAmp exhibits a wider linear power response i.e. from -80 until 13 dBm. From 
the absolute error calculation, it is clear that the 220 MHz shows an error level lower 

than 2 dB in the -80/13 dBm range, whereas the 600 MHz device, exhibits a similar

Manufacturer model 
600 MHz LogAmp 
220 MHz LogAmp

100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 
Input power level (dBm)

Figure 3.21: Logarithmic amplifier calibration curves (220 MHz, 600 MHz and manufacturer spec 
ification) .

- -10 

-15

-20 -

-25

-220 MHz LogAmp
-600 MHz LogAmp

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 
Input power level (dBm)

Figure 3.22: Logarithmic amplifiers absolute power errors.
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3.7 Accuracy analysis

error amount in the -75/5 dBm input power range. In order to ensure the maximum 

measurement error to remain within a maximum of ±1 dB, the input signal level 

will be maintained within the power ranges defined before.

3.7.2 Antenna related errors

The antenna radiation pattern and gain inaccuracies can be considered as system 

atic errors because they are equally present in all the measurements. However, these 

parameters are likely to vary in the presence of frequency drifts in the signal sources, 

which are particularly important in the 20 and 40 GHz measurement systems. The 

experienced frequency drift, which was seen to be higher in the outdoor measure 

ments, was measured as not exceeding a few MHz. Under these circumstances, 

the antenna gain and radiation patterns are, according to manufacturer data, not 

expected to vary more than 0.1 dB.

3.7.3 Attenuators, LNA and IF cable calibration

The transmitter and receiver attenuators are used to prevent the saturation of the 

receiver active devices. This is done by adding attenuation when the received power 

level is above the receiver saturation threshold. The attenuation is subsequently 

reduced when the received signal level is close to the receiver noise floor level. The 

extra attenuation is then taken into account in the measurement data processing 

stage. Unless the amount of introduced attenuation is exactly known, the measure 

ment results might be offset. In order to overcome this problem, all the attenuators 

used during the course of this research work were carefully calibrated inside the 

laboratory resulting in an accuracy of ±0.5 dB.

The measured calibration curves corresponding to the 11.2, 20, 40 and 62.4 GHz 

waveguide attenuators are shown in Figs. 3.23 and 3.24. These curves were used 

to correct the measured results, during the data processing stage, and consequently 

did not influence the measurement errors.

Any difference between the specified LNA gain and its real gain can be consid 

ered a systematic error, consequently having no influence in the experiments based 

on relative measurement. However, the variation of the gain either with the IF sig 

nal frequency drift or the input power level is not systematic, which means, it might 

interfere with the measurement results. The 20 and 40 GHz measurement systems, 

rely on relatively unstable VCO's to generate the TX and LO signals, which con 

sequently present an increased frequency drift. In order to assess the amount of
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34567 
Attenuator screw depth (mm)

"0 0.5 1 1.5 2 2.5 3 3.5 4 
Attenuator screw depth (mm)

Figure 3.23: Measured calibration curves of the: a) 11.2 and b) 20 GHz attenuators.

0,5 1 1.5 2 
Attenuator screw depth (mm)

05 1 1.5 2 2.5 
Attenuator screw depth (mm)

(b)

Figure 3.24: Measured calibration curves of the: a) 40 GHz (TX and RX) and b) 62.4 GHz 

attenuators.

introduced errors, the LNA used during the 20, 40 and 62.4 GHz measurements, 

was calibrated using a "Anritsu MS4623B" Vector Network Analyser (VNA).

The gain of the LNA is shown in Fig. 3.25 a) for the frequency range of 100 to 

1400 MHz. Although three measurements were performed at different input power 

levels, no significant gain compression was measured for input powers below -30

dBm.
A summary of the LNA characteristics is presented in Table 3.13 where the gain

variation due to a ±50 MHz IF frequency drift is shown to be lower than 0.26 dB. 

This might be considered an ample estimate for the measurement error introduced 

by the LNA, because the frequency variation of the VCO's is significantly below ± 

50 MHz.
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Figure 3.25: Measured LNA gain and IF cable loss.

Table 3.13: Summary of the LNA characteristics.

±50 MHz 1 dB Compression point
Frequency Gain ripple Input power Output power
220 MHz 0.26 dB -26.42 dBm 16.02 dBm
600 MHz 0.14 dB -26.83 dBm 16.33 dBm

The 10 m IF cable attenuation is shown in Fig. 3.25 b) for a frequency range 
of 100 to 1400 MHz. The analysis around the three significant IF frequencies, (i.e. 
220, 600 and 1200 MHz) presented in Table 3.14, shows a maximum attenuation 
ripple of 0.40 dB for a frequency deviation of ±50 MHz. This is considered to be 
a good estimation for the maximum measurement error introduced by the IF cable 
loss variation.

3.7.4 Measurement system maximum error estimation

Assuming that non-systematic errors introduced by to the measurement system are 
not correlated, a worst-case scenario estimation of the overall error value may be 
given by the sum of the individual error contributions.

Table 3.15 shows the maximum expected error for each individual component of 
the 11.2 GHz measurement system. Both the errors introduced by the antennas and 
the attenuators are based on manufacturer specifications. The error attributed to the 
Spectrum Analyser, is also based on manufacturer's specification of the non linearity 
of the power level measurement. However, this figure was verified in laboratory. The 
error due to the IF cable, is based on a maximum ±50 MHz IF frequency variation,
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3.7 Accuracy analysis

Table 3.14: 10 m

Frequency
220 MHz 
600 MHz 
1.2 GHz

low loss IF cable characteristics.

Cable loss
1.2 dB 
2.3 dB 
3.6 dB

±50 MHz 
Loss ripple

0.40 dB 
0.31 dB 
0.24 dB

Table 3.15: 11.2 GHz measurement system maximum expected non-systematic error.

Error
Antennas

Spectrum Analyser 
Attenuators

IF Cable
Total Error

Value
±0.1
±0.5 
±0.2
±0.12
±0.92

Unit
dB
dB 
dB
dB
dB

and it was measured using a VNA. The error introduced by the LogAmp was not 

considered, since this device was not used with the 11.2 GHz measurement system.

The 20 and 40 GHz are similar, sharing both their architecture and the IF 

frequency, therefore presenting similar values for the non-systematic errors. Esti 

mations for these errors are shown in Table 3.16. The errors corresponding to the 

attenuators, the antennas, IF cable and the SA were estimated using the same ap 

proach employed for the 11.2 GHz system. Both the LNA and the LogAmp errors 

were measured under laboratory conditions as reported in sections 3.7.1 and 3.7.3. 

Whenever the LogAmp is employed, the error introduced by the IF cable is set to 

zero, since under these circumstances a DC current only is flowing through the cable.

Table 3.17 shows the error values for the 62.4 GHz measurement system. These 

errors differ from the previous measurement systems since the 62.4 GHz utilises a 

600 MHz IF frequency instead of 220 MHz, consequently influencing the amount of 

error introduced by the LNA, the IF cable, and the 600 MHz LogAmp.
The non-systematic error figures presented before, lead to the conclusion that the 

maximum measurement error is consistently within the ranges ±1.7 dB and ±1.2 

dB depending on whether the LogAmp or the SA are used as IF power measuring 

devices.
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Table 3.16: 20 and 40 GHz measurement systems maximum expected non-systematic error.

SA
Error

Antennas
IF power meas. device

Attenuators
IF Cable

LNA
Total Error

Value
±0.1
±0.5
±0.2
±0.2
±0.13
±1.13

Unit
dB
dB
dB
dB
dB
dB

LogAmp
Value
±0.1
±1.2
±0.2
±0.0
±0.13
±1.63

Unit
dB
dB
dB
dB
dB
dB

Table 3.17: 62.4 GHz measurement systems maximum expected non-systematic error.

SA
Error

Antennas
IF power meas. device

Attenuators
IF Cable

LNA
Total Error

Value
±0.1
±0.5
±0.2
±0.17
±0.07
±1.04

Unit
dB
dB
dB
dB
dB
dB

LogAmp
Value
±0.1

±0.95
±0.2
±0.0
±0.07
±1.32

Unit
dB
dB
dB
dB
dB
dB

3.7.5 Accuracy analysis of the measured angles and dis 
tances 

3.7.5.1 Indoor measurements

During the anechoic chamber measurements, the rotational movements performed 
with the receiver antenna were controlled by means of the precision turn tables. 
These tables exhibit a repeatability of 0.004° and consequently that is the maximum 
expected error in the angular movements.

Prior to any measurement, an initial antenna alignment was performed. This 
alignment was automatically controlled by the measurements software application, 
based on a maximum received power search algorithm. The maximum power search 
was performed by manually placing the receiver antenna as near as possible to 
the boresight, followed by a scan employing 1° increments. This method yields a 
precision of ±0.5° in the initial antenna alignment. Whenever the maximum power 
search was not possible to perform, e.g. due to the presence of dense vegetation in 
the radio path, precise marks on the floor of the anechoic chamber were used for 
antenna alignment. This method was considered to results in a ±1° of accuracy.

The distances inside the anechoic chamber (height and depth) were measured
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using a tape measure with an estimated accuracy of ±1 cm.

3.7.5.2 Outdoor measurements

In the outdoor measurements, the rotational movements were performed utilising 
the same rotary table used inside the anechoic chamber and consequently, the same 
amount of precision could be expected. Nevertheless, the initial angular alignment 
and positioning accuracy level were generally difficult to maintain outdoors.

Whenever possible, the initial alignment was also performed using the maximum 
power search method, which meant the ±0.5° accuracy should be maintained. The 
presence of dense vegetation volumes in the radio path made this method impossi 
ble to use, hence, an approximated manual alignment was performed. By running 
several comparisons between the results of the manual alignment method, and the 
automatic maximum search algorithm, the former was estimated to have a ±5° of 
maximum error.

The positions and dimensions of the various devices and obstacles influencing 
the outdoor measurements, were carefully measured using a previously calibrated 
theodolite. The maximum expected position error using this device is around ±20 
cm.

3.8 Summary and interim conclusion

This chapter presents a detailed analysis of the measurement equipment and mea 
surement procedures employed. Four measurement systems, corresponding to four 
different signal frequencies were described i.e. 11.2, 20, 40 and 62.4 GHz. These 
systems were characterised in terms of antenna radiation pattern, link budget and 
frequency stability. The various techniques used to generate, detect and measure 
the radio signals were also presented.

The underlying techniques used in both indoor and outdoor experiments were 
described, while the possible causes of measurement uncertainties were identified 
and maximum expected values of the error evaluated. Some of the error sources, 
e.g. attenuator errors, are mitigated through precise calibration. Finally, the rele 
vant details influencing the accuracy of the angular and position measurements are 
presented.
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Chapter 4

RET based model for 
homogeneous vegetation

4.1 Introduction

This chapter is dedicated to an in depth description of the Radiative Energy Transfer 
(RET) theory when applied to the propagation of radiowaves through vegetation 
media.

Due to the relatively complex structure inherent to the vegetation media, the 
physical phenomena taking place when radiowaves propagate through vegetation are 
difficult to characterise. This difficulty arises from the diversity of the various ele 
ments which comprise the vegetation medium e.g. trees, trunks, branches, brackets 
and leaves. These elements interact with the radiowaves in different ways, depending 
on their positions, orientations and electromagnetic characteristics. An analytical 
approach while being rigorous, would be relying on an extensive characterisation 
of the vegetation medium in terms of geometry and electromagnetic characteris 
tics. Such task is impractical due to the enormous detail required and the extensive 
time consuming process involved in the complete characterising of all the various 
vegetation elements forming the propagation medium.

A more practical and less complicated approach to describe the interaction be 
tween radiowaves and vegetation, utilises the transport theory [49]. This theory, 
which is the basis for the RET model, does not involve the use of analytical and 
complex Maxwell wave equations. Hence, the multiple scattering and absorption 
effects are included in the RET theory in a way which depends on relatively simple 
parameters rather than on the detailed geometrical description of the medium.

Several approaches to deal with the scattering of radiowaves in random media, 
depending on its density characteristics, are presented in [49]. However, the various
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4.2 RET model basics

elements forming the vegetation medium are normally arranged in a relatively dense 
structure, rendering any single particle scattering approximations inadequate. Un 
der these circumstances, the coherent radiation propagating in the medium might 

be comparable to the incoherent radiation. Therefore, the transport theory assumes 
there is no significant correlation between electromagnetic fields. Consequently, the 
addition of the signal powers rather than the addition of the fields holds [49].

4.2 RET model basics

At micro and millimetre wave frequencies, the size of the elements forming the vege 
tation medium becomes comparable to the radiation wavelength. As a consequence, 
the forest medium will produce a strong forward scattering and it might be assumed 
its scattering profile is represented by a pronounced forward lobe superimposed to 
an isotropic background level [18]. Assuming such a scattering function, or phase 
function, the medium can be characterised using the 4 parameters initially presented 
in section 2.5.3:

• Extinction coefficient, ke (Np/m) [74], which stands for the sum of the 
absorption cross section (ka ) and the scattering cross section per unit of volume 

(ks ) (m2/m3 );

• Scattering cross section, ks (m2/m3 );

• Parameterised Phase function, p(s,s'), which is characterised by the 
beamwidth of the forward lobe /?, and the ratio a of the forward scattered 
power to the total scattered power as presented in Fig. 4.1.;

The parameterised phase function, given by Eq. 2.13, is presented in Fig. 4.1, 
where the HPBW (/?-3de) of the phase function is also presented. The relation 
between the HPBW and the phase function parameter /? is given by Eq. 4.1 [18].

/? = 0.6 * (3.3dB (4.1)

Although it is not possible to establish a direct relation between the 4 input 
parameters and the physical properties of the vegetation media, these might be 

derived from specific scattering measurements [11]. To this extent, a method to 
extract the RET input parameters from vegetation volumes, based on a limited set 

of measurements, is presented and discussed in this chapter.
In a media filled with random scatterers, the propagating electromagnetic waves 

can be split into two parts [11, 18, 29, 49]:
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Figure 4.1: Gaussian phase function superimposed to an isotropic backscattering level.

• The Coherent Component, is a continuation of the incident plane wave 
into the random medium. It consequently exhibits a well defined direction of 
propagation and polarisation;

• The Incoherent Component, which is created inside the medium due to ran 
dom scattering by the elements of the vegetation medium and consequently 
consists of many waves propagating in various directions and polarisation 

states.

The coherent component is decreased due to both absorption and scattering, and 
therefore, its attenuation rate is relatively high. On the contrary, the incoherent or 
diffuse component, is attenuated due to absorption only, thus explaining its relatively 
slower decay rate. More so, the scattering of the incoherent component further 
increases the incoherent radiation, contributing to a lower attenuation rate when 
compared with the coherent component [11, 18, 49].

In line with the above [11, 18], the coherent component tends to dominate at 
short distances from a coherent source, leading to a high attenuation rate, whereas 
the incoherent component becomes dominant at large vegetation depths.

The fundamental quantity used in the Radiative Energy Transfer is the specific 
intensity / (f, s), which is defined as the power per unit of area and per unit of 
solid angle propagating at point f into direction s as shown in [18, 49]. Hence, the
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relation between signal power and specific intensity in given by:

where da is an element of area and dui stands for a solid angle element as shown in 
Fig. 2.10 [49].

The specific intensity is used to characterise both the coherent and incoherent 
signal components. As it will be made evident later, the coherent component takes 
the form of a S function of direction s due to its unique direction of propagation, 
whereas the incoherent component is a function of the propagation direction [18].

4.3 Mathematical formulation of the RET

In this section the interaction between the specific intensity and the elements forming 
a dense random medium is analysed. The transport equation, which is the basis of 
the RET model, accounts for the effects inherent to this interaction. In doing so, it 
characterises the behaviour of radio waves propagating through a random medium. 
The energy transport equation, is obtained by formulating the power conservation 
theorem in terms of the specific intensity [18, 49].

The diagram presented in Fig. 4.2 represents the scattering of the specific inten 
sity / (f, s') upon the volume ds from the direction s' into the direction s. To this 
extent, the intensity / (f, s) travelling through a particular scatterer will vary as a 

consequence of two effects:

• Absorption and scattering by the medium, which will reduce the energy prop 
agating in direction s by the amount cJ/i, given by Eq. 4.3, where ka , ks and 
ke are as defined before, / (f , s) is the intensity at location f and direction s

Figure 4.2: Diagram of an RET scatterer.
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and ds is the length of the scatterer under consideration;

d/i = -(ka + ks ) I (f, s) ds = ~kel (f, s) ds (4.3)

A fraction of the power propagating in direction s' will be redirected into 

direction s due to the scattering effect within the element volume. Hence, 

the specific intensity travelling in direction s is increased by an amount that 

depends on the phase function and the scattering coefficient, as shown in Eq. 

4.4 [18].

dh = -ks p (s, s') I (f, s'} duj'ds, (4.4)
47T

where the integration is performed over all spatial directions s' and the phase 

function is assumed to be normalised according to Eq. 4.5 [18].

(§,s')du' = l (4.5)
47T

The total variation of the specific intensity across the length of an element volume 

ds, is given by (4.6), which in conjunction with Eqs. 4.3 and 4.4 leads to (4.7).

dl = d/i + d/2 (4.6) 

Equation 4.7 is the scalar form of the RET equation [18].

^IA = -(ka + ks ] I (f, s) + p(s, s') I (f, 3') du1 (4.7)

Equation 4.7, might include a forcing or source term on the Right Hand Side (RHS) 

[18, 49]. Nevertheless, this term is omitted here due to the assumption that all signal 

sources are located outside the random medium. In modelling the forest vegetation 

media a very simple geometry is used. This geometry, shown in Fig. 4.3, consists 

of two semi infinite half spaces i.e. the air half space and the vegetation half space. 

The half spaces are separated by an infinite planar interface called air-to-vegetation 

interface. The vegetation half space is characterised as a statistically homogeneous 

medium randomly filled with scattering particles. Under these circumstances, the 

parameters ke , ks and p might be assumed to be constant with f . Furthermore, it 

is also assumed that the phase function only depends on the scatter angle 7 which 

stands for the angle subtended between s and s'.
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Air halfspace

TX

Direction of 
TX Antenna

Direction of / 
RX Antenna *^~**

Forest halfspace

Figure 4.3: RET forest model and coordinate system diagram.

The transmitter, which is placed in the air half space, is assumed to be suffi 
ciently far away from the edge of the forest so that the air to vegetation interface 
is illuminated by a uniform and plane wave. This wave may be impinging normally 
or at an oblique angle according to the coordinate system presented in Fig. 4.3. 
The figure, shows that the Z axis is normal to the air to vegetation interface (also 
called interface), which is assumed to be coincident with the Z = 0 coordinate. The 
angle of incidence of the impinging radiation is determined by the Op and (j)p angular 
coordinates.

Based on the assumptions presented before, the specific intensity exclusively 
depends on the Z coordinate and angles 6 and (/>, being independent of the X and 
Y coordinates. This simplified medium characterisation, including the homogeneity 
assumption, allows to transform (4.7) into (4.8) [18].

dZ

(4.8)
o o

where cos 7 — cos (<j> - 0') sin 6 sin 9' + cos 6 cos 9'.
At the air to vegetation interface, the specific intensity in all forward directions
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4.3 Mathematical formulation of the RET

i.e. 0 < 0 < |, is determined by the incident plane wave. Consequently, the 
boundary condition which corresponds to the interface is given by Eq. 4.9 [49].

/(Z = 0,M) = SP(0-0P), (4.9)

where 8 represents a 5-function, while 5P , 9P and (f>p are the Poynting vector and 
the propagation angles of the incident wave, respectively.

The total specific intensity /, represented by Eq. 4.8 can be split into two 
different quantities according to Eq. 4.10 [29]. These two quantities are: Iri or 
reduced intensity which represents the coherent radiation and /^ the incoherent 
component known as the diffused intensity [49].

/ (Z,6,<fi = Iri (Z, 9, </>) + Id (Z, 6, <j>) (4.10)

At the air vegetation interface, the boundary condition for !„ is similar to (4.9). 
This boundary condition, represented by Eq. 4.11, can be used to determine the 
particular solution of Eq. 4.8 for Iri .

Iri (Z = 0, 0, </>) = SP S(6 ~^5 (0 - 4>P ] (4.11)
sin (CM

By definition, the reduced intensity has a well known direction, given by the propaga 
tion angles of the incident wave, and presents a null value at all remaining directions 
[18]. Under these circumstances, the RHS of Eq. 4.8 can be suppressed, leading to 
a simplified equation which describes the behaviour of the reduced intensity (Eq. 
4.12). This equation is a first order linear differential equation that can be easily 
solved, leading to the solution presented in Eq. 4.13.

-(ka + ks)Iri (4.12)

Equation 4.13 shows that !„ decays exponentially with the increasing vegetation 
depth while its decay rate depends on the extinction coefficient ke = ka + ks . Using 
this equation, one might also find the boundary conditions corresponding to the 
coherent signal component. The boundary conditions, given in Eq. 4.14, predicts 
that Iri will vanish for large vegetation depths due to the absorbing characteristic
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of the medium.

The diffused intensity, which is only formed inside the medium, exhibits a zero 
value at the interface as it has not yet been formed. As the scattering process takes 
place, Id builds up, but eventually vanishes at very high vegetation depths, due to 
the absorption characteristic of the medium. These circumstances, determine the 
boundary condition for Id which is given by Eq. 4.15.

'-* <«•»>
Using (4.6) and (4.8) one can find the differential equation (4.16), which charac 

terises the diffuse intensity at any locating within the vegetation half space [18]:

27T 7T
c\ T i r r

cos 9-± + (ka + ks )Id = -i / Ip (7) Id (Z, ff, 00 sin tfdffdtf oz 4vr J J
o o

+ ^Spe-^p(^p), (4.16)

where 7P is the angle subtended by the direction of !„ and the direction of Id under 
consideration. The second RHS term of Eq. 4.16 accounts for the transformation 
of Iri into Id . The initial formation of the diffuse signal component is therefore, due 
to the presence of this term in (4.16).

In order to solve Eq. 4.16, one must consider the two different parts of the 
scattering profile which contribute to the generation of Id [18]. To this extent, the 
phase function equation (2.13), must the re-written as presented in Eq. 4.17:

P (7) = a? (7) + (!-«), (4-17)

where

/2\ 2 f-Y\ 2 
= 6 41

is the Gaussian forward lobe of the phase function and (I—a) represents the isotropic 
background level. The parameter a is, as defined before, the ratio between the 
forward scattered power and the total scattered power, whereas (3 stands for the 
scattering function forward lobe beamwidth.
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By splitting the phase function into the forward scattering and the isotropic 
scattering, according to (4.17), one can also consider two different Id components. 
These components, Ii and J2 are related with Id through Eq. 4.19 [18]:

id (z, e, </») = /! (z, e, <t>) +i2 (z, 0), (4.19)

where Ii is determined by the forward lobe 9(7), and J2 is the remainder of Id which 
depends on the isotropic background level of the phase function. Using the relation 
shown above, the diffuse intensity equation (4.16) can be separated into Eqs. 4.20
anrl 4 91and 4.21.

STT TT

^ + (ka + fca ) /i = ^a I ! q (7) A (Z, 5', </>') sin e'd^d^'cos ^>
c>Zi ~' 4vr

b b

Spe'^^2 (4.20)

2?r TT 
0*^2 ,-. . -. N T K.9

0 0
2?r TT

(I-a) [ I [/i (Z, ^', ^') + /2 (Z, 0')] sin 0Wd0'
0 0

(4.21)

Equations 4.20 and 4.21 must now be solved in order to determine explicit formu 
lations for /i and 1^. The steps which lead to the solution for these two equations 
utilise complex numerical methods which do not form part of this work. This is 
because the detailed mathematical procedure yielding the solutions for I\ and /2 is 
fully explained in [18]. Solutions are obtained using the normalised variables pre 
sented in Eqs. 4.22 to 4.27. To this extent, the vegetation depth is normalised using 

the extinction coefficient ke = ka + ks , leading to (4.22):

r = (ka + ks }z, (4.22)

where T is the optical distance and z is the vegetation depth in meters. Consequently, 

the optical distance is a normalised distance which depends on the propagation 

characteristics of the medium.
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4.3 Mathematical formulation of the RET

The reduced optical distance f, is given by:

r = [ka + (l- a)ks] z, (4.23)

where a stands for the forward lobe power over the total scattered power of the 

phase function. The reduced optical distance, represents a normalised vegetation 
depth, where the scattering coefficient ks has been conveniently weighted by the 
isotropic scattering level of the phase function or (1 — a).

The directions characterised by the 6 propagation angles are also normalised 
through Eqs. 4.24 and 4.25.

fjLp = coaep (4.24)

V = cose (4.25)

The ratio between the scattered power and the total power entering the random 
medium is expressed by the albedo W parameter. The albedo definition is given by 
Eq. 4.26, based on the scattering and absorption coefficients, ks and ka , respectively.

w = FTF = P (426)
l\, s T <va A,e

An useful parameter, the reduced albedo, W, is given by Eq. 4.27 using the 
same weighting scattering coefficient method shown before.

i, _ (1 - a)k. _ (1 - a)W
ks + (l- a)ka 1-aW { ' '

where (I — a) is the isotropic backscattering level of the phase function.
The final solution for /i, obtained by the method of the undetermined coefficients 

is presented in Eq. 4.28 [18].

^(r,/!,</>) - g

^ r M
I / /'V I/I/ \ I

, (4.28)

where 7P and qm (lp) are given by Eqs. 4.29 and 4.30, respectively.

= cos ($ - (f>p ) (l-^)(l- P̂) + WP (4.29)
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<?m (7p) = (4.30)

The upper limit for the sum in (4.28), M, must be sufficiently high to ensure that 
/i no longer changes when M increases.

Although a number of different methods to solve the /2 differential equation are 
presented in [49] the straightforward approach used in [18] is outlined here. This 
approach in based on the method of moments which expands the p, dependence of 
J2 into a series on triangular functions Fn (n}. These triangular functions, presented 
in Fig. 4.4, are defined in the — !<//<! range, which is divided into N intervals 
according to Eq. 4.31.

M € [/^-i,/^] n= 1,2,3, ...,7V , 

were the interval limits, /zn , can be calculated using Eq. 4.32.

Hn = cos (1 - £) TT = - cos (£TT) n = 1, 2, 3,..., TV 

The solution of /2 takes the final form of Eq. 4.33 [18]:

(4.31)

(4.32)

^|-e^ W
2vr P. + E 1 Mn

(4.33)

where fij is defined by Eq. 4.34, Fn (//) are the triangular functions shown in Fig. 
4.4, Pk stands for the integration of Fk (p.) defined by Eq. 4.35, Sk stands for the 
attenuation coefficients determined by solving the characteristic equation Eq. 4.36 
whereas Ak are a set of unknown amplitude coefficients which can be calculated

Figure 4.4: Overlapping triangular functions Fn (fj,).
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from Eq. 4.37.

/A? = P-P = cos(0p ) (4.34)

, i sin(£)sin($) for A; = 1,2, ...,7V-1
= / Fk (//) dfji = I (4.35)

' ™ 2 ' * ^ for k = 0, Nsn -- Sln

=1 (4.36)

/V

E -n-k _ Vjn
1 _ £n — "p~

fc= Jv+i 5fc i

(4.37)

The calculation of the Sk coefficients from Eq. 4.36, requires a numerical method 
to be used. This equation has N + 1 solutions for Sk which are symmetrically dis 

tributed around the YY axes. From these, only the positive ones lead to meaningful 
attenuation results. All the positive Sk coefficients have magnitudes smaller than 

unity, except for the largest eigenvalue SN which is larger than one. For 0 < S < I 
the LHS of Eq. 4.36 presents ^~- poles at fj,N±i...(j,pf- An iterative method can be 

used to find the Sk solutions which lie between these poles [18].
The Ak coefficients are obtained by rewriting (4.37) into the matrix form A.B = 

C, consequently leading to Eq. 4.38. The later can be easily solved either through 
the Gauss elimination method or through the inversion of matrix B.

AN+1

AN

)JV+1 AT+l &JV4

(4.38)

where:

bn,k — (4.39)
sk

and:

(4.40)
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After the coherent and incoherent intensities have been determined, it is possible 

to calculate the received signal power received by a specific receiver antenna char 

acterised by its power radiation pattern GR(^R}. The received signal level at any 

location inside the vegetation medium, PR , depends on both the specific intensity 

and the receiver antenna characteristics. The receiver characteristics can be most 

conveniently described in term of " receiving cross section" , which is related to the 

receiving antenna radiation pattern by Eq. 4.41 [18, 49].

A// (7*) = GR (1R) , (4.41)

where cos7_R — cos (</> — (j>R) sin (6) sin (On) + cos (0) cos (OR), and A0 is the signal 
wavelength.

The effective area Ae/f has the dimensions of area and it equally depends on 

the direction of propagation of the incident wave characterised by 6 and <?!>, and also 

on the pointing direction of the receiver antenna given by OR and <pR . Under these 

circumstances the received signal power is related with the specific intensity through 

Eq. 4.42 [18, 49].

27T +1

Pr (T, HR, fo) = ^ 1 1 GR (7*) I (T, ^ <f>) d^ (4.42) 
o -i

In order to simplify the integration in Eq. 4.42, it is assumed a Gaussian shaped 

radiation pattern for the receiver antenna which is given by Eq. 4.43:

where A7# is the effective beamwidth of the receiver antenna. The relation between 

this effective beamwidth and the receiver antenna Half Power Beamwidth (Bw^dB ) 

is presented in (4.44).

(4.44)

By using the equations of Iri , l\ and 72 , obtained before and performing the 

integration presented in Eq. 4.42, the received power level is might be expressed 

by (4.45) [18], where JRP and qm (JRP) are normalised variables defined according 

to Eqs. 4.46 and 4.47, respectively and Fn (//) is the set of superimposed triangular
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functions shown in Fig. 4.4.

"MAX

= COS (<j>p - 4>R} \(l- //p) (1 - /4) + Mfl/iP (4 - 46)cos i

A7|+ 771/32" " (4 ' 47)

The received power presented in (4.45) was normalised with respect to the max 

imum received power at the interface (PMAX) when the receiver antenna is aligned 

with the incident radiation:

SP . (4.48)

The first term in the RHS of Eq. 4.45 represents the contribution of Iri to the 

received signal power. The second and third terms are the contribution of /i, while 

the fourth and last term is the contribution of /2- In the RET nomenclature [18], 

the terms I\ and /2 are called the 2nd and 3rd terms of the RET, respectively.

It is useful to illustrate the relative effects of each individual contribution from 

the three RET terms i.e. /„, /i and /2, into the overall attenuation curve. These 

contributions are presented in Fig. 4.5 which shows each individual contribution as 

well as the total attenuation as a function of the optical density.

The examination of Fig. 4.5, shows that the coherent and incoherent signal 

components behave as expected. The coherent component Iri exhibits a high decay 

rate controlled by the extinction coefficient ke . This component, is therefore dom 

inant at short vegetation depths and decays rapidly exhibiting a linear behaviour 

in a logarithmic scale. As stated by the boundary condition for this component, it 

eventually vanishes at large vegetation depths due to the absorption characteristic 

of the medium.
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Total attenuation 
First term (I )

10 15 20 
Optical density T

Figure 4.5: Contributions of the RET individual terms to the total vegetation attenuation under 
normal incidence (6P = 0).

Furthermore, the value of the incoherent signal component given by /i + I2 , is 

relatively low at the air to vegetation interface. This behaviour could be anticipated 

because this incoherent component is only formed inside the medium due a volume 

rather than a reflection effect [18]. More so, at small vegetation depths, the 2nd term 

of the RET increases linearly with T. This term eventually reaches a maximum and 

then decreases due to the exponential factor e~T present in (4.45).

The 3rd term is generated by the isotropic scattering of the coherent field compo 

nents. Consequently, it increases linearly with the vegetation depth, as it progresses 

through the first few meters inside the vegetation medium. This term exhibits a 

relatively low decay rate due to its propagation mechanism which is supported by 

scattering rather than by absorption. To this extent, the 3rd term of the RET is the 

only significant contribution at high vegetation depths. Both incoherent components 

comply with the boundary conditions exhibiting a zero value at the air to vegetation 

interface (as they are only formed inside the medium) and slowly vanishing for large 

medium depths due to the medium intrinsic absorption.

For relatively low vegetation depths, the overall attenuation curve, which is the 

sum of the individual RET components, decreases linearly at a relatively high rate 

as we move away from the air to vegetation interface. As the distance increases, the 

attenuation rate decreases considerably due to the effect of the scattering inside the 

medium. As the depth further increases, the attenuation rate continues reducing as
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Figure 4.6: Directional spectrum of the received signal under normal incidence (0p = 0).

the received signal becomes predominantly affected by the isotropic scattering.
The directional behaviour of the received signal, so called directional spectrum, 

can also be predicted using the RET formulation [29]. An example of such direc 
tional signal profile is shown in Fig. 4.6 considering various vegetation depths. More 
so, Fig. 4.7 shows a detailed version of the directional spectrum obtained around 
the forward scattering region. In both figures, the effect of the coherent component 
in the directional signal profile is clearly visible as a peak in the received signal level 
around Or = 0. At the air to vegetation interface, this peak exhibits a Gaussian 
shape due to the particular shape considered for the radiation pattern of the re 
ceiver antenna. When the vegetation depth increases, the coherent component is 
attenuated and is replaced by the incoherent diffused signal. This effect is particu 
larly clear in Fig. 4.7 for 3° < 9T < 20°, where the sharp peak formed by coherent 
component broadens due to the interaction of the propagating signal with the ran 
dom medium. This broadening effect, which is due to the transformation of coherent 
energy into the diffuse signal component, is controlled by the characteristics of the 
phase function i.e. the a. and /? parameters. To this extent, the 2nd term of the 
RET is strongly influenced by the forward lobe of the phase function, leading to the 
possibility of estimating the phase function beamwidth through the measurement of 
the broadening of this term [11, 18].
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Figure 4.7: Detail of the directional spectrum of the received signal under normal incidence (Op 
0).
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Figure 4.8: Directional spectrum of the received signal under oblique incidence (0P = 45°).
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Whenever the direction of propagation angle is Op ^ 0, the oblique incidence 

formulation of the RET must be considered. Under these circumstances, the direc 

tional spectrum is significantly different from the one presented in Fig. 4.6. The 

received signal directional spectrum for dr = 45° is presented in Fig. 4.8. These re 

sults are consistent with the results presented in [18] and show the broadening of the 

received signal forward lobe around the direction of propagation. Furthermore, the 

RET modelling also accounts for the increased vegetation path due to the oblique 

incidence, justifying the slightly increased attenuation exhibited by the directional 

spectrum curves of Fig. 4.8 in comparison with Fig. 4.6.

The RET model presented here, is only capable of estimating the attenuation 

caused by vegetation provided that the model input parameters are known. The 

frequency and vegetation type dependence of the signal attenuation is incorporated 

in the model through these input parameters. Consequently no frequency input 

parameter is explicitly present in the model equations.

To this extent, a method to estimate the RET input parameters based on data 

obtained from specific propagation measurements, is presented and discussed in 

section 4.4.

4.4 Parameter extraction and optimisation method 

for homogeneous vegetation

As explained before, the RET model relies upon the knowledge of vegetation and 

frequency dependent propagation parameters. Instead of being directly calculated, 

these parameters are normally obtained through optimisation using specific measure 

ment data. In [11], a method to determine these RET input parameters based on the 

phase function and depth attenuation measurements was presented. This method, 

which is used to optimise the four RET input parameters is briefly explained below. 

The extinction coefficient, ke , controls the decay rate of the coherent component 

in the first few meters of the vegetation volume. Consequently, the initial attenuation 

rate can be used to calculate this coefficient based on Eq. 4.49;

PR = P0 e~ fced , (4.49)

where PR is the received signal power inside the vegetation volume, P0 is the received 

signal at the same location in the absence of vegetation and d is the vegetation depth 

in meters [16, 74, 75]. This equation can be rewritten in dB, leading to (4.50) and
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(4.51).

p> 
101°Sio TT = -10fcedlog10 e (4.50)

L (dB/m) = 4.34fce , (4.51)

where L is the excess attenuation rate in dB/m.
The measurement of the initial attenuation rate should be performed within the 

first few meters of vegetation i.e. while the coherent component is still dominant. 
In practice, this measurement in normally performed using at least at one tree of 
vegetation depth, due to physical limitations [11].

The phase function measurement, is used to obtain the a and (3 parameters 
which might later to be used as inputs to the RET model. Such measurements, rely 
on the received signal directional spectrum profile to estimate the phase function 
parameters. This phase function measurement method, is based on the idea that 
the broadening of the 2nd term of the RET is strongly dependent on the shape of 
the phase function [11, 18].

Some experiments reported in [76] suggest that the directional spectrum profile 
might be measured by placing the receiver behind a vegetation volume according to 
the setup presented in Fig. 4.9. Subsequently, the receiver antenna is rotated over 
its vertical axes while the received signal level at each direction is used to create 
the received signal directional profile. The beamwidth of the measured directional 
profile is used to extract the parameter f3 whereas the side scatter level is used to 

optimise a according to Eq. 2.13.

Figure 4.9: Directional spectrum measurement setup.

91



4.4 Parameter extr. and optim. method for homogeneous vegetation

In [11], some guidelines are given to help choosing the measurements site, and 
also the vegetation depth which should be used in the measurement of the phase 
function. In this approach, the phase function measurements were performed behind 
a small tree formation similar to the one presented in Fig. 4.9. Consequently, the 
complete directional spectrum, especially in the back scatter region was difficult to 
determine. To this extent, the a. phase function parameter was extracted from the 
side scatter level in the 20° < (j)RX < 90° angular range, rather than from the back 
scatter signal level which should be acquired from the 90° < 4>Rx < 180° angular 
range. In order to further understand the complete directional spectrum shape, 
an extended range of measurements were performed during this research work. A 
specific measurement campaign, dedicated to this issue, is described in subsection 
4.4.1.

The remaining RET parameter, the albedo, is optimised using the final decay 
rate of the attenuation curve (for high vegetation depths) whose dependence on W 
is shown in Fig. 4.10. The method used in [11], consequently relies on the ability of 
making attenuation measurements at several locations inside the forest.

Several sets of parameters, calculated using the method described above, are 
presented in [11]. Such parameters were obtained at frequencies between 1.3 and 
61.5 GHz, and for 5 different tree species in both in-leaf and out-of-leaf foliation

-160
20 40 60 

Vegetation depth (meters)
100

Figure 4.10: Effect of the albedo parameter (W) on the RET attenuation predictions.
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states. Nevertheless, the attenuation versus depth measurements are relatively diffi 
cult to obtain because they involve moving the receiver antenna inside the vegetation 
medium, which is not always an easy task. In section 4.4.1, a modified and simplified 
method to extract the RET model parameters is explained.

4.4.1 Parameter extraction and RET model results at 11.2 
and 20 GHz

In order to reduce the number of measurements required to extract the RET para 
meters, an improved version of the extraction method presented in [11] was inves 
tigated. This modified method will allow one not only to extract the RET input 
parameters from a limited set of measurements, but also to fit these parameters 
to the directional spectrum. Consequently, the RET modelling could be used to 
predict the directional spectrum inside the vegetation volume at different depths.

The modified parameter optimisation method, was assessed using measurement 
results obtained at 11.2 and 20 GHz in a Populus forest located in Portugal. This 
particular measurement site, shown in Fig. 4.11, was chosen to fulfill the need 
for propagation measurements in South European forests. The major goals of this 
measurement campaign can be summarised as follows:

• Finding a method capable of supplying the RET model parameters based on 
a limited number of measurements;

-. TX

Figure 4.11: Diagram of the Populus forest measurement site.
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• Allow the RET to predict the directional spectrum of the received signal at 

various depths, based on the measured propagation parameters;

• The measurements should be performed in a way that the RET modelling 

could be tested in the oblique incidence case;

• The directional spectrum should be measured at various vegetation depths, in 

order to verify the forward scattering beamwidth increase and also to find an 

optimal distance that might be used to extract the phase function parameters.

4.4.1.1 Measurement setup

The forest site, chosen to perform these experiments, is a relatively homogeneous 

and regularly planted Populus forest with a mean trunk spacing of approximately 5 

meters. The propagation measurements were performed at mid canopy height cor 

responding to a receiver antenna height of 8 meters. The directional signal profile 

was measured by rotating the receiver antenna over its vertical axes with 1° resolu 

tion at different positions inside the vegetation volume. Hence, the broadening of 

the directional spectrum forward lobe with the increasing vegetation depth could 

be measured. A summary of the characteristics of the measurement system, as well 

as the details of each measurement position, are presented in Tables 4.1 and 4.2, 

respectively.
Prior to any measurement, an alignment of the receiver and the transmitter an 

tennas was performed. This was achieved using the maximum signal search proce 

dure provided by the measurement software application. Attenuation measurements, 

were carried out in both signal frequencies at the same time, i.e. 11.2 and 20 GHz,

Table 4.1: 11.2 and 20 GHz measurement system setup.

Parameter
Transmitted power level
TX power amplifier gain

TX antenna gain
TX antenna type

TX antenna HPBW
Approx. int. ilium, width

RX antenna type
RX antenna gain

RX antenna HPBW
RX system IF

11.2 GHz
Value Units

13 dBm
10 dB
10 dBi

Horn
50 deg
32 m

Dish
35 dBi
3.2 deg
1.2 GHz

20 GHz
Value Units

20 dBm
0 dB
10 dBi

Horn
50 deg
32 m
Lens Horn
33 dBi
3.5 deg
220 MHz
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Table 4.2: Characteristics of the measurements performed at each location inside the Populus 
forest.

Position #
Interface

1
2
3
4

Number 
of trees

0
1
2
3
4

Vegetation 
depth (m)

0
13
24
36
48

TX-RX
distance (m)

35
48
59
71
83

Angular 
range
±90°
±90°
±90°
±90°
±180°

Figure 4.12: Receiver adjacent arrangement allowing simultaneous 11.2 and 20 GHz measurements.

by locating the receiver antennas in adjacent positions while using 2 different IF 
frequencies (220 MHz and 1.2 GHz). The received power levels were independently 
determined, at each signal frequency, using a Spectrum Analyser as a radio receiver. 
This device, was sequentially tuned to each of the IF frequencies by means of the 
measurement software. The receiver antenna arrangement allowing simultaneous 
frequency measurement is shown in Fig. 4.12.

4.4.1.2 RET input parameter extraction and measurement results

The extinction coefficient ke , was extracted using the method presented in [11]. 
This method, is based on the initial attenuation rate and Eq. 4.51. The initial
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attenuation rate is calculated using the ratios between the received power at the air- 
to-vegetation interface and at measurement position # 1, when the receiver antenna 
is placed behind the first tree. The received signal level at each of these two positions 
was considered to be the mean received power within the -3 dB beamwidth of the 
forward directional spectrum lobe. The measured extinction coefficient values were 
0.193 and 0.188 Np/m at 11.2 and 20 GHz, respectively.

The RET predicts that the forward lobe of the directional spectrum should 
broaden as the measurement location is moved inside the vegetation medium. This 
occurs due to the increased attenuation of the coherent component and also the 
increase of the scattered signal level. Hence, an optimum location for the measure 

ment of the phase function is needed. In [11] it is suggested that this optimum 
region lies around a vegetation depth of 2 or 3 trees. Although this practical recom 
mendation was reported to lead to good phase function predictions, the uniqueness 
of this optimum measurement region was not demonstrated.

Aiming to find an optimum region, where the phase function can be measured, 
multiple directional spectrum measurements were performed at different locations 
inside the vegetation medium. Throughout these measurements, the vegetation 
depth ranged from 13 to 48 meters, as shown in Fig. 4.11. A single directional 
spectrum measurement was also performed at the air-vegetation interface for nor 
malisation purposes.

The measurement procedure described above, is similar to the one presented 
in [11], however the receiver antenna was now completely surrounded by the veg 
etation elements. This should, in principle, lead to more accurate backscattering 
measurements. Unlike the procedure adopted in [11], the a and 13 parameters were 
optimised to fit the complete Gaussian phase function model (Eq. 4.17) to the 
measured directional spectrum using the RMS error criterion (see appendix A).

An example of the phase function fitting is shown in Fig. 4.13, based on a direc 
tional spectrum measurement performed at position #1 for 11.2 GHz. The direc 
tional spectrum beamwidth corresponding to position #1 at 11.2 GHz is j3_3dB = 
9.53°. This value, being larger than the receiver antenna half power beamwidth 
(3.2°), suggests the existence of a broadening effect caused by the presence of vege 
tation in the radio path. Furthermore, the broadening effect may further be verified 

by the directional spectrum measurements performed at higher vegetation depths.
Figure 4.14, shows the fitting between the measured directional spectrum and 

a Gaussian phase function at 20 GHz (position #1). Measurements performed at 
both signal frequencies i.e. 11.2 and 20 GHz, yielded similar directional spectrum 

results, therefore suggesting that the absorption and scattering levels are similar 

at both frequencies. The sparse leaf content of the Populus forest, in conjunction
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Figure 4.13: Measured directional spectrum at position #1 and fitted phase function at 11.2 GHz.
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Figure 4.14: Measured directional spectrum at position #1 and fitted phase function at 20 GHz.

with the relatively low vegetation depths used during this measurement, seem to 
explain such similar results. In fact, these two radio path characteristics, contribute 
to a relatively low radio signal absorption. Due to the frequency dependence of the 
energy absorption [18], the results obtained at higher vegetation depths are expected 
to be more frequency dependent.
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Figure 4.15: Measured directional spectrum at position #4 and fitted phase function at 11.2 GHz.

Effectively, the results obtained at higher vegetation depths, show an increased 

broadening of the received signal directional profile as well as a more pronounced 

frequency dependency. This is evident in Figs. 4.15 and 4.16 in which the fitting 

plots obtained at position #4 (48 meters of vegetation depth) are are presented at 

both signal frequencies.
An analysis of the phase function variation with the vegetation depth, shows a 

clear backscattering increase with the increasing vegetation depth. This effect, is 

evident when comparing the relative backscattering levels obtained at positions #1 

and #4, i.e. the measured backscattering level in position #1 is around -35 dB, 

whereas in position #4 this level has raised to -25 dB (normalised to the maximum 

received signal levels). Furthermore, the more pronounced backscattering effect can 

be observed at both test frequencies.
A summary of the a and (3 phase function parameters obtained at the various 

measurement positions, is presented in Table 4.3. This table, confirms the tendency 

of /3 to increase with vegetation depth, whereas a decreases due to the multiple in 

ternal scattering inside the vegetation media. Nevertheless, the measured and fitted 

results obtained at position #3 seem the contradict such expected behaviour. The 

odd behaviour, seems to be due to the saturation of the receiver LNA, used during 

this specific measurement. The LNA fault, was developed just before the measure 

ment at position #3, and consequently, it was not noticed during the measurement 

itself. The phase function parameters based on this particular measurement, will
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Figure 4.16: Measured directional spectrum at position #4 and fitted phase function at 20 GHz.

Table 4.3: Optimised phase function parameters obtained at positions #1 to #4 inside the vege 
tation medium at 11.2 and 20 GHz.

Vegetation
Position $

1
2
3
4

depth
13
24
36
48

m
m
m
m

a
0.82
0.70
0.16
0.73

11.2 GHz
P

5.72°
6.34°
5.83°
9.08°

P--3dB
9.53°

10
9.

15

.57°
71°
.13°

a
0.84
0.68
0.20
0.68

20 GHz
13

5.91°
6.41°
6.82°
12.43°

P-
9.
10
11
20

-3d??
85°
.68
.36
.71

o

o

o

consequently lead to unreliable results.
The phase function estimate obtained at position #4 (48 m of vegetation depth), 

exhibits an almost faded forward scattering lobe which might be responsible by a 
distortion on the measured a parameter. Again, this highlights the importance of 
finding a phase function optimum measurement position.

The effect of the albedo parameter, W, on the relative backscattering level of 
the received signal directional spectrum, is shown in Fig. 4.17. This figure shows 
the received signal directional profile (position # 1 at 20 GHz) as well as several 
superimposed received signal predictions. These predictions were obtained using 
the RET model, with an albedo ranging from 0.5 to 0.9. The mean RMS error 
between each of the predicted curves and the measured directional signal profile, is 
also presented. The minimum RMS error, and consequently the prediction best fit,
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Figure 4.17: Influence of the albedo parameter (W) on the predicted received signal directional 
spectrum.

Table 4.4: Optimised albedo parameter and residual RMS error obtained at positions #1 to #4 
inside the vegetation medium at 11.2 and 20 GHz.

Position #
1
2
3
4

Vegetation
depth
13 m
24m
36m
48 m

11.2 GHz
W ERMS

0.76 5.37 dB
0.79 4.33 dB
0.79 5.62 dB
0.72 6.34 dB

20 GHz
W ERMS

0.74 4.75 dB
0.82 4.37 dB
0.85 5.04 dB
0.82 5.16 dB

is obtained around W = 0.8.
Using a Matlab® iterative routine, the albedo was optimised for each of the mea 

surement positions located inside the test forest. This optimisation was performed 
using, at each position, the corresponding phase function parameters, obtained be 
fore through the received signal directional spectrum. The results from the albedo 
optimisation process, as well as the remaining residual RMS errors (ERMs), are 
presented in Table 4.4.

The relatively low residual RMS error remaining after the albedo optimisation, 
suggests that the extracted parameter sets are suitable for predicting the directional 
spectrum. This also has the benefit of partially validating the parameter extraction
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procedure, for the prediction of the directional spectrum at each individual vegeta 

tion depth. In order to further extend this validation, the ability of each parameter 
set to predict the attenuation through the vegetation media needed to be evaluated. 

Results comparing the predicted signal attenuation at various vegetation depths, 

with the actual measured attenuation values, are presented in Figs. 4.18 and 4.19 
for 11.2 and 20 GHz, respectively.

The results presented in Figs. 4.18 and 4.19, show a good overall agreement be 

tween the predicted and measured received normalised signal values, except for the 

parameter set #3. As explained before, the unexpected saturation of the receiver 
LNA during the phase function measurement, produced an unreliable a and (3 para 

meter set. This seems to justify the discrepancy between the measured attenuation 

and the predictions obtained with the parameter set #3. Nevertheless, the RMS 

errors, which are consistently below 6 dB, are in line with prediction errors reported 
in the literature for the RET under similar situations [11].

The similar RMS error values obtained using the different parameter sets (ob 
tained at different vegetation depths), suggest that the parameter extraction method 

exhibits a low dependence on the vegetation depth as long as there is a significant for 
ward scattering signal component. Under these circumstances, the phase function 

parameters can effectively be extracted from directional spectrum measurements 
performed after after the 2nd tree of an homogeneous forest as presented in [11] and 

ITU-RREC 833.5 [63].
Although the outlined parameter extraction method seems to work at moderate 

vegetation depths, further work is needed to validate the method at higher depths 
and with different tree species. This method will be used later as a base to extract 

the enhanced dRET input parameters from isolated vegetation formations. Further 

investigation of this method is considered to be outside the scope of this project.

4.4.2 Correction of the phase function parameters using in 

verse convolution

The characteristics of the receiver antenna are known to influence the received signal 

directional spectrum [49]. It is clear in [18], that the accuracy of the (3 parameter 

measurement, significantly depends on the relation between the receiver antenna 

beamwidth and the beamwidth of the phase function i.e. the lowest (3 errors are 

obtained when the receiver antenna beamwidth is relatively low (say 3-10 times) 

compared with the beamwidth of the phase function to be measured [11, 18]. Nev 

ertheless, this relation is only empirically established in [18] and no further proof is 

given.
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Figure 4.18: Comparison between the predicted and the measured received normalised signals at 
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Figure 4.20: Multiple scattering contributions received by an antenna placed inside a scattering 
medium.

Throughout this section, the influence of the receiver characteristics on the mea 
sured phase function is evaluated, both analytically and experimentally. A straight 
forward method intended to decrease the influence of the receiver antenna radiation 
pattern on the measured phase function, is outlined and assessed in selected scenar 
ios.

The RET assumes that the various scattered wave trains are uncorrelated in 
phase and therefore their powers can be added [49]. A receiver antenna placed 
inside a scattering medium, will gather several scattered contributions as shown 
in Fig. 4.20. These contributions can be added in power and consequently, the 
received signal might be calculated by summing the directional contributions due 
to the scattered signal after conveniently weighted by the relative values of the 
radiation pattern of the receiver antenna. Under these circumstances, the relation 
between the incoming specific intensity and the received signal power level might be 
expressed by Eq. 4.52.

PRX (<t>Rx] = I(<l>i) GRX (4>i -
+ I (02 ) GRX (02 - <f>Rx)

(4-52)

where PRX is the received signal directional profile, GRX is the radiation pattern of 
the receiving antenna (representing the relative directional gain of the antenna) and 
I((j>i} is the directional intensity profile, which exclusively depends on the vegetation 
medium propagation characteristics i.e. it is independent of the receiver antenna 
radiation pattern.
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Assuming, that the specific intensity directional profile, /(<£), can be used as an 

approximation for the RET phase function and recognizing that Eq. 4.52 represents 

a discrete circular convolution [77], the relation between the received directional 

spectrum PRX , the effective vegetation phase function p(4>] and the receiver antenna 
radiation pattern GRX can be written as (4.53),

PRX (<l>)=p (<fi® GRX (</>), (4.53)

where ® denotes the circular convolution.
According to [77] , the circular convolution might be transformed into the matrix 

formulation presented in (4.54),

P(jv)-GRX(Ar,AO = PRX(AT), (4.54)

where N is the number of discrete samples of the measured directional spectrum, 

P(;v) and PRX(TV) are vectors containing the phase function and directional spec 

trum samples, respectively, whereas GKX.(N,N) is a matrix whose lines are formed by 

shifted versions of the receiver antenna radiation pattern.
It is correct to assume that both GRX and PRX, present in (4.53), can be obtained 

with sufficient accuracy e.g.: the radiation pattern of the receiver antenna can be 

measured inside an anechoic chamber or calculated from simulations, whereas the 

received directional spectrum can be measured by placing the receiver antenna inside 

the vegetation medium and rotating the receiver antenna over its vertical axes. 

Consequently, the only unknown in Eq. 4.53 is the scattering phase function p((f>).

In order to retrieve the scattering phase function from the measured directional 

spectrum it is necessary to invert the convolution process shown in (4.53). This 

is the so-called deconvolution. Although several approaches have been presented 

in the literature to deal with the deconvolution process, these rely on the Fourier 

Transform properties of the convolution integral [78-80]. These properties permit, 

in certain situations, deconvolution using (4.55):

p(0) = ^-1 {GRX/PBX } ) (4.55)

where, J*"" 1 represents the inverse Fourier transform and GRX and PRX are the 

Fourier transforms of GRX and PRX, respectively. Nevertheless, for Eq. 4.55 to be 

solved numerically, it is necessary that the Fourier transform coefficients of PRX to 

be different from zero. To overcome the likely situation where this could happen, 

a more straightforward numerical method was found. The new method is based on 

the parameterisation of PRX and p and does not rely on the Fourier transform.
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The proposed deconvolution method consists in modelling the effective phase 

function p and the directional spectrum PRX as Gaussian forward scattering lobes 

superimposed on an isotropic scattering levels according to (4.17). Consequently, 

these two functions are each characterised by one set of scattering parameters, where 

aF , ftp characterise the phase function p and aRX , PRX characterise the directional 

spectrum PRX-
The convolution process presented in (4.53), distorts the phase function parame 

ters as the convolution with GRX is performed. In order to evaluate the degree of 

this distortion, the convolution process given by (4.53) was repeatedly simulated for 

different measured radiation patterns, over a wide range of ap and /3p parameters. 

Subsequently, the parameter set which yielded the best fit with the measured PRX 

using an RMS error criterion, was selected by matching the computed PRX with the 

measured directional spectrum. This method yields an optimal otp and PF parame 

ter set, which represents the vegetation phase function without the receiver antenna 

distortion.
The distortion caused by the convolution process might be measured in terms of 

the errors introduced in a and j3 due to this operation. These absolute errors are 

defined in Eqs. 4.56 and 4.57.

Ea = \aRX - aF \ (4.56)

E0 = \0Rx-0Fl (4.57)

In order to test the performance of the deconvolution method, the a and (3 

errors due to the convolution process were calculated for two different 20 GHz horn 

antennas. These were a 15 dBi antenna with 33.5° of HPBW and a 20 dBi antenna 

with 18° of HPBW. The results obtained for the phase function parameter estimation 

errors with the 15 dBi antenna are shown in Fig. 4.21.
It can be seen from Fig. 4.21 a) that the convolution error in the a parameter is 

higher for narrow forward scattering phase function. In this case, the signal received 

through the side lobes of the antenna becomes comparable to the scattering level 

being measured from the forest, consequently raising the level of the measured scat 

tering signal and the a parameter error. Figure 4.21 b) suggests that the receiver 

antenna cannot discriminate between incoming rays having angular separations close 

to the antenna beamwidth. Additionally, it is clear that the accuracy of the (3 pa 

rameter measurement significantly depends on the relation between the beamwidth 

of the receiver antenna and the beamwidth of the phase function i.e. the lowest /3
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errors are obtained when the receiver antenna beamwidth is relatively low compared 
with the beamwidth of the phase function to be measured.

The analysis of Fig. 4.22, which shows the scattering function parameter error 
for a 20 GHz 20 dBi (18° of HPBW) horn antenna, leads to similar conclusions. The 
a parameter error, which is primarily dependent on the antenna front to back ratio, 
is similar in both antennas. This is acceptable as both antennas exhibit front to back 
signal ratios of approximatelly 35 dB. By comparing Figs. 4.21 b) and 4.22 b), one 
can also conclude, that the 20 dBi antenna can more efficiently resolve the angular 
directions of the receiving signal due to its lower HPBW, consequently leading to 
lower j3 errors.

It is also evident from Figs. 4.21 b) and 4.22 b) that the (3 error is relatively 
insensitive to the back scattering level from the forest a.p. This is very convenient

I 0.1

0 0.2 0.4 0.6 0.8 1 20 25 30 35 40 45

(a) (b) 

Figure 4.21: a and /3 errors due to the convolution using a 15 dBi horn antenna.

Figure 4.22: a and /3 errors due to the convolution using a 20 dBi horn antenna.
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Figure 4.23: Idealised forest setup.

because it considerably simplifies the inverse convolution process. Once the Ep is 

known, it is possible to correct the measured PRX and hence obtain the approx 

imated phase function beamwidth /3p. This value is subsequently used to choose 

the appropriate a correction curve, which allows one to find the corrected phase 

function isotropic level.
Using this relatively simple method it is possible to estimate the phase function 

parameters i.e. ap and ftp, independently of the receiver antenna used to perform 

the directional spectrum measurement.
In order to assess the inverse convolution method, an appropriate range of exper 

iments was performed at 20 and 40 GHz, using an idealised forest placed inside the 

anechoic chamber. This idealised downscaled forest, which is shown in Fig. 4.23, 

was formed by Ficus Benjamina plants. Each Ficus plant has an approximate 1.5 

meter height and 40 to 60 cm diameter . The dimensions of the tree formation as 

well as the relative receiver and transmitter positions, are shown in Fig. 4.24.

At the transmitter side, a 10 dBi horn antenna was used, ensuring that all 

the trees at the air-vegetation interface were illuminated within the half power 

beamwidth of this antenna. Subsequently, several measurements were performed 

by rotating the receiver antenna, placed inside the idealised forest, over its vertical 

axes. The receiver antenna rotation, was performed in an angular range of ±180°, 

with 1° of resolution. This measurements procedure, was repeated at both frequen 

cies using different receiver antennas, so that different degrees of distortion in the 

measured directional spectrum parameters could be evaluated. The receiver anten-
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0,65 m

Figure 4.24: Idealised forest diagram.

Table 4.5: 20 and 40 GHz receiver antennas parameters.

Antenna
lOdBi
15dBi
20 dBi
29dBi

20 GHz
FB ratio HPBW

27 dB
32 dB
38 dB

-

45.5°
33.5°
18.0°

-

40 GHz
FB ratio HPBW

30 dB
-

41 dB
31 dB

47.0°
-

18.0°
6.6°

nas used during the directional spectrum measurements are described in Table 4.5, 
in terms of half power beamwidth and the approximated front to back signal ratio.

As a result from the directional spectrum measurements, the URX and PRX pa 
rameters, obtained from measurements, as well as the corresponding oif and /?/ cor 
rected values are presented in Tables 4.6 and 4.7, for 20 and 40 GHz, respectively. 
The distorting effect due the receiver antenna is clearly noticeable, particularly on 
/?, i.e. as the HPBW of the receiver antenna increases, the measured PRX broadens 
due to the convolution effect consequently diverging from the forest phase function 
real beamwidth /3p- As far as the a parameter is concerned, it can be verified that 
the error introduced by the convolution is much less important. This error, mainly 
depends on the relation between the (Front to Back) FB ratios from the forest 
phase function and the receiver antenna. More so, the high FB ratio exhibited by 
the receiver antennas used (around 35 dB) explains this relatively low error.

It is important to notice, that amongst the various directional spectrum mea 
surements performed before (at each frequency), only the radiation pattern of the 
receiver antenna changes. On the contrary, the forest phase function, which is an 
intrinsic characteristic of the medium remain unchanged throughout the various 
measurements. To this extent, the Standard Deviation from the corrected and mea-
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Table 4.6: Measured and corrected scattering parameters at 20 GHz.

Antenna
lOdBi 
15dBi 
20dBi

Standard Dev

PR)
OiRX

0.89 
0.85 
0.80
0.06

<(</>)
PRX
43.0° 
32.6° 
29.4°
12.6°

P(
Otj

0.88 
0.83 
0.79
0.05

»
Pf28.2° 

26.3° 
27.0°
0.95°

Table 4.7: Measured and corrected scattering parameters at 40 GHz.

PRX(<!>) P(4>]
Antenna
lOdBi 
20dBi 
29dBi

Standard Dev

OiRX

0.94 
0.92 
0.79
0.08

PRX
37.4° 
15.3° 
11.2°
14.1°

af
0.90 
0.89 
0.97
0.02

Pf13.36° 
9.3° 
9.7°
2.2°

sured parameters, presented in Tables 4.6 and 4.7, might be used to demonstrate 
the effect of GRX on the various parameter sets. In fact, the a/ and /3/ results, 
indicate that these corrected parameters exhibit less pronounced dependence from 
the receiver antenna patterns. This is supported by the relatively low STD values 
thus partially validating the deconvolution method presented here.

A global assessment of the proposed deconvolution method is important and 
definitely needed. Such an evaluation might eventually be performed by assessing the 
quality of the RET attenuation predictions obtained from corrected and uncorrected 
phase function parameters. The good behaviour of the deconvolution method should 
in in theory, increase the quality of the model predictions obtained from the corrected 

phase function parameters.
More so, the proposed deconvolution method, assumes a Gaussian shaped direc 

tional spectrum approximation. Such an approximation is only valid for homoge 
neous vegetation volumes. Under these circumstances, the method will not be used 
during the inhomogeneous forest modelling, which stands as the main scope of this 

research work.

4.5 Summary and interim conclusion

This chapter presents the RET modelling for prediction of the attenuation and 
directional spectrum in vegetation media. The formulation of the RET presented
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here, is based on the assumptions of propagation medium homogeneity and a rather 

idealised forest geometry. Nevertheless, a good agreement between the predicted and 

measured attenuation results at micro and millimetre wave frequencies is reported 
in the literature[ll, 18, 29].

In section 4.4.1 a modified method intended to extract the four input parameters 

of the RET, is presented. This method, unlike other methods presented before [11], 

is aimed at the prediction of the complete directional spectrum rather than that of 

the excess attenuation. The assessment of the proposed method, is performed from 

11.2 and 20 GHz measurement results, obtained from a full size Populus forest. The 

extraction method, also enables the optimisation of the RET parameters based on 

a limited set of propagation measurements. These measurements, which are ideally 

performed at the air vegetation interface and inside the vegetation medium can be 
summarised as follows:

• Two straightforward (single direction) attenuation measurements:

— An attenuation measurement at the air vegetation interface for calibration 
purposes;

— An attenuation measurement performed after the 1 s* tree, which is used 
to calculate the extinction coefficient ke \

• A directional spectrum measurement performed after the 2nd tree which is 
used to extract the phase function parameters, a. and /?, as well as the albedo 

value W.

The proposed parameter extraction method was shown to lead to relatively good 
agreement between predicted and measured attenuation values, therefore validating 

the parameter extraction procedure. Furthermore, it agrees with the conclusion 

presented in [11] about the optimum place for measuring the phase function. This 

recommends the measurement of the phase function behind the 2nd tree from the 

air vegetation interface.
The effect of the receiver antenna on the extracted phase function parameters 

was also analysed. In subsection 4.4.2, it is shown through simulation, that the 

receiver antenna influences the extracted phase function parameters aRX and /3RX - 
Based on these simulations, a method to correct the measured directional spectrum 

parameters is presented. This method, permits finding a set of phase function 

parameters which are less dependent on the receiver antenna radiation pattern.

The assessment of the method, is done using several experimental procedures 

performed employing different receiver antennas placed inside an idealised down- 

scaled vegetation medium. Assuming the vegetation medium remains unchanged
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throughout the experiments, any variation in the received directional spectrum be 
tween each individual measurement, is believed to be exclusively due to the different 
receiver antennas used. Results suggest that the corrected phase function parame 
ters are less dependent on the receiver antenna characteristics than those directly 
measured. This leads to the conclusion, that the proposed method is capable of 
producing estimated phase function parameters which are more truly representative 
of the actual phase function.

Although both methods outlined in this chapter are validated through com 
parison with measurements, further validation is needed. To this extent, further 
work should consider other signal frequencies (5, 10 and 60 GHz) and also different 
geometries. Finally, the deconvolution processes needs to be validated in an outdoor 
environment and also extended to inhomogeneous vegetation volume situations.

Ill



Chapter 5

The discrete RET approach

5.1 Introduction

The discrete RET (dRET) approach is a technique that is intended to overcome 
some of the limitations found in the RET [19]. The original dRET formulation 
presented in [19], tries to overcome some RET limitations by adapting its formulation 
to isolated blocks of vegetation. However, other RET limitations related with the 
inhomogeneity of the medium, the oblique incidence, and the non-uniform interface 
illumination are not fully addressed in this study. To this extent, the original dRET 
formulation is outlined in this chapter, whereas its limitations are evaluated based 
on previous work related to the propagation of radiowaves in vegetation media. 
Methods leading to the solution of these limitation are consequently outlined. The 
enhanced dRET model, based on these methods, is subsequently applied to idealised 
selected geometries and results discussed appropriately.

5.2 Original dRET formulation

The original dRET approach consists of dividing the vegetation volume into several 
non-overlapping cells with the same propagation characteristics [19]. Hence, it al 
lows the modelling of isolated vegetation structures. This is followed by applying a 
modified version of the RET in such a way that the interactions between all cells can 
be gathered and consequently the quality of the overall result can be maintained.

The dRET is based on a simplified differential form of the RET equation as 
presented in (5.1) [19]:

dl - f f -,_ — Z" T i if I I p ( <Wi A r/7O {^\ i ^
——— —— —— ftgJ ~T tv$ II -* V r / ' V ^ /ds J J

47T
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5.2 Original dRET formulation

where / is the total specific intensity, ke and ks are the scattering and extinction 
coefficients and P (i/j) is the so called phase function.

As already presented in chapter 4, the total specific intensity is decomposed into 
the reduced intensity !„ and diffuse intensity Id, corresponding to the coherent and 
incoherent intensity components, respectively. Consequently, Eq. 5.1 is divided into 
two equations which describe the behaviour of Iri and Id throughout the medium. 
These equations are presented in (5.2) and (5.3):

as
(5.2)

dld
~3—
as

(5.3)

47T

where V'o is the angle formed between the direction of Iri and the direction of Id 
under consideration. Since there is no difference to be considered, (5.2) and (5.3) 
are solved using the same boundary conditions utilised in the RET.

The dRET formulation is based on the discretised forest structure shown in 
Fig. 5.1. This structure, further assumes the incident intensity at the air vegetation 
interface (/o) to be perpendicular to the cell layers, therefore limiting the application 
of the model to normal incidence. The vegetation cells which are considered to be 
identical in size i.e constant As, are identified by their cartesian coordinates (k, I, m}.

In order to apply the dRET equations to the discretised vegetation structure, 
discrete formulations for Eqs. 5.2 and 5.3 were used [19]. This was accomplished by 
replacing the terms dl and ds by their corresponding difference terms A/ and As

Vegetation depth

Figure 5.1: Discretised vegetation structure.
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5.2 Original dRET formulation

yielding (5.4) and (5.5).

A/ri (5.4)

- ( -< /•/• ^\
A/d = \-kJd + ka P (V) Iddtf + ksP (Vo) /ri As (5.5) 

\ JJ /
\ 47T /

Equations 5.4 and 5.5 were further simplified by considering the intensities are ex 
clusively present at the discrete angular directions shown in Fig. 5.2. While both 
the input and output coherent intensities !„ exhibit the same definite direction, 
each input diffuse intensity component Id N generates several output components 
due to the scattering process. The relations between input and output intensities 
are determined by solving (5.4) and (5.5) using piecewise linear approximations. 
The piecewise linear approximations expressed by (5.6) and (5.7) correspond to Iri 
and Id respectively.

TOUTJ ri (7o) = I™ (7o) - (70) • (5.6)

TOUT 1 d (7) = /r (7) + h (7)]
26

As, (5.7)(7,7') I? (70 + ksP (7,7o) I? (7o)

where I™ and I°UT are the input and output reduced intensities, I^N and I°UT 
are the input and output diffuse intensities and P represents a discrete version of 
the phase function. These equations, which correspond to discretised versions of

Figure 5.2: Input and output intensities at a generic discrete vegetation cell.
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5.2 Original dRET formulation

the RET, were subsequently applied to each cell forming the discrete vegetation 
structure.

In a cubic discrete structure like the one presented in Fig. 5.1, each element cell 
is surrounded by 26 direct neighbours, thus explaining the sum over the 26 discrete 
direction in Eq. 5.7. Hence, the discrete phase function P is exclusively defined at 
those 26 discrete directions. From these discrete directions, the smallest non-zero 
angular direction is 35°. Consequently, if a Gaussian phase function was used, all 
the discrete directions except one, would lie outside of the phase function main lobe 
as shown in Fig. 5.3 a). In order for the main lobe of the phase function to be 
considered, a three step discrete phase function, presented in Fig. 5,3 b), was pro 
posed in [19]. The three levels of this phase function correspond to: (i) the discrete 
forward scattering direction (</> = 0°); (ii) the so-called "directive scattering range" 
(0° < <f> < 45°) [19] and (iii) the isotropic scattering angular range representing 
the remaining directions. In order for the dRET algorithm to account for the finite 
width of the forward scattering lobe from the real phase function, shown in Fig. 
5.3 a), the intensities corresponding to the directive scattering range were increased 
relatively to the isotropic scattering level. The step levels from the discrete phase 
function presented in Fig. 5.3 b), are given by the three functions presented in Eq. 

5.8 [19].

(5.8)
(a-0a)D 57 = 0
[(l-a) + /3a]D 0 < Sj < <57l ,
(l-a)D $71 < £7

where £7 represents the discrete angular directions, a and (3 are the phase functions

-45 0 45
<t> azimuth angle (deg)

(a)

m"

amplitude

i o
T3 
CD

J -15

-20 
-9

r_L^
Directive 

Scattering 
Range

60

0 -45 0 45 9
((> azimuth angle (deg)

(b)

Figure 5.3: Discrete phase function based on a) Gaussian phase function and b) based on a three 
step phase function.
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5.3 Limitations of the original discrete model

parameters taken directly from the continuous phase function and D is a normali 

sation constant required to ensure the phase function fulfills the power conservation 

criteria. The 5ji parameter, which is the maximum discrete direction lying in the 

directional scattering range, is determined by nd . This parameter represents the 

number of discrete angles assigned to the directive scattering range and therefore 

directly relates to its width.
The discrete RET equations (5.6) and (5.7) were used to calculate the total 

intensity at the cells forming the vegetation structure. This is done using an iterative 

process according to the following steps [19]:

1. The impinging intensity at the air vegetation interface, I0 (jo) is taken as I™ 

to calculate the coherent and incoherent emanating intensities for each of the 

illuminated elementary volumes in layer 1;

2. For each vegetation cell in the (next) layer k, the emanating intensities of the 

adjacent elementary volumes of the preceding layer (A; — 1) are used as incident 

intensities I™ and Id N ;

3. The emanating intensities from each cell in the layer k (I^UT and I°UT} are 

determined for all directions 7, using the discrete RET equations;

4. Steps 2 and 3 are repeated for all the structure layers.

Nevertheless, the application of the algorithm outlined before, only takes into 

account the interactions between neighbour cells. This is overcome by iteratively 

repeating the above procedure until a steady state condition is met. From the second 

iteration onwards, /o is set to zero as it has already been considered for excitation 

purposes in the first iteration. In contrast with the first iteration step, where only 

forward scattering is considered, the subsequent iteration steps also account for 

backscattering. For each iteration step, the scattering propagation from the more 

distant vegetation volumes is accounted for, although its relative influence tends to 

decrease. This is the basis of the dRET algorithm presented in [19].

5.3 Limitations of the original discrete model

The original dRET approach was exclusively aimed at overcoming the RET infinite 

space limitation, consequently allowing its application to isolated vegetation struc 

tures. Other applicability problems related with inhomogeneous vegetation media, 

were only superficially addressed.
The original dRET applicability issues can be summarised as follows:
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5.3 Limitations of the original discrete model

• The original dRET formulation is based on a cubic cell structure where only 
the interactions between the geometrical centers of the cells are considered, 
consequently limiting the available results in terms of angular resolution;

• The solution of the discrete RET equations obtained in [19] uses piecewise 
linear approximation. This solution is only accurate when small cell sizes are 
used. In the particular case of the dRET equations, the error arising from 
these approximations only allows the algorithm to converge for cells smaller 
than 1.5 meters;

• The original dRET modelling does not account for the effect of the receiver 
antenna radiation pattern. Experiments with the RET model and field mea 
surements, showed that the beamwidth and the shape of the receiver antenna 
radiation pattern can have a major impact on the received signal level and 
especially on the shape of the received signal directional spectrum;

• The air vegetation interface illumination considered in the original dRET 
model uses a uniform plane wave. Therefore, it is assumed that all the in 
terface cells have the same input intensity. In a more realistic scenario the 
vegetation cells from the interface might have different input intensities e.g. 
when using sharp beamwidth TX antennas;

• The original model, considers that the discrete vegetation cell layers are par 
allel to the direction of propagation, limiting the angles of the impinging in 
tensity to normal incidence. This also implies that the rays reaching the air 
to vegetation interface must be parallel.

The limitations outlined before will be further evaluated in section 5.4, as the 
solutions to overcome these problems are proposed and discussed.

More so, the issues related with the extraction of the model input parameters 
were only superficially addressed in [19]. The authors used 3 different Ficus plants to 
extract the dRET parameters using a method which was not completely explained. 
The assessment of the original dRET performance was carried out by placing the 3 
Ficus plants obstructing the radio path. Measurements at 75 GHz were performed 
and compared with the predicted results yielded by the dRET approach. Unfor 
tunately, instead of modelling each tree using their corresponding parameters, the 
authors used mean values of the propagation parameters, inherently considering the 

structure as a quasi homogeneous volume. Such simple approach, yielded fairly good 
results due to the simple vegetation structures modelled. Nevertheless, it does not 
seem to be appropriate for complex vegetation structures formed by many different
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5.4 An extended dRET propagation model

vegetation types. In order to overcome this, a method aimed at the extraction of 

the model parameters from isolated vegetation structures is presented and tested in 
section 5.5.

5.4 An extended dRET propagation model

The proposed extended dRET model, is sought to overcome some of the limitations 

from the original dRET model [19], Initially, the extended model was developed 

using a 2D scenario, assuming that all the propagation phenomena takes place in 

a single plan along the direction of the propagating wave. Although such a model 

model is not completely realistic, in the sense that real vegetation scenarios are 3D, 

it keeps the formulation of the modified dRET relatively simple while leaving the 

possibility of further extending it to 3D.
The angular resolution exhibited by the original model is an important limitation 

and consequently will be the first issue to be addressed. By considering this limited 

angular resolution (?» 35°), only the signals which propagate within these directions 

can be modelled. According to the RET theory [11], the signals generated due to 

the scattering phenomena are strongly dependent on the angular direction under 

consideration. Consequently, it is impractical to consider the important effect of the 

receiver antenna or the oblique incidence geometry without enhancing the model 

angular resolution.
The modified dRET algorithm exclusively models the scattered component prop 

agating through the canopy of the forest. Other propagation modes, such as ground 

reflected and diffracted signals on the edges of the forest are not considered. The 3D 

formulation of the modified dRET model is based on the forest geometry presented 

in Fig. 5.4, whereas the simplified 2D version is based on the 2D forest geometry 

diagram shown in Fig. 5.5. The later geometry considers the wave propagation to 

take place in a single planar layer which can be regarded as a simplification of the 

3D case.
Both 2D and 3D scenarios, consider a transmitter antenna placed outside the 

vegetation medium, whereas the receiver antenna is located inside the medium. The 

relative position between the transmitter antenna and the air vegetation interface 

is given by the (x, y, z}Tx coordinates. These coordinates are measured from the 

bottom right corner of the forest as shown in Fig. 5.4. Possible locations for the RX 

antenna are limited to the geometric centers of the vegetation cells forming the dis 

crete structure. These locations are consequently characterised by their (k,l,m)RX 

coordinates, corresponding to the cells where the RX antenna may be located.
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Forest depth

Figure 5.4: 3D dRET forest geometry diagram.

Forest depth

TX

/4 Forest 
' - width

Figure 5.5: 2D dRET forest geometry diagram.

The orientations of the receiver and transmitter antennas main axis are defined 

by their respective pointing angles 0 and <p. The TX pointing angles are defined ac 

cording to the right-handed coordinate system shown in Fig. 5.6. By convenience, 

the coordinate system used for transmitter and receiver antennas are slightly differ 

ent. The difference lies in the direction in which the X axis is pointing i.e. in the 

TX the X axes is pointing to the forest, whereas in the RX coordinate system the 

X axis is pointing in the opposite direction (left-handed coordinate system).

The forest geometric description shown before, which was adopted for the mod 

ified dRET, is completely general and may therefore be applied to any real forest. 

However, unlike the geometry used in the RET modelling, the infinite dimension 

medium is no longer imposed, therefore contributing to the correct and complete
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5.4 An extended dRET propagation model

Figure 5.6: Right-handed 3D coordinate system.

specification of the forest medium. Although this geometry was specifically devel 

oped to be used along with the modified dRET, it is similar to the one presented in 

[11] and in the ITR-R Rec. 833-5 [63].
In contrast with the original dRET, the modified dRET propagation parameters 

can be independently defined for each vegetation cell. Specific parameters, adapted 

to free space cells, may also be used. Under such circumstances, the computational 

volume geometry and propagation characteristics become fully configurable.

The propagation modes which are not directly related to the scattered component 

propagating through the canopy, e.g. ground reflections (outside and underneath the 

forest), trunk layer propagation and edge diffraction modes, are not considered in the 

extended model. Nevertheless, due to the cellular structure adopted for the model 

the signal emanating from the vegetation medium is completely calculated, thus 

making the interaction between the modified dRET model and other propagation 

tools eventually possible.
In section 5.4.1, the limitations of the original dRET model will be systemati 

cally investigated. This will lead to the development of the modified version of the 

propagation model.

5.4.1 Improvements to the original dRET approach

The improvements performed on the original dRET formulation intend to deal with 

the limitations outlined in section 5.3. These improvements can be briefly sum 

marised as follows:

• Enhanced angular resolution, which increases the angular resolution ex 

hibited by the original dRET algorithm. Removing the angular resolution 

limitation it would be possible to model important effects such as the receiver 

antenna factor;
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5.4 An extended dRET propagation model

• Solving both Iri and Id equations aiming to find a solution for the discre- 

tised RET equations which does not rely on piecewise linear approximation. 

The new equations should virtually accommodate any cell size;

• Simulation of the receiver antenna effect. The influence of the receiver 

antenna on the received signal level can be considered in the extended dRET 

model;

• To consider a non uniform interface illumination. The original RET 

formulation was based on the assumption of uniform air vegetation interface 

illumination, hence limiting the minimum distance between the transmitter 

and the air vegetation interface which could be modelled. In the modified 

dRET model, the interface illumination function is calculated based on the 

transmitter position and the transmitter antenna specifications;

• To consider oblique incidence and point source illumination. The

implementation of the dRET model with oblique incidence, removes the lim 

itation in the angle of incidence of the intensity impinging in the interface. 

This is particularly important when the receiver antenna is close to the inter 

face and consequently the incidence angles of the signal depend on the receiver 

position.

The details of the various methods used to achieve the outlined improvements 

are explained in subsections 5.4.1.1 to 5.4.1.5.

5.4.1.1 Enhanced angular resolution

The original dRET may be regarded as a node based algorithm where the element 

volumes, or cells, are reduced to nodes exhibiting specific scattering properties. The 

specific signal intensities are only calculated at the nodes lying in the geometric 

centre of the cells. Under such circumstances, the interactions between cells are 

calculated on a cell centre basis, limiting the possible signal angular directions at 

each node, to 26 discrete directions. In Fig. 5.7 it is shown that the minimum non 

zero angle between the cell centres is 45° (although it can be proved that in a 3D 

cell structure such an angle is reduced to « 35°). This explains the relatively low 

angular resolution exhibited by the original dRET results.

In order to increase the angular resolution of the extended dRET model, a 

method to calculate the intensities corresponding to the directions in between the 

lines connecting the cell centres was developed. The difficulty arises from the lack 

of information about the behaviour of the intensity in angles between the directions
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As

Figure 5.7: Schematic of the 2D dRET cell interaction.

Region 3

Region 1

Figure 5.8: Schematic of the averaging method allowing to enhance the dRET angular resolution.

di and d% shown in Fig. 5.7. This difficulty was overcome using an empirical aver 
aging method, based on the path length travelled by each ray in the corresponding 
neighbour cell. This method was inspired in similar methods which can be found in
[81-84].

The averaging method is initially derived for a 2D situation being subsequently 
generalised to 3D. As presented in Fig. 5.8, this averaging method distinguishes 
3 different angular regions within the 0 to 45° angular range. The mathematical 
definition of these angular regions is presented in Eq. 5.9.

Regionl 0 < 0 < 18.43°
Region2 18.43° < 0 < 45°
Regions (f> = 45°

(5.9)

Assuming the 3 cell geometry presented in Fig. 5.8, the signal intensities entering 
cell 1, are calculated differently depending on their directions and consequently the 
cell where they were originated. The intensity entering cell 1 through the angular 
region 1, is simply the intensity flowing out of cell 2 on the selected incoming angles. 
The angular region 2 is called the "averaging region" since the intensity received in
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Figure 5.9: Diagram of the averaging method used in angular region 2.

I A\ T^Ul /A\ mn , rUUl f J.\ ~n 
(9) = IcelU (9) Pi + teem (<P) P2

this region, is considered to be an average of the intensities flowing out of cells 2 

and 3. This average is weighted by the normalised paths travelled by each intensity 

in the corresponding cell. Such paths, presented in Fig. 5.9, allow the calculation of 

the relative weights of the intensity components p™ and p\ , which are subsequently 

used in Eq. 5.10 to calculate the total intensity originated from region 2.

(5.10)

When angles within region 2 are considered, <j> values close to 18.43° yield small 

P2 and hence the influence of !%$[ on ^cSii *s relatively small. Furthermore, when 

the angle </> increases, the influence of cell 3 also increases whereas the influence of 

cell 2 decreases. At <f> fa 45°, p\ is almost zero and the influence from cell 2 vanishes.

At (f> — 45° or region 3, only the energy emanating from cell 3 is considered. This 

procedure is consistently applied throughout the remaining angular range between 

45 and 360°.
The values of the weighting functions pi and p2 are calculated for the angular 

region 2 i.e. 18.43° < <j> < 45°, according to Eqs. 5.11 and 5.12 and subsequently 

normalised using (5.13).

Pi (<i>) =
-tan0) (5.11)

P2 (9) =
As (-1 +3 tan <^)

2 sin i
(5.12)

Pi
(5.13)
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5.4 An extended dRET propagation model

The method outlined before can be extended to the 3D geometry shown in Fig. 
5.10 representing a 27 cell cluster (3x3x3 cells). Similarly to the 2D averaging 
method, the specific intensity entering the central cell (represented in green) depends 
on the direction under consideration. This direction is defined by the 6 and <p angles 
measured according to Fig. 5.6 while assuming the XYZ coordinate system shown 
in the bottom right of Fig. 5.10. Hence, each cell is referenced by their (x-,y,z) 
coordinates using the same coordinate system.

Considering the rays entering the central cell through the left face of the cubic 
structure, the different angular regions correspond to the faces shown with different 
colors. In region 1 (red) the intensity entering the reference central cell is originated 
from cell (3,2, 2) only. In angular region 2 (blue) the intensity entering the green cell 
crosses two neighbour cells and will be weighted by the corresponding path lengths. 
The method is also used for angular region 3 (yellow) where 3 neighbour cells are 
in the signal path.

The path lengths corresponding to each angular region were calculated using a 
Matlab® code developed for the 3D implementation of the extended dRET. This 
code, calculates the intersection points between a straight line aligned with the 
direction defined by the 0 and </) angles, and the planes defining the cell boundaries. 
Once these intersections are determined, a recursive method is used to calculate the 
path length corresponding to each cell.

Using the averaging method outlined before, it is possible to calculate the specific 
intensities entering each cell in a wider set of discrete angular directions. The num 
ber of discrete angular directions which might be considered is not limited by the

Figure 5.10: 3D dRET cubic cell structure (27 elements).
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averaging method. Hence, the factor limiting the angular resolution is however the 

amount of calculations which tend increases exponentially as the angular resolution 

is augmented.

5.4.1.2 Solving Iri and Id equations

The authors of the original dRET formulation [19] used a piecewise linear approxima 

tion to obtain the discrete RET equations (5.6) and (5.7). Although this approach is 

valid when relatively small cell sizes are used, it has caused difficulties in the dRET 

convergence for cells larger than 1.5 meters. The trees generally found in the forests, 

have canopies with 5 to 20 meters of diameter and consequently the original dRET 

formulation might be unusable for applications where one single tree correspond to 

one vegetation cell. Due to the difficulty of extracting the model parameter for half 

a tree of less, the usage of tree size cells might be very important. This issue will be 

discussed later in the light of the presentation of a parameter scaling method which 

allows the inference of the propagation parameters for small portions of a tree, based 

on the parameters extracted from the complete tree.
The ITi equation (5.2) can be assumed to be a first order linear differential 

equation exhibiting the general form presented in appendix B, considering the q(x) = 

0 and p(x) = ke . Hence, the exact solution for the !„ equation can be found 

based on two initial conditions, depending on whether the first layer of cells or the 

subsequent layers are being considered. At first cell layer, the boundary condition is 

I™ (n — 1) = /0 whereas in the subsequent layers, the initial condition is I™ (n) = 

I°UT (n — 1), where n stands for the number of the layer being considered. Using 

these boundary conditions, and the relations presented in appendix B, Eq. 5.14 is 

obtained:

I™T (s0 ) = I™(s,)e-k^\ (5.14)

where s0 represents the direction of !„. This equation allows the calculation of 

the reduced intensity emanating from an element cell, based on the input reduced 

intensity, the extinction coefficient and the cell size.
The diffuse intensity equation (5.3) might be solved using a similar approach. 

Considering the relation shown in (5.15), the diffuse intensity equation also exhibits 

the specific form presented in appendix B.

ri, (5.15)
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where:

Ss = (5.16)
4?r

is the sum of the contributions from all the neighbour cells. Since diffused intensity is 
computed at the centre nodes of each cell, one might consider that Sa in (5.16) is con 
stant within the cell. Using the specific boundary conditions relative to the diffused 
intensity i.e. Id (s,n = 0) = 0 at the first layer; and I^N (s,n) = I$UT (s,n- 1} 
at the subsequent layers, the solution for Id which is presented in (5.17) can be 
obtained.

TOUT I £ \ _ ^38 \S) ,
[ d V*/ ~~ ;„ "r"

(ks S (s) + ksp (Sp, s) I? - fe^ (s)) (5.17)

where S (s) is the weighted incoming contribution from the neighbour cells in di 
rection s and s0 is the direction of Iri . Considering the discrete angular directions 
inherent to the dRET, S (s) can be seen as a discretised version of (5.16) given by:

(5.18)

where p (s, s') is a discrete version of the phase function.
This formulation yielded convergent results for a wider range of cell sizes when 

compared with the original formulation. To prove the later, algorithms employing
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Figure 5.11: Convergence evaluation of the enhanced dRET utilising a) piecewise linear approxi 
mation and b) the complete equations, both considering As = 5m.
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both distinct approaches were used to calculate the signal intensity inside a 100 X 200 
meter forest divided into 5 meter cells. The maximum variation of J^, between each 
iteration step, was evaluated to verify the steady state criterion. This criterion was 
considered to be reached when the variation over two successive iterations became 
lower than O.ldB.

As shown in Fig. 5.11 a) the implementation of the dRET that relies on the 
piecewise linear approximation as presented in [19], is unable to converge into a 
stable result. Unlike the previous approach, the complete solution for the dRET 
differential equations shows good convergence at the end of a few iterations, even 
for 5 meter cells. This is confirmed by Fig. 5.11 b).

5.4.1.3 Receiver antenna effect

Simulations performed with the RET model, show that the beamwidth of the re 
ceiver antenna has an important effect on the predicted received signal strength. 
This influence is clearly shown in Fig. 5.12, where the calculated excess attenuation 
versus vegetation depth is shown considering different receiver antenna beamwidths. 
The receiver antenna effect is evident at large vegetation depths, where the diffuse 
signal is dominant. As the antenna beamwidth increases, the amount of diffuse re 
ceived signal also increases, suggesting that receiver antennas with larger beamwidth 
tend to receive more signal from directions other than the principal antenna axis. 
This explains the increased received signal when using broader antennas.

-120
40 60 

Vegetation depth (meters)
80 100

Figure 5.12: SJR influence on the RET received signal prediction.
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In order to simplify the RET mathematical formulation, the approach presented 
in [18], considers a simple Gaussian shaped receiver antenna. In practice, antenna 
radiation patterns exhibit relevant characteristics such as secondary lobes, which 
might influence the received signal level and directional spectrum shape. Poten 
tially, the discrete ray approach from the dRET should allow the computation of 
the received signal power for an arbitrary shaped receiver antenna. However, the 
original dRET formulation, with its 35° of maximum angular resolution, does not 
provide enough angular resolution whenever narrow beamwidth antennas are used. 
Consequently, we will make use of the enhanced angular resolution version of the 
dRET so that a detailed description of the directional behaviour from the received 
signal can be obtained.

The underlying theory behind the method used to find a relation between the 
directional intensity profile, the radiation pattern of the receiver antenna and the 
receiver signal level is based on the convolution process proposed in section 4.4.2.

The diagram shown in Fig. 5.13, explains the coordinate system used at the re 
ceiver antenna position, where 4>nx is the azimuth of the antenna main axes whereas 
<£ is a generic azimuth angle around the antenna. The received signal power level 
at a specific location within the forest defined by cell coordinates ij, is given by the 
sum of the incident specific signal intensities, after being conveniently weighted by 
the antenna radiation pattern. Such a relation is expressed by Eq. 5.19.

A2 (5.19)

where A0 is the signal wavelength, /„ is the incoming signal intensity at the cell 
located at ij position and GRX is the radiation pattern of the receiver antenna. In 
order to obtain the excess attenuation value, the received signal power is normalised

Vegetation medium

Antenna 
Main Axis

Figure 5.13: Receiver antenna 2D angular coordinates.
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to the maximum received power at the interface which might be given by (5.20) [18].

(5.20)

According to the calculations presented in [18], the excess attenuation due to the 
presence of vegetation in the radio path might be calculated using (5.19) and (5.20):

A = = 0)

•£•
(5.21)

where Iio is the incident intensity at the ilh interface cell. The denominator of (5.21) 
is constant and independent from the cell where the attenuation is being calculated. 
Consequently, the relation between the incident signal intensity, the receiver antenna 
radiation pattern and the received signal power level is determined by the discrete 
circular convolution expressed by Eq. 5.22.

>RX ) = GRX (5.22)

The 2D scenario shown in Fig. 5.13 can be extended to 3D by considering the 
coordinate system from Fig. 5.14, where 0RX and (/)RX are the receiver antenna 
azimuth and elevation receiving angles. In this 3D scenario, the received power level 
can be denned according to Eq. 5.23.

Figure 5.14: Receiver antenna 3D angular coordinates.
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A __ _________J IJ \VKJt

~~ Pint (9Rx = 90°, tax = 180°)

E E GRX (9 — QRX, <j> — tax) hj (9, (/))

= EEGM (0-90°,*-180°)/«(<?,# (5 ' 23) 
e </>

The received power definition, relies on the existence of a 3D radiation pattern 

from the receiver antenna and also a 3D received signal directional profile. Although 

the 3D radiation pattern from the receiver antenna can be obtained from measure 

ments, such measurements are difficult to perform. Hence, an alternative method 

utilising the interpolation from E and H-planes radiation patterns is presented [85- 

87]. Due to its simplicity, the method outlined in [87] was chosen to interpolate 

the complete radiation patterns of both the receiver and the transmitter antennas. 

This method, used in the 3D implementation of the modified dRET, estimates the 

complete antenna radiation pattern based on the weighted sum of the horizontal 

and vertical individual patterns. This weighted sum might be calculated according 

to the equation presented in (5.24).

G(9,(j>) = GH ((/>}——— + GV (9}——— , (5.24)
Wi + W-2 Wi + W2

where G (9, <f>) is the 3D estimated radiation pattern, GH (</>) and GV (9} are the 

azimuth (horizontal) and vertical (elevation) principal normalised radiation patterns 

in dB and wi and Wi are weight functions defined by Eq. 5.25.

(5.25) 
= 9h (</>) (1 - gv (0))

where gv (9) and gh (<p) are the vertical and horizontal linear radiation patterns, 

respectively.
An example of the interpolation method results is presented in Fig. 5.15. These 

results were obtained from the measured horizontal and vertical radiation patterns 

corresponding to the 10 dBi 20 GHz horn antenna shown in Fig. 3.8 a).

5.4.1.4 Non uniform interface illumination

The RET approach presented in [18] assumes uniform air to vegetation interface 

illumination, i.e. the specific intensity is constant across the interface. However, 

the dRET results from [19], present some simulated values based on single interface 

cell illumination, but unfortunately this possibility was not further developed.
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Figure 5.15: 10 dBi 20 GHz receiver antenna 3D radiation pattern.

In realistic outdoor environment, the uniform interface illumination is normally 

reached by using broad transmitter antennas or by placing these antennas at a 

considerable distance from the air vegetation interface. Consequently, whenever 

these conditions are not met, both the RET and the original dRET formulations 

are not completely accurate. In order to improve the dRET model, the modified 

dRET implementation might not only accommodate different signal intensities in the 

interface cells, but also calculate these intensities based on the transmitter antenna 

position and radiation patterns.
A 2D scenario, used to calculate the interface illumination is presented in Fig. 

5.16. In this scenario, XF and yp represent the forest cartesian coordinate system, 

whereas XA and yA belong to a coordinate system centered on the transmitter an 

tenna. Finally, the (J)RX angle represents the transmitter antenna pointing angle.

The normalised received power level at the centre of each of the air vegetation 

interface cells (considering the first layer formed by free space cells) is given by Eq. 

5.26.

Pkti (dB] = (LFS (dmin) - LFS (4,/)] + GTX (4>A - <pRX ]

= 20 log [\dk *TX (5.26)
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Figure 5.16: 2D geometry for the calculation of the air to vegetation interface illumination.

where GTX is the normalised transmitter antenna gain, <J)A is the angle corresponding 

to the of the centre cell under calculation, d^i is the distance between the transmitter 

antenna and the centre of the (k, l) th cell, whereas dmin is the minimum distance 

between the transmitter antenna and the air to vegetation interface. Both dk,i and 

dmin distances, as well as the angle $& are functions of the transmitter position and 

the coordinates of the cell under calculation.
Considering the forest coordinate system, defined by (xp.yp}, the cartesian co 

ordinates from the interface cells can be expressed by Eq. 5.27.

XFC = [0.5 + (k- 1)] As 

yf = [0.5+ (/-!)] As
(5.27)

where k and / represent the coordinates of the cell under consideration. In order 

to relate the (xf, xf) coordinates with the antenna coordinate system, a convenient 

shifting must be performed. After the shifting process, the new cell coordinates are 

given by (5.28).

= XTX + [0.5 + (k - 1)] As 

= [0.5 + (/ - 1)] As - yTx
(5.28)

where XTX and yTx are the transmitter location coordinates.

Utilising a coordinate system transformation presented in (5.29), the cartesian 

coordinates from (5.28) can be transformed into the more convenient spherical co-
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ordinate system, thus obtaining </>A and d.

(5.29)

= tan

where dk,i and c/>Aktl are the distance and the pointing angle corresponding to the 
cell with the coordinate (k, Z).

The minimum distance between the transmitter antenna and the air vegetation 
interface, which is used for normalisation purposes is given by (5.30).

<4 = V (xTxf + (5.30)

The formulation outlined before, is generic and can therefore be used for all 
the transmitter positions within the projection of the interface, i.e. XTX > 0 and 
0 < UTX < WF, where WF is the width of the forest.

The 2D formulation, can be conveniently extended to 3D by considering the 
diagram presented in Fig. 5.4. To this extent, the cartesian coordinates of the 
interface cell centers, considering the transmitter antenna coordinate system, are 

therefore given by Eq. 5.31.

= XTX + [0.5 + (k- I}} As 

= [0.5 + (Z - 1)] As - yTX 

= [0.5 + (m- 1)] As - ZTX

(5.31)

where the cell under consideration is specified by its (A;, Z, m) coordinate. The spher 
ical coordinates allowing the calculation of the radiation pattern and distance influ 
ences on the illumination amplitude are given by Eq. 5.32. Finally, the normalised 
received power at each cell within the interface may be calculated using (5.33).

(5.32)

(dB) = 20 log
k,l,m

+ GRX (9 - 0RX , <P - (5.33)

133



5.4 An extended dRET propagation model

where GRX is the 3D normalised radiation pattern from the transmitter antenna, 
(GRX^RX) are the antenna pointing angles and dmin is the minimum distance be 
tween the antenna and the air vegetation interface given by Eq. 5.34.

drain = + + (5.34)

An initial assessment of the method to calculate the air to vegetation received 
signal, is performed considering a 20 meter side cubic vegetation volume. The 
vegetation volume is illuminated through a 20 GHz 10 dBi transmitter antenna, 
placed at the projection of the geometric centre of the air to vegetation interface 
2-e. yrx = zTx = 10m. The illumination function was calculated considering air 
vegetation interface cells with 0.25 meters. The predicted normalised signal available 
at the interface is shown in Fig. 5.17, considering the transmitter antenna placed 
at 10 meters from the interface. In Fig. 5.18 the same normalised signal is shown 
for an antenna placed 5 meter away from the air to vegetation interface.

Through the comparison of Figs. 5.17 and 5.18, one can notice that the transmit 
ter antenna placed closer to the interface, causes a less uniform illumination pattern. 
This is supported by the average relative value of the normalised received signal at 
the border of the interface which are -20 dBf considering the antenna placed at 5
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Figure 5.17: Normalised received signal (dBf) at the air vegetation interface of a 20 meters height 
and 20 meters width forest using a 20 GHz 10 dBi horn antenna placed 10 meters away from the 

interface.
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Figure 5.18: Normalised received signal (dBf) at the air vegetation interface of a 20 meters height 
and 20 meters width forest using a 20 GHz 10 dBi horn antenna placed 5 meters away from the 
interface.

meters and -12 dBf when the antenna at the farther distance of 10 meters.
The effects from the antenna position (yxx — ZTX = 10m) as well as its pointing 

angle (6rx = 90° and (f>Tx — 0°), are also visible since the maximum received signal, 
which is coincident with the direction of maximum radiation of the receiver antenna, 
lies at the centre of the air vegetation interface.

Figure 5.19 shows the received signal profile at the interface when the TX antenna 
in placed just above the ground (ZTX = Om). Due to the antenna orientation, which 
is pointing directly towards the air vegetation interface, the maximum received signal 
level is now at 0 meters height. As expected, the normalised signal level at the top 
of the forest interface (x£ near to 20 meters) decreases from around -20 dBf in Fig. 
5.18, to the -30 dBf in Fig. 5.19. This is both due to the transmitter antenna 
directivity and the increased distance between the antenna and the cells located at 
the top layer of the interface.

Figure 5.20 presents the received signal level at the interface assuming the trans 
mitter antenna is tilted up by an angle of 40°. This antenna orientation, compre 
hensively enhances the amount of received signal at the top of the forest by shifting 
the direction of maximum radiation. Consequently, the projection of the maximum 
radiation direction is shifted upwards by approximately 4.5 meters from Fig. 5.19 
to Fig. 5.20.
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Figure 5.19: Normalised received signal (dBf) at the air vegetation interface of a 20 meters height 
and 20 meters width forest using a 20 GHz 10 dBi horn antenna placed at the ground level and 5 
meters away from the interface.

The simulation results presented throughout this section, show the good effec 

tiveness of the proposed method to calculate the normalised illumination level at 

the air to vegetation interface. It is remarkable, that even with the relatively broad 

antenna employed i.e. HPBW « 50°, the signal variation across the interface 

exceeded 30 dB considering the transmitter antenna was close to the vegetation. 

Such wide signal variations, suggest the need of a propagation model capable of 

accommodating non uniform interface illumination. It was shown that the proposed 

calculation method, being based on the single ray propagation model, effectively 

deals with different positions of the TX antenna in relation to the forest and also 

with different pointing angles.

5.4.1.5 Oblique incidence and point source illumination

Whenever a generic propagation through vegetation scenario in considered, the inci 

dence angle of the specific intensity impinging at the air to vegetation interface may 

differ from normal incidence. Such situation requires a propagation model capable 

of accommodating an oblique incidence scenario.
Normally, if the transmitter antenna is sufficiently distant from the air vege 

tation interface, one can consider the IQ rays to be parallel and consequently the
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Figure 5.20: Normalised received signal (dBf) at the air vegetation interface of a 20 meters height 
and 20 meters width forest using a 20 GHz 10 dBi horn antenna placed at the ground level at 5 
meters from the interface pointing upwards with 40° of elevation.

incidence angle remains constant throughout the vegetation structure. Under these 

circumstances, the propagation rays are arranged as presented in Fig. 5.21 a). In 

contrast, Fig. 5.21 b) shows the situation where the transmitter is placed at a short 

range from the air to vegetation interface. In this scenario, the vegetation volume 

is illuminated by a point source and consequently the incidence angle depends on 

the vegetation cell under consideration. Such an incidence angle, corresponding to 

each vegetation cell within the forest, can be calculated using the relative position 

between the transmitter antenna and the cell under consideration.

If one considers the 3D scenario outlined in Fig. 5.4 and the corresponding 

TX antenna coordinate system, the cartesian coordinates from each cell within the 

vegetation volume are given by Eq. 5.31. Furthermore, these coordinates may be 

used to calculate the incidence angles of the reduced signal intensity impinging at 

each cell, as shown in (5.35).

= - tan'1
(5.35)

where Qpklm and <j>pklm are the incidence angles of the coherent component corre-
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(b)

Figure 5.21: Impinging rays at the air to vegetation interface a) with oblique incidence (parallel 
rays) and b) under point source illumination.

spending to the cell with the (k, I, TO) coordinates.
The calculation of the coherent intensity emanating from the cells in the vegeta 

tion structure is different depending on whether the incidence is normal or oblique. 
When the oblique incidence is considered, the cell layers are not parallel to the direc 
tion of propagation. This is especially important when a point source is considered 
and therefore, the angles of propagation depend on the cell under consideration. In 
order to calculate the coherent intensity, the original ITi equation must be trans 
formed into Eq. 5.36.

Iri (k, /, TO) = I0 e (5.36)

where ke (k, I, m} is the extinction coefficient corresponding to cell (k, /, m) whereas 
ASJ is the path travelled by the coherent signal in the (fc, /, m) cell. These paths 
were calculated according to the diagram shown Fig. 5.22.

The proposed method allows the individual calculation of the coherent compo 
nent amplitude for every cell within the computational volume. In the point source 
case, the same method is applied to the ray reaching each cell, using the respective 
incidence angle. The different incidence angles are subsequently considered in the 
calculation of the diffuse intensity generated by each cell, through the usage of the 
appropriate 70 angle in the source term of Eq. 5.7.

By considering different ke values for the various cells within the vegetation 
structure, the inhomogeneous extinction properties of the vegetation can be accom-
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Figure 5.22: Oblique incidence signal path.

modated in the extended dRET formulation. Any varying scattering properties 

across the structure would also have to be considered in the incoherent component 

equation.
In order to calculate the various Iri path lengths along the line connecting the 

receiver and the transmitter, a specific Matlab® code was developed. This code, 

based on the straight line equation, uses the intersections between the RX-TX line 

and the cell borders to calculate the respective path lengths.

Although the implementation performed during the current research work only 

considers a single forest face illumination, the method is suitable to be extended to 

the situation where two or more faces are illuminated.

5.4.2 Extended dRET mathematical formulation

The formulation of the modified dRET, takes advantage of the improvements out 

lined before. The enhanced angular resolution makes it possible to increase the 

number of discrete angular directions in which the signal intensity can be calcu 

lated. These discrete directions were numbered and uniformly distributed over the 

8 and <t> angular range. The parameters n^e and n^, define the number of discrete 

angular directions which are accommodated in the [0°,45°[ angular range for 9 and 

0, respectively. The proposed distributions of the discrete angular directions are 

shown if Fig. 5.23. The angular resolutions used during the calculation of the 

signal propagating through the vegetation medium are defined by the nde and
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Figure 5.23: Discrete angular directions distributions: a) elevation angles; b) azimuth angles.

parameters as shown in Eq. 5.37.

(5.37)
a 45° VRES =

where 0^£5 and ORES are the minimum (f> and 0 angles, respectively. These resolu 

tions directly influence the amount of computational resources used by the model 

and consequently they can be defined separately for flexibility purposes.

Instead of using the linear approximations from the original dRET equations, 

shown in (5.6) and (5.7), the new formulation uses the solved RET equations prop 

erly adapted to accommodate the discrete angular directions.

The coherent component is calculated using a slightly modified version of (5.36) 

considering the non-uniform interface illumination. This equation is presented in 

(5.38).

ITi (fc, Z, TO) = /0 (/c, /) e (5.38)

where IQ (k, Z) is the intensity distribution across the air to vegetation interface. The 

incidence angles of Iri are approximated to the closest discrete direction which is 

subsequently used to calculate the diffuse intensity emanating from every cell using 

to Eq. 5.39.

jOUT ,
/Cg

(^S1 ,, (61 , 0) + /csp (6Pk
A/g

Vo. 

[^ (0, </>)) e- fc- As

/Ce

(5.39)
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where p is the phase function, (dphlm , (/>pklm ) specify the direction of the incident 

reduced intensity and Ss (0, </>) is the contribution from neighbour cells denned by 

Eq. 5.40.

ss (6, $ = (0, h 6*

The phase function p (0, 0; 0j, <&), represents the amount of signal energy which is 

transferred from direction (0, (/)) to direction (6i} <&). Unlike the initial RET formu 

lation, the definition of this function is not restricted to a Gaussian phase function 

consequently any arbitrary shape may be used.
The calculation of Id, based in Eq. 5.39, is performed utilising two different steps 

according to the flowchart presented in appendix C:

1. The complete equation (including the 1^ term) is used. Through this step, 

the coherent component is transformed into incoherent signal, consequently 

generating the initial 7d ;

2. The reduced intensity term Iri is set to zero, since the coherent component 

effect has already been considered in the first step. During this step, the Id 

equation is iterated several times, gathering all the interactions between the 

cells of the vegetation structure. The iteration process is continued until a 

steady state is reached.

Once the steady state is reached and consequently the iteration process is stopped, 

the total intensity corresponding to every cell within the vegetation structure is de 

termined for all the discrete angular directions. In order to obtain the received signal 

level, the receiver antenna effect has to be considered. This is done employing Eq. 

5.23 as explained is section 5.4.1.3.

5.4.3 Model summary and further development guidelines

The extended dRET formulation outlined before, overcomes some of the limitations 

exhibited by the previous models for propagation through vegetation. This formu 

lation is valid for both 2D (only <p considered) and 3D (9 and (f> angles taken into 

account) radio path geometries.
Although a few possible propagation modes, which might occur in practical situa 

tions, were not implemented or tested, e.g. ground reflection in front and underneath 

the canopy, transmitter positioned above the canopy and multiple transmitters, the 

cellular and modular formulation of the dRET can potentially deal with such situ 

ations.
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The ground reflection which occurs ahead of the canopy, can be accommodated 

by considering a two ray model to calculate the interface illumination instead of 

the single ray model. As a consequence, two incident coherent intensity rays will 

be present at every cell. The amplitudes of the direct rays can be calculated using 

the method outlined before, whereas the ground reflected rays might be determined 

using the image theory explained in section 4.7 of [68]. During the first step of Id 

calculation, both coherent amplitudes will generate different Id values which can be 

summed up under the assumption that power sum rather than field sum holds [18]. 

The subsequent calculation steps using the diffuse intensity equation are similar to 

the non ground reflection situation.
A ground reflection component, which takes place underneath the vegetation 

canopy, can be simulated by placing a reflective cell layer directly below the dRET 

cellular structure. The reflection properties of the cell belonging to this reflective 

layer can be controlled by choosing an appropriate scattering or specular reflec 

tion function. These cells will take part in the dRET iterative evaluation of the 

propagated signal in a similar way as the remaining vegetation cells.
The situation where the transmitter is positioned higher than the canopy top, 

leads to the illumination of up to three forest interfaces instead of the single inter 

face illumination considered before. The technique which may be used to calculate 

the interface illumination and the attenuation of the coherent signal through the 

vegetation, is similar to the one outlined before. Nevertheless, some care should be 

taken in the determination of the signal path due, to the possible different bound 

ary conditions which will arise depending on the interface that is crossed by the 

impinging radiation.
Finally, a scenario which is likely to occur in practice, is the vegetation volume 

illuminated by multiple transmitters. In this situation, the method outlined to deal 

with the two ray model due to the ground reflection ahead of the canopy can be 

used. This scenario may be particularly useful in performing interference prediction 

calculations.

5.5 Parameter extraction method for inhomoge 

neous vegetation media

The RET modelling assumes an homogeneous medium to describe the propagation of 

signal through the vegetation. The homogeneity assumption, considerably simplifies 

the description of the medium since it considers the same propagation characteristics 

are present across the entire vegetation half space. To this extent, measurements
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aiming to extract the RET input parameters can be considered relatively simple to 
perform.

In contrast, the extended discrete version of the RET, models the forest as a 
cellular structure formed from several vegetation blocks exhibiting different propa 
gation characteristics. In order to ensure the correct description of the medium, the 
various propagation characteristics, introduced into the model using distinct values 
of the model input parameters, must be independently extracted from the different 
vegetation types forming the medium.

Throughout this section, a method to extract the dRET parameters from isolated 
vegetation structures is proposed. This method, is based on the RET parameter 
extraction method presented in section 4.4 with a few modifications intended to 
adapt it to the isolated vegetation scenario.

The method utilises 3 different measurements taken at positions MI to MS, per 
formed according the the geometry shown in Fig. 5.24. The distance between the 
transmitter and the tree is chosen so that the complete canopy width is illuminated 
within the transmitter antenna half power beamwidth. At every measurement posi 
tion, the receiver antenna is rotated ±45° over its vertical axes and the directional 
profile of the received signal is recorded with 1° of resolution.

The measurement performed at position MI is used for normalisation purposes 
only. The purpose of the measurements carried out behind the tree, i.e. at po 
sition M3 , is twofold: the peak measured power is used for the estimation of the 
extinction coefficient ke , whereas the resulting directional signal profile is used in 
the estimation of the phase function beamwidth. Finally, the measurement of the 
side scattered signal, performed at position M2 , is used both on the optimisation of 
the phase function parameter a and the scattering cross section ks . Details about

Figure 5.24: Measurement geometry for dRET input parameter extraction.
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the determination of each of the dRET parameters are given throughout the next 
subsections.

5.5.1 Measurement of the extinction coefficient ke

The evaluation of the dRET extinction coefficient, is based on the measurement of 
the excess attenuation caused by a relatively thin volume of vegetation. The size 
of the vegetation volume under measurement and the beamwidth of the receiver 
antenna must be chosen so that the signal reaching the receiver is predominantly 
coherent, otherwise the value of ke might be underestimated.

A method to measure the excess attenuation caused by a small plant, is presented 
in [75]. In this method, the transmit and receive antennas are placed facing each 
other at a distance such that the mutual far field criteria is fulfilled. Using this 
antenna arrangement, a normalisation free space measurement is performed. The 
excess attenuation caused by the tree is subsequently extracted by introducing the 
tree in the radio path between the antennas and measuring the received signal level. 
Although this procedure can be easily employed on small plants and thus may be 
suitable for indoor measurements, an alternative method must be utilised in outdoor 
radio paths containing full size trees.

The method proposed here, is based on two measurements performed in front 
and behind the tree under consideration, according to the diagram of Fig. 5.25. The 
distances di and cfa, also shown in the diagram, are used to calculate the excess free 
space loss which will be subtracted from the total measured loss. As an example, 
the measured power levels for a full leaf White Oak tree, obtained at 40 GHz are

Position 
W,

Figure 5.25: Setup for ke parameter extraction.
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Figure 5.26: Measured received power levels at positions MI and M3 for a White Oak tree at 40 
GHz. (12 meters of canopy diameter)

shown in Fig. 5.26. The maximum measured power levels and the relative distances 

between the transmitter and the receiver measurement positions, can be used to 

calculate the extinction coefficient, as shown in Eq. 5.41.

P3 max _ g-fc^ds-di) /rfl 

Pi max \d3
(5.41)

where n is the excess free space loss the decay term. This term was considered to 

be n = 2, consequently indicating that a single ray model was employed in the free 

space loss calculation.
The extinction coefficient obtained using this method, describes the decay of the 

signal level due to the excess vegetation attenuation, consequently excluding any 

decay caused by free space attenuation. Due to this, the value of ke can be directly 

used in the dRET coherent component equation in order to obtain predicted values 

for the excess attenuation.
The method outlined here would only be exact if one could ensure that the re 

ceived signal at position M% is predominantly due to the coherent signal component. 

The coherence of the received signal behind the tree may be guaranteed, providing 

that the vegetation depth used during the measurement is small enough. Some 

experiments reported in section 4.4.1 and also in [11, 18], suggest that utilising a 

practical vegetation depth corresponding to one tree, relatively good results for ke 

might be obtained. Furthermore, the magnitude of incoherent signal behind the
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test vegetation block, is also influenced by the receiver antenna HPBW. In order to 

provide useful results, the receiver antenna HPBW should be as narrow as possible.

Measurements performed around several test trees, allowed comparison of the 

magnitude of the coherent and incoherent signal components. This was done as 

suming the received signal at measurement position M2 is predominantly due to 

incoherent component. The comparison between the M3 and M2 received signals, 

obtained utilising receiver antennas with beamwidths ranging from 3 to 8° suggests 

the coherent signal is dominant at M2 . Nevertheless, any error introduced by the 
existence of incoherent intensity on the received signal at MZ, may increase the to 

tal received signal level, eventually yielding an underestimation of the extinction 
coefficient.

In the future, the incoherent signal effect may be partially avoided by allowing 

the transmitter antenna to illuminate less than 100% of the canopy width. Util 

ising Gaussian shaped radiation pattern antennas, might also be useful due to the 
absence of secondary lobes. However, more accurate results may be obtained using 

wideband measurements, consequently allowing the receiver to discriminate between 

the direct and scattered rays. Finally, in order to ensure that the coherent signal 
is dominant in the measurement performed at M3 , small vegetation volumes should 

be used whenever possible. Comprehensively, a single tree depth was used within 
this research project due to the practical difficulty of using smaller distances (e.g. 

half a tree).

5.5.2 Phase function estimation

The phase function characterises the directional scattering profile from the radiation 

impinging on a single specific scatterer or group of scatterers. In other words, this 
function specifies the amount of signal energy transferred from one direction to 

another due to the scattering process. Considering a tree as a group of scatterers, 

the method to measure the phase function would consist of rotating the receiver 

antenna following an arc around the tree [11, 14]. The phase function will therefore 

be given by the normalised received power levels at each angular position. A diagram 

from this phase function measurement method is presented in Fig. 5.27.
A diagram of the setup used to measure the 2D re-radiation function of a single 

illuminated tree is presented in Fig. 5.28. This method is based on a mechanical 

rig which moves the receiver antenna in a path following a precise arc around the 

tree. This rig, also maintains the precise RX-TX antenna alignment. Although the 

method may be used in an indoor environment, it has been reported in [76] that it 

is not suitable to perform measurements on full size trees. The implementation of
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Vegetation ..-'" 
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Figure 5.27: Phase function measurement using the receiver antenna rotation around the tree 
method.

Side View

:

Figure 5.28: Indoor re-radiation measurement setup (Side View).

such a measurement method for large vegetation volumes would require moving the 

receiver antenna, therefore disturbing the required antenna alignment.

In order to overcome the difficulty in maintaining the precise antenna alignment, 

an approximated measurement method, which minimises the need for the receiver 

antenna movement, was developed. The modified method, evaluates the phase func 

tion beamwidth /?, based on a receiver rotation around its vertical axes rather than 

a rotation around the vegetation volume. A comparison between the ideal and ap 

proximated measurement methods to estimate the /3 parameter is shown in Fig. 

5.29. As shown in the figure, for small /3 angles the common illuminated volume by 

the receiver and the transmitter antennas is similar for both ideal and approximated 

measurement positions. Consequently, the measured (3 values are considered to be 

similar.
The 0 parameter, is obtained by fitting the normalised Gaussian phase function 

given by Eq. 5.42, to the measured received signal directional profile. The fitting is 

performed by calculating the RMS error between the Gaussian phase function and
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Figure 5.29: Approximated method to "measure tue pnase luiiuuioii parameter /?.
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Figure 5.30: Example of the phase function parameter /? extraction for a Silver Birch at 40 GHz.

the measured signal profile for a wide range of (3 parameters and selecting the value 

yielding the lowest error. An example from results obtained with the approximate 

measurement method outline above, is shown if Fig. 5.30, for a Silver Birch tree 

measured at 40 GHz. The figure, shows the measured directional received signal 

profile and the corresponding fitted Gaussian curve.

Pn (4>RX] =

<t>RX
(!-<*)

(l-o)
(5.42)

Only the j3 parameter is extracted, from the fitting of the Gaussian curve shown 

in Fig. 5.30, since the backscatter level shown by this curve, is likely to be due to
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Figure 5.31: Side scattered signal level measurement setup.

the variation of the receiver and transmitter common illumination volume which de 

creases as the receiver antenna points away from the tree. Therefore, the extraction 

of the side scatterer signal level, which leads to the phase function backscattering 

level and hence the parameter a, is accomplished through a distinct side scatter 

measurement. The relative receiver, transmitter and vegetation volume locations 

used to measure the side scattered signal level are shown in Fig. 5.31. The mea 

surement is performed rotating the receiver antenna around its vertical axes in a 

±45° angular range using 1° of resolution. The side scattered signal is subsequently 

calculated by averaging the signal level at each angular position. The normalised 

signal level obtained from this measurement is used in conjunction with the phase 

function equation (5.42) to calculate the a parameter value.
The Gaussian phase function assumed throughout the outlined measurement 

method, allowing the simplification of the measurement procedure, has been ex 

tensively validated in indoor and outdoor measurements [14, 18, 75] consequently 

supporting this assumption. Furthermore, the proposed measurement method is 

based on two receiver location measurements to estimate both phase function pa 

rameters, instead of several measurement locations around the tree as required by 

other methods. Hence, this is a considerable simplification of the outdoor measure 

ment procedure.

5.5.3 Optimisation of the scattering cross section ks

In order to evaluate the vegetation scattering cross section, or ks , the side scattered 

signal by the test vegetation species is once more used. Such evaluation is performed
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Figure 5.32: dRET tree model used during the ks parameter optimisation.

considering the tree under test forms a single dRET vegetation cell which is uni 
formly illuminated by the transmitter antenna. The outlined scenario is presented 
in Fig. 5.32.

Considering the scenario from Fig. 5.32, the received signal normalised power 
level will be given by Eq. 5.43.

D (A. r\c\°\ V^ n < A. \ Id(4>i + 270°) , . PRX (9 = 90 ) = 2^ GRx(9i) ——— j ———— , (5.43)
0i=-45° °

where GRX is the normalised radiation pattern of the receiver antenna, IQ is the 
maximum intensity at the air to vegetation interface (for normalisation purposes) 
and Id is the diffuse intensity radiated by the vegetation block.

The incoherent signal intensity was calculated through the application of the 
dRET equation to the single vegetation block presented in the propagation scenario. 
This equation is a simplified version of (5.39), which ignores any interaction between 
vegetation cells. This is possible since the complete tree is modelled using a single 
dRET cell. The simplified Id equation is given by (5.44).

,<(,)= W*)*? (I-'""). (,44)

where p(<j>) represents the Gaussian phase function given by (5.42) after an appropri 
ate normalisation process to fulfill the power conservation criteria, d is the cell width 
in meters, ke is the extinction coefficient, and I^N is the input reduced intensity at 
the single vegetation cell. The input reduced intensity can be determined through 
Eq. 5.45, which represents the signal intensity impinging at the single vegetation 

cell.

I? = Io (5.45)
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Finally, equations 5.43, 5.44 and 5.45 can be used to optimise ks such that the 
received power level PRX ((j> = 90°) fits the measured side scattered signal obtained 
from the measurement geometry shown in Fig. 5.32.

5.6 dRET parameter scaling

The discretisation of the vegetation medium into individual cells, eventually pro 

duces a certain amount of stair case error. This error, due to the assumption that 
the signal is invariant throughout the cell volume is inherent to the discretisation 
of the vegetation volume. Nevertheless it may be minimised by maintaining the 
vegetation cells size as small as possible. However, using small size cells presents 
two main difficulties:

• It increases the total number of cells required to represent a given vegetation 
volume, consequently increasing the amount of computational resources e.g. 
RAM memory and CPU time, needed to run the propagation model;

• It is difficult to extract the phase function parameters from cells which are 
smaller then the trees forming the forest to be modelled.

The parameter extraction from small size cells is particularly difficult to perform, 
especially when those cells are smaller than the trees to be modelled. As a matter of 
fact, the phase function parameters whose extraction is based on the measurement of 
the re-radiation function, is impossible to perform for half or a quarter of a tree. To 
overcome this issue, various re-radiation measurements, using different vegetation 
volumes, were performed trying to establish the variation properties of the dRET 
input parameters with the size of the vegetation volume. Once such a variation 
relation was established, it was possible to infer the propagation parameters from 
smaller volumes than the ones used in the measurements. This process is the so- 

called parameter scaling.
From the four dRET parameters, ke and ks should remain unaffected by the 

variation of the vegetation cell size as they are expressed in a per meter basis. The 
same must not apply to the phase function parameters a and {3 which will vary with 

the vegetation volume size. These two parameters are expected to vary according 

to the following guidelines:

• /3 is expected to rise with the increasing vegetation volume due to the broad 
ening of the re-radiation function forward lobe. The broadening is caused by 
the multiple internal scattering inside the vegetation canopy structure, which
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transforms the coherent signal into the incoherent signal component. A large 
amount of scatterers present in the radio path will increase the amount of 
scattering consequently increasing the estimated (3 parameter value;

• a should decrease when the volume of the vegetation present in the radio path 
increases. This is due to the scattered signal increasing caused by the same 
reason presented above i. e the increased number of scatterers disturbing the 
radio path.

An evaluation of the a and /3 dependence on the size of the vegetation volume, 
was performed through the assessment of a series of re-radiation functions for differ 
ent illuminated vegetation volumes at 20, 40 and 62.4 GHz. The experiment involved 
the measurement of the phase function parameters using the setup presented in Fig. 
5.33. The four Ficus Benjamina plants forming the various vegetation volumes 
utilised during the measurements, had a mean canopy diameter of 60 cm and 1.5 
meters of height. From the four plats, which were named Fl, F2, F3 and F4, both 
Fl and F2 exhibited a relatively sparse leaf structure when compared with F3 and 
F4. Photographs of the four Ficus plants are shown in Fig. 5.34.

The measurements were performed inside the anechoic chamber by rotating the 
receiver along an arc around the vegetation volume. The experiment was carried 
out within an angular range of </> = ±135° with 1° of resolution. At each position 
of the receiver rotation arm, the tree was rotated in a continuous <f>t = 360° move 
ment around its vertical axis. This movement taking approximately 10 seconds, 
allowed the receiver (in conjunction with the LogAmp) to acquire 1 x 106 samples 
at the maximum sampling rate of the DAQ (100 ksamples per second). The sam 
ples obtained during the tree rotation were averaged and the mean signal level was 
recorded, hence yielding the tree re-radiation function.

Top View

Figure 5.33: Indoor re-radiation function function measurement setup (Top View).
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(a) Plant Fl (b) Plant F2 (c) Plant F3 (d) Plant F4

Figure 5.34: Pictures of the four Ficus Benjamina plants used throughout the parameter scaling 
measurements.

Both the 20 and 40 GHz measurements were carried out using 20 dBi horn 
antennas at the receiver whereas 10 dBi antennas were used at the transmitter. The 
measurements at 62.4 GHz, employed a 25 dBi horn antenna at the transmitter and 
a 10 dBi antenna at the receiver. The distance between the transmitter antenna 
and the Ficus plants was selected to ensure that 2/3 of the 60 cm canopy diameter 
was illuminated by the antenna half power beamwidth.

The re-radiation measurements were performed in 7 different situations corre 
sponding to 6 different vegetation volumes and one free space measurement. These 
situations are summarised as follows:

• Free space measurement, without vegetation volume in the radio path. This 
measurement was used for normalisation and reference purposes;

• Individual measurement of plants Fl to F4, allowing the estimation of the re- 
radiation function from the four plant. The results from these measurements 
yielded determination of the spreading effect caused by a single plant;

• Measurement of a group formed by F2 and F3 plants placed side by side;

• Measurement of a group formed by all the Ficus plants forming a square shaped 

vegetation volume.

The arrangements of the Ficus plants in the various vegetation volumes used to 
determine the variation of the phase function parameters are shown in Fig. 5.35.

Obviously, the diameter of the various vegetation volumes was different and con 
sequently, assuming the distance between the transmitter and the vegetation volume
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(b) 2 plants.
J = I35°/

(c) 4 plants.

Figure 5.35: Plant arrangement corresponding to the various vegetation volumes employed in the 
parameter scaling measurement.

-135 -90 -45 0 45 
RX rotation angle (deg)

(a) (b)

Figure 5.36: Measured re-radiation functions obtained at 40 GHz for: a) Ficus 1; b) Vegetation 
volume formed by 4 Ficus plants.

was unchanged, the 2/3 of the canopy width illumination was not maintained. Nev 
ertheless, it was important to maintain the measurement setup during the various 
sets of measurements to ensure any variation of the phase function parameters was 
exclusively due to the different vegetation volumes. Hence, the transmitter to vege 
tation distance was kept constant during the measurement of the different vegetation

volumes.
An example of the re-radiation function and their respective fitted phase func 

tions obtained for both Ficus Fl and the group of 4 Ficus plants, is presented in 
Fig. 5.36. The broadening of the re-radiation function forward lobe and the increase 
of the backscattering level, can be verified as the vegetation volume size increases 
from Fig. 5.36 a) to Fig. 5.36 b). This behaviour therefore confirms the expected 
a and /3 variations which can nevertheless be further verified analysing the data 
obtained from the remaining measurements performed at 20, 40 and 62.4 GHz. The 
measurements are summarised in Tables 5.1, 5.2 and 5.3, respectively.
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Table 5.1: a and /3 values extracted from measured vegetation blocks at 20 GHz.

Measured
Plant

Free Space

2
4

Fl 
F2 
F3
F4
Trees
Trees

# Plants
0

1

2
4

a
0.996
0.89 
0.84 
0.74 
0.79
0.63
0.30

13
31.3
33.5 
35.7 
38.6
37.4
40.6
43.0

0

o 

o

0 

0

o

o

Average
a

0.996

0

0
0

.82

.63

.30

ft
31.

36.

40.
43.

3°

3°

6°
0°

% Variation
a

100%

81.8%

63.3%
30.1%

ft
100%

116.0%

129.7%
137.4%

Table 5.2: a and /3 values extracted from measured vegetation blocks at 40 GHz.

Measured
Tree

Free Space
Fl
F2
F3
F4

2 Trees
4 Trees

# Trees
0

1

2
4

a
0.9977
0.924
0.86
0.83
0.88
0.75
0.50

13
30.5°
31.7°
31 fi°
38.3°
34.6°
37.0°
39.5°

Average
a

0.9977

0.873

0.75
0.50

0
30.5°

34.1°

37.0°
39.5°

% Variation
a.

100%

87.6%

75.2%
50.1%

&
100%

111.6%

121.3%
129.5%

The a and (3 values presented in the tables were obtained by fitting the phase 

function given by Eq. 5.42 to the measured data. In order to establish the variation 

relationship from the phase function parameters, their values were normalised to the 

free space results. In the particular case of the measurements performed with the 

single Ficus plants, an average from these four measurements was used. The plots 

presented in Figs. 5.37 and 5.38 show a graphic representation of the phase function 

parameter variation with the increase of the vegetation volume present in the radio

path.
At 20 and 40 GHz, the a parameter variation with the vegetation volume approx 

imately follows a straight line. In the remaining situations, the parameters variation 

is not exactly linear, but nevertheless, the approximation with a straight line seems 

to yield negligible errors.
The proposed variation relationship, relies on a straight line passing through 

two points from the parameter variation curve. These points will be either given 

by a and (3 parameters corresponding to the free space situation (zero vegetation 

volumes) and the same parameter values which correspond to the maximum number 

of vegetation tree widths (4 vegetation volumes considering the current measurement
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Table 5.3: a and /3 values extracted from measured vegetation blocks at 62.4 GHz.

Tree # Trees
Measured ~^ J Average % Variation

a. a
Free Space

Fl
F2 
F3
F4

2 Trees
4 Trees

0

1

2
4

0.9977
0.92
0.87 
0.85
0.89
0.77
0.65

29.8°
29.8°
33.1° 
33.3°
32.9°
34.4°
37.0°

0.99677

0.882

0.77
0.65

29.8°

32.28°

34.4°
37.0°

100%

88.5%

77.2%
65.1%

100%

108.3%

115.4%
124.2%

a variation @ 20 GHz 
f) variation @ 20 GHz

2 3 
Number of vegetation volumes

1 2 3 
Number of vegetation volumes

(a) (b)

Figure 5.37: Variation of a and /3 parameter with the number of vegetation volumes: a) 20 GHz; 
b) 40 GHz.

u variation @62.4 GHz 
variation @ 62.4 GHz

1 2 3 
Number of vegetation volumes

Figure 5.38: Variation of a and /? parameter with the number of vegetation volumes at 62.4 GHz
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Table 5.4: a and 0 parameter estimation absolute error.

Par. # Vol.
0
1
2
4
0
1

* 2
4

20
Pred.
0.996
0.822
0.648
0.30
31.3°
34.22°

GHz
Error

0
0.002
0.018

0
0°

2.08°
37.15° 3.45°
43.0° 0°

40 GHz
Pred.
0.9977
0.871
0.747

0.5
30.5°
32.75°
35.0°
39.4°

Error
0

0.002
0.003

0
0°

1.35°
2.0°
0°

62.4
Pred.
0.9967

0.91
0.82
0.65
29.8°
31.6°
33.4°
37.0°

GHz
Error

0
0.03
0.05

0
0°

1.2°
1.0°
0°

scenario). Such straight lines, representing the phase function parameters variation 
can be expressed through Eq. 5.46.

a ^
(5.46)

where Ny represents the number of vegetation specimens, NVmin is the minimum 
number of vegetation tree widths used during the measurements (in the current case 
the minimum number is zero corresponding to free space), NVmax is the maximum 
number of vegetation volumes, whereas a (Nvo ) and (3 (Nvo ) represent the values of 
a and (3 obtained from the free space measurement, respectively.

The assumption of a linear variation for the phase function parameters, even 
tually generates a certain amount of error in the prediction of the phase function. 
This is caused by the slight non linearity exhibited by the phase function parame 
ters, especially from (3 parameter. To this extent, the absolute error between the 
a. and {3 predictions and the measured phase function parameters generated by the 
introduction of the linear equation (5.46) are presented in Table 5.4 at the various 
measurement frequencies. The prediction errors are consistently below 0.05 for a 
and 4° for the (3 parameter. Although this seems a reasonable error, the effects 
caused by the introduction of these scaling errors in the dRET model results will be 

evaluated in chapter 6.
Through the proposed set of equations, it is possible to adapt the phase function 

parameters for vegetation volumes different from the ones used during the parameter 
measurement phase. These equations also permit the application of a cell splitting 
process into the dRET vegetation cells, consequently limiting the stair case error
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Vegetation 
dRET cell

TX Free space 
dRET cell

Vegetation 
dRET cells

TX

RX

Free space 
dRET cells

(a) Scenario A (b) Scenario B

Figure 5.39: dRET geometries used to test the performance of the phase function parameter scaling 
method: a) single cell geometry and b) cell split geometry.

inherent to the discretisation of the vegetation volume. Such cell splitting process 
is useful when modelling trees exhibiting large canopies.

In order to further validate the performance of the proposed parameter scaling 
method, a simple test using the modified dRET model considering a single tree 
geometry, was performed. The selected tree consisted of a 12 meter of canopy 
diameter White Oak in full leaf. The propagation parameters for this tree were 
extracted using the method described in section 5.5 at 20 and 40 GHz. The test 
consists in modelling the tree assuming two different equivalent scenarios according 
to the geometries shown in Fig 5.39:

• In scenario A the tree is modelled by a single dRET cell, characterised by the 
propagation parameters directly extracted from the measurements;

• In scenario B the tree is split into 16 cells similar characterised by the scaled 
a and (3 parameters. Such parameters were derived from the measurement 
data and through proposed scaling method.

The predicted side scattered signals are subsequently evaluated using the dRET 
model for the two potentially equivalent scenarios. Assuming the scaled parameters 
correctly describe the radiowave scattering in the smaller cells from scenario B, 
the side scattered signals should present similar values in both scenarios. Such 
amplitudes were evaluated when the receiver antenna is pointing directly to the tree 

i.e. 0^90°.
The propagation parameters extracted from the White Oak tree at 20 and 40 

GHz, are presented in Table 5.5. These parameters correspond to the complete tree 
exhibiting 12 meters of mean canopy diameter. The scaled parameters, obtained
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Table 5.5: Scaled and unsealed propagation parameters from the White Oak tree at 20 and 40 
GHz.

Parameters 
Unsealed (As = 12m) 

Scaled (As = 3m)

IVQ

0.38

20
Kg

0.28

GHz
a

0.36 
0.95

40 GHz
0-MB
10.7° 
3.95°

/vg nj g

0.35 0.25

a
0.62 
0.89

/3-3dB
20.0°
8.75°

135 180 225 
RX angle (deg)

(a) 20 GHz

270 315 360 135 180 225 270 315 
RX angle (deg)

(b) 40 GHz

Figure 5.40: Simulation results for the scattered signal of the White Oak tree.

through the scaling method outlined before considering 3 meter cells, are also pre 
sented.

The results from the scattered received signal simulations, are presented in Fig. 
5.40. The particular normalised receiver signal values, when the receiver antenna 
is pointing to the test tree, are also shown. Results obtained at 20 GHz show an 
excess attenuation difference of 6.2 dB between both scenarios, whereas the results 
at 40 GHz exhibit a difference of 0.55 dB. These could be considered to be relatively 
low differences between the results from both modelling scenarios, suggesting that 
the parameter scaling method is able to perform adequately.

5.7 dRET testing using idealised propagation sce 
narios

In order to test 2D and 3D modified dRET model performance, 5 different forest 
scenarios were considered (4 scenarios for 2D and 1 for 3D geometries). Such scenar 
ios are intended to test specific dRET capabilities, e.g. calculation of the shadowing

159



____________5.7 dRET testing using idealised propagation scenarios

effect caused by different kinds of vegetation blocks, calculation of the scattering 

effects caused by isolated trees and the prediction of the attenuation due to a single 

line of trees.
The 5 test scenarios are defined as follows:

• Scenario 1 is formed by a single illuminated tree. It is intended to study the 

shadowing effect caused by a tree, considering different transmitter locations;

• Scenario 2 presents a more elaborated vegetation structure. This structure is 

formed by three small vegetation blocks. It is also used to assess the ability of 

the dRET model to calculate the shadow effect caused by multiple vegetation 

blocks;

• Scenario 3 is formed by a screen of trees and an isolated block of vegetation. 

The aim of this scenario is to show how the signal behind the screen of trees 

can be increased in the presence scattering effect from an isolated vegetation 

block;

• Scenario 4 represents a single line of trees. It is used to illustrate the at 

tenuation caused by multiple trees, as well as the directional spectrum of the 

received signal in between the trees;

• Scenario 5 consists in a 3D scenario formed by interleaved vegetation and 

free space layers. It will be used to test the 3D implementation of the modified 

dRET.

5.7.1 Scenario 1 - Single vegetation block

The detailed diagram of scenario 1 is presented in Fig. 5.41 a) and b) considering 

two distinct transmitter locations. This scenario considers an onmidirectional trans 

mitter antenna and hence the air vegetation interface is uniformly illuminated. The 

rectangular vegetation block has 3x5 meters and is surrounded by a 20 x 20 meters 

square of free space cells. Each cell within the computational space was considered 

to be a 1 meter square.
The vegetation block propagation parameters considered in the simulation were: 

a = 0.95, (3 = 30°, ke — 3 and ks = 2.9. Such parameters denote a clear scattering 

nature and they were selected so that the relatively small vegetation block, could 

generate enough incoherent signal. The algorithm was simulated using an angular 

resolution of 1° while considering a 10 dBi receiver antenna similar to the one shown 

in Fig. 3.8 a). Independently of the location of the receiver antenna, its main lobe
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2.00—«J

TX

Free Space

RX antenna 
pointing 
direction

20,00

Free Space

(a) Scenario 1 - Version A (b) Scenario 1 - Version B 

Figure 5.41: dRET test scenario 1, using two different transmitter positions (dimensions in meters).
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Figure 5.42: Iri + Id results for test scenario 1 considering a 10 dBi receiver antenna.

was considered to be parallel to an imaginary line passing through the transmitter 
and the geometric centre of the vegetation block. Such direction is shown in the 
scenario diagrams. Under these circumstances, the receiver antenna main axes was 
considered to be aligned with cells layers in scenario 1A, whereas it was tilted by an 
angle of approximately 30° in scenario IB.

Results from simulations performed with the dRET considering the two trans 
mitter locations corresponding to scenario 1, are shown in Fig. 5.42. These results, 
show the sum of both coherent and incoherent signal components (Iri + 7^). The 
coherent component attenuation causes the shadow effect due to the presence of the 
vegetation block in the radio path. The incoherent component is only formed inside 
the vegetation volumes. Hence, it causes the enhancement of the received signal 
behind the vegetation blocks as suggested by the light blue shadows present behind 
the vegetation volumes.
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The cells in scenario 1 not directly disturbed by the vegetation effect, exhibit 
an excess loss which depends on the receiver antenna location and consequently 
the relative TX-RX antenna alignment. The assumption of constant RX antenna 

pointing angle, means that the receiver antenna will be pointing away from the 
transmitter at the cells located in the border of the computational volume. This 

effect can be noted by the lighter red colors corresponding to lower received signal 
those cells.

The shadowing effect created by the vegetation block is also consistent with 
what is expected from the point source illumination of the computational volume 
of scenario 1. In version A, where the transmitter is within the projection of the 
vegetation block, a symmetrical shadow pattern (around the depth axes) is pre 
dicted. As the transmitter antenna is moved along the "width" direction (scenario 
1 - version B) the shadow is consistently skewed in the opposite direction.

Cells located at the border of the shadow, exhibit lower attenuations when com 
pared with the cell located behind the trees (with respect to the transmitter posi 
tion). This effect is explained since the radio path between the transmitter and the 
receiver (within these cells) travels through a smaller amount of vegetation or due 
to the build up of the incoherent signal component.

5.7.2 Scenario 2 - Three vegetation blocks

A more complex vegetation structure is used in scenario 2. This scenario, whose 
diagram is shown in Fig. 5.43, is composed of three similar vegetation blocks, 
each being rectangular, with 2.5 x 1.5 meters, surrounded by a 20 x 20 meters 
computational space. The propagation parameters used to describe the vegetation 
blocks were similar to the ones used in scenario 1 except for the vegetation structure 
cell size which was 0.5 meter. Finally, the simulation angular resolution was 2°.

The resultant Iri prediction for scenario 2 is presented in Fig. 5.44 a), whereas 
the predicted total intensity in shown in Fig. 5.44 b). Results exhibit shadows 
formed due to the signal attenuation in the vegetation blocks. A close analysis of 
the shadow generated by the central vegetation block, reveals this shadow to be 

slightly skewed. This is likely to be caused by the asymmetric positioning of the 
transmitter antenna, whose distance from the edge of the computational space is 10.5 

meters. The plot representing Iri + Id show an enhancement of the received signal 
behind the vegetation blocks when compared with Fig.5.44 a). This seems to be due 

to the incoherent signal which builds up when travelling through vegetation. The 

effect caused by the scattering from the middle vegetation block into the shadows 

of the remaining blocks is also evident in Fig.5.44 b). Such effect, causes lighter
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20,00

Figure 5.43: Diagram of scenario 2, formed by three similar vegetation blocks (dimensions in 
meters).
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Figure 5.44: a) Iri and b) !„ + Id results for test scenario 2 considering an omnidirectional RX 
antenna.

blue stripes at the depth of 10 cells which are consistent with the expected signal
enhancement.

Although the vegetation blocks are supposed to uniformly distribute the inco 
herent intensity into all directions within the isotropic scattering level, the middle 
vegetation block in Fig. 5.44 b), seems to generate more incoherent signal into the 
directions perpendicular to the cell boundaries i.e. 0, 90, 180 and 270°. This un 
desirable behaviour, causing a slightly cross shaped Id , was also reported in [19]. 
Nevertheless, it seems to be attenuated by the angular averaging method proposed 
during this research work. To this extent, utilising a more elaborated angular aver 
aging method might yield better and more uniform Id results.
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5.7.3 Scenario 3 - Vegetation screen + isolated vegetation 
block

In order to test the dRET capability to predict the scattered signal generated from 
isolated vegetation blocks, scenario 3 was created. This scenario, whose diagram is 
shown in Fig. 5.45, is formed by a 4 meters depth and 9 meter width vegetation 
screen and also a 3 x 2 meter isolated vegetation block. Both vegetation blocks 
were modelled using the following parameters: a. = 0.5, /3 = 10°, ke — 0.5 and 
ks = 0.4. The receiver antenna, located behind the vegetation screen, is also shown 
in the diagram. The vegetation screen was strategically positioned between the 
receiver location and the transmitter antenna. Such location aims to block the 
coherent signal component, allowing the incoherent signal scattered from the isolated 
vegetation block to be distinguished.

Results obtained from the simulated vegetation structure are displayed in Fig. 
5.46, for a cell size of 1 meter and an angular resolution of 2°. Figure 5.46 a) 
shows the coherent signal component at every cell of the computational volume 
considering an isotropic receiver antenna. The plot shown in Fig. 5.46 b) represents 
the prediction of the directional spectrum of the received signal obtained with a 20 
dBi and 20° of HPBW receiver antenna, placed at the RX position shown in Fig. 
5.45.

The predicted directional spectrum, incorporates both coherent and incoherent 
signal components. It is evident from the analysis of Fig. 5.46 b), that the maximum 
received signal level, corresponding to the coherent component, shows up at a 4>RX 
angle different from 0°. This is due to the assumption of a real point source instead

30,00

Figure 5.45: Diagram of scenario 3, formed by a vegetation screen and an isolated vegetation block 
(dimensions in meters).
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Figure 5.46: 7rj and directional spectrum 7rj + /^ results for scenario 3.

of an idealised distant transmitter source. The coherent signal, travelling through 
the vegetation screen is attenuated by approximately 10 dB. Such attenuation is 
consistent with the attenuation shown in Fig. 5.46 a) and the extinction coefficient 
value used throughout the simulation i.e. ke = 0.5. Around (pRx = 90° the received 
signal directional profile exhibits a contribution due to the scattered signal from 
the isolated vegetation block. This shows that the modified dRET algorithm is 
capable of predicting the scattering i.e. the incoherent signal, originated in an 
isolated vegetation structure located in the computational volume. The received 
signal decays considerably for 130° < (/)RX < 300° because the receiver antenna is 
pointing away from any vegetation. In this angular region the received signal is 
strongly influenced by the back of the receiver antenna radiation pattern. Finally 
at receiver pointing angles above 300° the received signal rises again due to the 
scattering contribution from vegetation screen.

5.7.4 Scenario 4 - Single line of trees
A typical scenario, frequently used in the analysis of the radiowave propagation 
through forests, is the single line of trees. The scenario shown in Fig. 5.47 was 
specifically created to mimic the radiowave propagation in such an environment. The 
6 vegetation blocks, mimicking trees, exhibit identical propagation characteristics 
and sizes i.e. 4x3 meters. The diagram also shows four specific positions where 
the directional signal spectrum is to be evaluated. The propagation parameters 
characterising the vegetation blocks were: a = 0.95, (3 = 30°, ke = 2.0 and ks = 1.9. 
The attenuation plots were obtained assuming an isotropic RX antenna, whereas
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40,00

Figure 5.47: Diagram of scenario 4, formed by a single line of identical vegetation blocks mimicking 
trees (dimensions in meters).
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Figure 5.48: Coherent signal (Iri ) attenuation due to the interaction with a single line of trees.

the directional spectrum plots consider a 20 dBi and 20° HPBW antenna similar to 
the one shown in Fig. 3.9 a).

Results corresponding to the specific attenuation of the coherent signal compo 
nent, are shown in Fig. 5.48. Additionally, the positions of the vegetation blocks are 
represented by dotted squares. The plot suggests that signal attenuation takes place 
within the vegetation blocks highlighting the cumulative effect from such attenua 
tion. To this extent, after travelling through 6 vegetation volumes the propagating 
signal is attenuated in excess of 100 dB.

Figure 5.49 shows the normalised received signal obtained from the simulation 
of scenario 4, considering both coherent and incoherent signal components and an 
isotropic receiver antenna. The somewhat periodic behaviour exhibited by the total 
signal while propagating through the vegetation scenario, is consistent with the 
single line of trees geometry. Each vegetation block, not only attenuates /ri , but also
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Figure 5.49: Total signal (Jrt + /<j) attenuation due to the interaction with a single line of trees.

generates scattered signal, hence increasing the total signal amplitude. Eventually, 

at high vegetation depths, the coherent component will vanish, and therefore the 

total signal will be dominated by the incoherent Id . This situation, is evident in 

Fig. 5.49 for vegetation depths higher than 30 meters. At such high depths, the 

signal received by the isotropic antenna will no longer depend on the location of the 

receiver antenna as the diffuse intensity equally spreads into all directions.

Simulated directional spectrum results are presented in Figs. 5.50 and 5.51, 

for various receiver antenna locations. As expected, all directional spectrum plots 

show a significant signal decay when the receiver antenna is pointing away from the 

vegetation volumes i.e: 45° < ^RX < 110° and 250° < (j)RX < 290°. More so, the 

directional spectrum at position RX&, presents a scattered signal null throughout 

the angular range corresponding to the backscattering region i.e. 90° < 4>RX < 270°. 

This is explained by the lack of vegetation at the end of the test forest.

The decay of the coherent component is clearly visible as the vegetation depth 

increases. One can also see the broadening of the forward lobe of the directional 

spectrum. This is evident in Fig. 5.50 b), where the coherent signal is hidden below 

the diffuse signal component.
By comparing Figs. 5.50 a) and b) it can be seen that the backscattering signal 

is wider in terms of angular direction at position RX2 . This is due to the closer dis 

tance between the RX2 measurement location and the vegetation, since the smaller 

distance increases the angular range in which the receiver antenna is pointing to the 

vegetation volume.
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50: Simulated received directional spectrum profile for positions RX1 and RX2 of scenario
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Figure 5.51: Simulated received directional spectrum profile for positions RX3 and RX4 of scenario 
4.

5.7.5 Scenario 5 - 3D block of vegetation
The diagram of scenario 5 is presented in Fig. 5.52. The test forest consists of 
a cubic vegetation volume with 7.0 meters of depth, 2.5 meters of width and 1.5 
meters of height divided into 0.5 meters dRET cells. The volume is formed by a set 
of four free space layers interleaved with three vegetation layers.

The 3D implementation of the extended dRET, was utilised to simulate the 
propagation of a radiowave through the inhomogeneous structure of scenario 5. The 
parameters employed to characterise the vegetation cells were: a = 0.5, 0 = 10°, 
ke = 0.5 and ks = 0.4. The 3D phase function used in the simulations, consisted of a 
revolution of the 2D Gaussian phase function around the phase function maximum.
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Figure 5.52: Diagram of scenario 5 - 3D inhomogeneous vegetation volume (dimensions in meters).

In order to test the behaviour of the 3D dRET modelling, the variation of the 
coherent radio signal across the structure was calculated. The amplitude of the 
coherent signal component Jri , considering uniform interface illumination, is shown 
in Fig. 5.53. The vertices of the surface plot represent the signal intensity at the 
centre of the corresponding cells. Thereby, the excess attenuation due to vegetation 
within the first and second cell layers is 0 dB. The attenuation is different from 0 
dB at depths higher than 3 cells due to the presence of vegetation volumes which 
are characterised by an extinction coefficient different to zero. To this extent, the 
periodic behaviour of the 7ri , in terms of depth, is consistent with the inhomoge 
neous vegetation structure defined in Fig. 5.52. The relatively low maximum excess 
attenuation achieved at high vegetation depths (w? dB) is due to the low extinction 
coefficient used in simulations.

The performance of the dRET in terms of Id prediction was tested by calculating 
the 3D directional spectrum at various locations within the observation row shown 
in Fig. 5.52. The results obtained at 2 (MPi), 5 (MP2 ), 9 (MP3 ) and 13 (MP4 ) 
cells of depth are shown in Figs. 5.54 and 5.55. The angular resolution used in 
the simulation was 3.75° both in azimuth and elevation. In order to show the real 
signal directional spectrum, the distorting effect of the receiver antenna was not 
considered in the simulation. This situation is therefore similar to considering an 
ideal very sharp directional antenna, with no side lobes and infinite FBR (Front to

Back Ratio).
Directional spectrum plots are shown in spherical coordinates (</> represents the
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Figure 5.53: Coherent signal normalised level for the middle height layer of scenario 5 considering 
a uniform and plane illuminating wave.
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Figure 5.54: Simulated Id directional spectrum profile within the observation row of scenario 5 at 
2 and 5 cells of depth.

azimuth and 9 the elevation), hence, <p = 0° and 6 = 90° corresponds to the direction 
of the XX axis shown in Fig. 5.52. These angles are measured as usually i.e. (f> 
is measured in the XoY plane in the CwD (Clockwise direction) and 6 is measured 
from the Z axis.

Figure 5.54 a) represents the incoherent signal profile received when the receiver 
antenna is located at the free space cells just before the interface. As expected, 
no incoherent signal is received except when the receiver antenna is pointing to the 
vegetation cells. Such directions correspond to <j> = 180° ± 70° and 0 = 90° ± 70°.
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Figure 5.55: Simulated Id directional spectrum profile at the observation row of scenario 5 at 9 
and 13 cells of depth.

In Fig. 5.54 b), the receiver antenna is placed between two successive layers 
of vegetation. Under these circumstances, the incoherent signal is received from 
two distinct azimuth directions i.e. when the receiver antenna is pointing to the 
transmitter (<p — 0° ± 70°) and whenever it is facing in the direction of propagation 
((p — 180° ± 70°). The received signal profile when the antenna is pointing around 
the forward propagation direction, presents a slight asymmetry along the azimuth 
coordinate. This may be explained since the observation point is located asymmet 
rically in the vegetation volume. Figure 5.54 b) presented two signal gaps at (/> — 90 
and 4> — 270°, representing two directions where the receiver antenna is pointing 
away from any vegetation cells. This is also true at extreme elevation angles (9 — 0° 
and 9 = 180°) where the receiver antenna is pointing completely upward or down 
ward. Although the azimuth signal gaps are not symmetrical, due to the location 
of the receiver antenna, the same does not apply to the elevation signal gaps. This 
is due to the location of the observation row which lies exactly at mid forest height.

Figure 5.55 a), which represents the received signal profile at 7.5 meter depth, is 
similar in shape to the plot presented in Fig. 5.54 b). Nevertheless, the normalised 
backscattering signal level at position MP3 (9 cells of depth) is -47 dBf while at MP2 
(5 cells) is -43.7 dBf. Whenever the receiver antenna is placed at MP3 facing the 
direction of propagation, the received scattering signal is formed by the scattering 
of a single layer of vegetation, whereas at position MP-2 two vegetation layers are 
within the antenna receiving angular range. This explains the scattered signal decay 
from position MP2 to MP3 .

Finally, a representation of the received signal 3D directional spectrum at the 
end of the test forest is presented in Fig. 5.55 b). It is evident that no scatter-
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Table 5.6: Directional spectrum broadening analysis as a function of vegetation depth. 

Azimuth broadening
= 11.25°

0 = 90° Decay

Elevation broadening 
^O5 o^lj3
= 90° = 78.75° Decay

MP2 
MP3 
MP4

-23.66 dB 
-22.62 dB 
-22.83 dB

-28.98 dB 
-27.78 dB 
-27.82 dB

5.32 dB 
5.16 dB 
4.99 dB

-23.66 dB 
-22.62 dB 
-22.83 dB

-28.98 dB 
-27.78 dB 
-27.82 dB

5.32 dB 
5.16 dB 
4.99 dB
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Figure 5.56: Measurement of the directional spectrum broadening.

ing signal is received when the receiver antenna pointing around the direction of 

propagation, as the antenna is pointing away from the vegetation. The maximum 

scattered simulated signal value was obtained when the receiver antenna is facing 

the transmitter.
Due to the relatively small value of (3 and small vegetation depth employed in 

the simulation of scenario 5, the broadening of the forward lobe of the directional 

spectrum is difficult to distinguish from the plots of Figs. 5.54 b) to 5.55 b). Nev 

ertheless, by comparing the signal decay around the direction of propagation i.e. 
(p — 0° and 9 = 90°, it is possible to show this broadening effect. Such analysis will 

be performed through the evaluation of the directional spectrum decay with respect 

to its maximum value. As presented in Fig. 5.56, a beamwidth comparison between 

two different directional spectrum curves, can be performed by comparing its rela 

tive signal decay at a given angular value. The higher signal decays, correspond to 

lower beamwidths. A similar analysis is performed in Table 5.6 considering an angle
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of 11.25° both in elevation and azimuth.
Prom the analysis of the signal levels shown in Table 5.6, it might be concluded 

the relative signal decay around the maximum received level, tends to decrease 
along the vegetation depth. This indicates a broadening from the forward lobe of 
the directional spectrum, consequently confirming the expected behaviour of the 
directional spectrum. The analysis of Table 5.6, also shows that the forward lobe 
broadening is similar in both azimuth and elevation, which is also consistent with 
the single beamwidth phase function employed in the simulations.

The test simulations presented in section 5.7, reveal the good overall behaviour of 
both 2D and 3D extended dRET methodologies. The proposed test scenarios were 
carefully chosen in order to assess the various features from the extended dRET 
propagation model. Further validation of the model will be carried out throughout 
chapter 6 by comparing predictions calculated through the model, and the various 
measurement results obtained from both idealised indoor vegetation volumes and a 
real size outdoor forest.

5.8 Interim conclusion

This chapter contains the presentation and critical discussion of the original dRET 
modelling features, its limitations and drawbacks. In order to overcome the original 
model drawbacks, new solutions were outlined yielding an extended dRET formula 
tion.

The new model improvements include the possibility of performing calculation 
with an enhanced angular resolution through an empirical signal averaging tech 
nique. This improvement is crucial since it allows the inclusion in the model of 
important features such as the receiver antenna effect, the complete or arbitrary 
scattering function and the oblique incidence in addition to direct point source il 
luminations. By considering these effects, which are present in the real world, it 
is expected that improvements in the accuracy and the applicability of the dRET 
modelling can be achieved.

Furthermore, an enhancement of the applicability of the dRET is achieved solv 
ing the discretised differential equations of the original dRET, thus allowing us 
to discard the piecewise linear approximation used originally. These solved dRET 
equations, allow model convergence for a virtually unlimited range of vegetation cell 
sizes.

The dRET engine relies on four input propagation dependent parameters. Con 
sidering the physical meaning of each parameter, an extraction method consisting of
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a limited number of measurements, was presented. This method allows the optimi 
sation of the four dRET input parameters from isolated vegetation volumes, based 
on three relatively straightforward propagation measurements.

In order to minimise the constrains related to the size of the vegetation volume 
used to optimise the model parameters, a parameter scaling method was also pro 
posed. The proposed method, was supported by several measurements performed 
inside an anechoic chamber. These were tested by comparing simulation results of 
the dRET model obtained from both scaled and unsealed propagation parameters. 
Such simulations employed the propagation parameters extracted from an outdoor 
real size tree based on measurements performed at 20 and 40 GHz.

Finally, the various new features introduced in the dRET formulation were tested 
utilising 5 idealised propagation geometries. These geometries allowed the presen 
tation and assessment of the different model capabilities both in 2D and 3D radio 
path geometries. Section 5.7 gives a graphic and detailed illustration of the dRET 
capabilities.
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Chapter 6

Measurements overview, results 
and analysis

6.1 Introduction

This chapter is dedicated to the presentation and analysis of the measurements 
performed during this research project. The chapter presents the measured results 
and their analysis aimed at the validation of the extended dRET model.

The validation of the extended dRET was performed considering two different 
situations i.e. inside an anechoic chamber using small plants and in a outdoor 
real forest using full size in leaf trees. The indoor measurements, performed in a 
controlled laboratory environment, were aimed at providing a preliminary evaluation 
of the extended dRET performance, whereas the subsequent outdoor assessment 
yielded an evaluation of the model in a real outdoor environment.

Each measurement situation involved two different phases: the parameters ex 
traction phase and the attenuation measurement phase. Results from the latter, 
were used to validate both the model and the parameter extraction method.

The parameter extraction method, is a modified version from a similar method 
developed for the RET model, which is presented in [11]. This method, outlined in 
section 5.5, is capable of optimising the dRET input parameters from small isolated 
vegetation volumes. The method is suitable to be applied both in indoor and outdoor 
environments.

The model assessment performed throughout this chapter, for both indoor and 
outdoor propagation environment, can be summarised as follows:

I. The propagation parameters were extracted from each different vegetation 
type present in the forest (or idealised forest) using the extraction method 
proposed in section 5.5;
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6.2 Indoor measurements

2. Detailed attenuation and directional spectrum measurements were performed 
inside and around test vegetation volumes. Special care was taken to ensure 
that propagation measurements were not directly related to the parameter 
extraction measurements. This was done by selecting different geometries and 
measurement locations, ensuring that the propagation parameters were not 
biased by any particular propagation scenario;

3. The geometries of the propagation scenarios were considered in the extended 
dRET model along with the corresponding extracted parameters. In order 
to simplify the parameter loading process, the Matlab® simulation tool was 
designed to load Microsoft Excel files;

4. The extracted input parameters were used together with the propagation 
model to generate predictions for the received signal at specific locations inside 
the test forests;

5. Finally, the measured and predicted received signal levels were compared using 
the RMS error criterion, providing a figure of merit from both the proposed 
propagation model and the parameter extraction method.

The indoor measurements, performed in a laboratory environment, are described 
in section 6.2, whereas in section 6.3 a detailed description of the outdoor measure 
ment site and measurement procedures, is outlined.

6.2 Indoor measurements

The experiments performed in laboratory environment used 2 different signal fre 
quencies i.e. 20 and 62.4 GHz and 2 different vegetation species. The plants used 
during such measurements were: 13 Ficus Benjamina and 16 Thuja Plicata Atro- 
virens, whose photographs are presented in Fig. 6.1 a) and b), respectively. The ficus 
plants, a species from the family of Moraceae, native from Asia and Australia, ex 
hibit graceful drooping branches and glossy leaves with 6 to 13 cm long, oval shape 
and culminating on a tip. The Thuja, is a fast growing evergreen conifer, with 
cinnamon-red shredding bark and spreading branches, hence presenting a relatively 
dense canopy in comparison with the ficus. During the course of measurements, the 
plants were placed in plastic pots and arranged in a way that they could mimic an 
idealised downscaled size forest. Both plant types presented a mean canopy diame 
ter of approximately 60 cm and a height of 1.75 meters showing no distinctive trunk 
region. The individual dimensions from the plants used during the experiments, are 
shown in Table 6.1 according the the diagram of Fig. 6.1 c).
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(a) (I,) (r) 

Figure 6.1: Photograph of a) conifer tree and b) ficus tree and c) generic diagram of a plant.

Table 6.1: Dimensions of the conifer and ficus plants.

Plant #
1 
2 
3
4
5 
6
7 
8
9 
10 
11 
12
13
14 
15 
16

A(cm)
55 
50 
70
75
50 
55 
50 
55
60 
80 
60 
45
60 
55 
70 
60

Conifer
B(m)
1.80 
1.56 
1.63 
1.70
1.60 
1.70 
1.62 
1.60
1.72 
1.72 
1.54 
1.65
1.70 
1.60 
1.56 
1.60

plants
C(m)

0 
0 
0 
0
0 
0 
0 
0
0 
0 
0 
0
0 
0 
0 
0

Ficus plants
D(m)
2.00 
1.76 
1.83 
1.90
1.80 
1.90 
1.82 
1.80
1.92 
1.92 
1.74 
1.85
1.90 
1.80 
1.76 
1.80

A (cm)
70 
60 
65 
55
45 
65 
30
75
60 
50 
80 
50
60

B(m)
1.52 
1.20 
1.07 
1.15
1.90 
1.05 
1.60 
1.45
1.65 
1.60 
1.50 
1.65
1.65

C(m)
0 
0 
0 
0
0 
0 
0 
0
0 
0 
0 
0
0

D(m)
1.72 
1.40 
1.27 
1.35
2.10 
1.25 
1.60 
1.45
1.65 
1.60 
1.50 
1.65
1.65

The measurement results obtained using the idealised downscaled test forests, 
were used to assess the initial version of the extended dRET and parameter opti 
misation method presented in [88-90]. The parameter extraction method outlined 
in the papers, relies on ke and ks adjustment using a simple trial and error method 
which aims to fit the predicted and the measured signal values. Instead, the results 
presented in this thesis use a different method, which evaluates the propagation pa 
rameters from each single tree measurement results. To this extent, the prediction
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Figure 6.2: Plan of indoor measurement formation #1, inside an anechoic chamber.

error assessment results presented here are different from the results presented in 
[88-90].

6.2.1 Description of the vegetation test formations

Aiming to produce a measurement formation which could mimic a realistic forest, a 
small scale idealised forest was formed inside the anechoic chamber. This idealised 
forest, consisted of a 4 x 3 plant formation organised as shown in Figs. 6.2 to 6.5.

Using both tree species mentioned above, four different measurement formations 
were conceived i. e. two homogeneous formations in the sense that they were formed 
by a single tree species and two inhomogeneous configurations consisting in a mixed 
plant arrangement. Both formations #1 and #4 represent the homogeneous cases 
where the same tree type was employed. Configuration #1 was built by three layers 
of relatively dense conifer trees (Fig. 6.2) whereas scenario #4 presented a similar 
layout formed by ficus plants (Fig. 6.5).

Formations #2 and #3 were considered to be inhomogeneous. Such inhomo- 
geneity, is due to the introduction of air gaps (scenario #2) and a different tree type 
(scenario #3) in the initial vegetation structure.

In order to identify the individual plants, the conifer trees were numbered from 
1 to 16 and the ficus plant from 1 to 13. These individual numbers are shown in
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Figure 6.3: Plan of indoor measurement formation #2, inside an anechoic chamber.

the formations diagrams as white coloured numbers located at the centre of the 
trees. It is recognised that the higher density conifer plants are likely to exhibit a 
higher attenuation to the signal propagating through their canopies. Consequently, 
the sparser conifers were placed in the first vegetation layer of formations #1, #2 
and #3, therefore preventing the coherent component from vanishing within this 
layer. This explains the apparently random plant numbering shown in the first 
three formations.

During the directional spectrum measurements, the transmitter was placed out 
side the vegetation volume, as presented in the formation diagrams. The transmitter 
was coupled to a 10 dBi horn antenna, exhibiting approximately 50° of half power 
beamwidth. Such relatively broad antenna, placed 2 meters away from the air to veg 
etation interface, allowed the interface surface to be uniformly illuminated through 
the antenna main lobe. The transmitter location is illustrated in Fig. 6.6 a), where 
the conifer tree arrangement is shown.

The distances between adjacent plants located in each vegetation layer, were 
selected so that the foliage density remains approximately constant within such 
layer. The three vegetation layers forming each scenario, were placed at 90 cm 
from each other, allowing the required clearance so that the receiver could be placed 
between them.

In order to evaluate the attenuation caused by the presence of the plants in the
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Figure 6.4: Plan of indoor measurement formation #3, inside an anechoic chamber.

radio path, the receiver antenna was sequentially placed at the 16 receiver positions 
shown in the scenario diagrams. At each position, the receiver antenna was rotated 
over its vertical axes in a ±180° angular range allowing the directional signal profile 
evaluation. Both receiver and transmitter antennas employed vertical polarisation 
yielding the measurement of the Co-polar excess attenuation (VV).

6.2.2 Modelling of the idealised forest
The modelling of the four propagation scenarios using the extended dRET was 
achieved by representing the relevant volume inside the anechoic chamber using a 2D 
ensemble of vegetation and free space cells. The diagram detailing the distribution 
of the dRET cells forming the computational volume is shown in Fig. 6.7. The cell 
dimensions were chosen so that each plant could be successfully represented using a 
single vegetation cell. Due to their similar geometry, the afore defined propagation 
formations, could be accommodated in a similar modelling structure by assigning 
suitable propagation characteristics to each cell.

The cellular structure from the dRET model, allowed the assignment of different 
propagation characteristics to each cell. These characteristics were suitably defined 
by the four dRET input parameters, which were previously extracted from each 
plant using the measurement procedure outlined in section 5.5.
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Figure 6.5: Plan of indoor measurement formation #4, inside an anechoic chamber.

(b)

Figure 6.6: Photograph of the idealised conifer forest: a) TX detail ; b) complete conifer plant 
formation.

The free space cell layers, introduced in-between the vegetation layers, represent 
the air gaps between the vegetation canopies. Therefore, the measurement locations 
were considered to be at the centre of these free space cells. Two additional layers 
of free space cells were created at both air to vegetation interfaces, allowing the 
evaluation of the signal strength at those specific locations.

The free space cells will have specific propagation parameters adapting the be 
haviour of the dRET model to free space propagation. These parameters were set
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Figure 6.7: Idealised forest model diagram.

as follows:

• ke Ki 0 due to the non decaying nature of the coherent signal component in free 
space when the excess attenuation is considered. This non decaying behaviour 
can be explained due to the absence of absorption and scattering within the 
free space cells;

• ks = 0 since there is no scattering being generated within the free space cells;

• The phase function of free space cells was assumed to be a Dirac delta function 
(6.1) since there is no directional signal spreading in such cells. Although there 
is no scattering being generated, the incoming diffuse signal is propagated 
through each free space cell with no excess attenuation. This justifies the 
unitary value of the phase function when 7 = 7'.

An analysis of the dRET diffuse intensity equation (5.17) shows that Id can not 
be calculated for ke = 0 due to the presence of the extinction coefficient in the 
denominator. Nevertheless, since ks = 0 the equation remains valid if the extinction 
coefficient is approximately zero, say 1 x 10~6 . By using such an extinction coefficient 
when ks = 0, the Id equation shows an absence of scattered signal, as required in 
the free space cells.

(6.1)

Due to the proximity of the transmitter antenna to the air to vegetation interface, 
the impinging signal rays emanating from the transmitter will be non parallel. This
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effect, was conveniently modelled by considering the existence of a point source 
illumination.

Despite the transmitter antenna was chosen to ensure a uniform interface illu 

mination, it is expected that the vegetation illumination is not completely uniform. 
This effect was also considered in the model, by using the transmitter antenna ra 
diation pattern to calculate the real interface illumination function.

6.2.3 Parameter extraction measurements and results

The propagation parameter extraction and optimisation was performed using a 
method similar to the one presented in section 5.5. This procedure, as well as the 
specific measurement geometries used during the experiments, are therefore further 
detailed throughout this section.

The parameter extraction relies on the measurement of the re-radiation function 
from each plant, according to the diagram presented in Fig. 6.8. Each measurement 
consisted in rotating the receiver antenna around the tree in order to determine the 
directional profile of the scattered signal. The receiver antenna was rotated along 
an arc around the tree under measurement. This rotation was performed using a 
special arm mechanically attached to a precision turn table, which controlled the 
receiver angular position with the help of a remote control PC.

The measurements were performed for an angular range of 4> = ±120°, with 1° 
of resolution. For each angular step <j>, the received power level was measured and 
recorded at 1 ksamp/s. Experiments using an 100, 500 and 1000 samples per angular 
position, yielded similar results. This suggests that no significant fast fading was 
formed inside the chamber, as one would expect from a stationary radio channel. 
Consequently, the 500 samples per angular position value was chosen as a reasonable 

and safe value.

1.4

^^^H

±t'%%%•?%%.
= 120

(a) Side view (b) Top view 

Figure 6.8: Anechoic chamber re-radiation function measurement diagram.
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Although a larger angular movement could be accommodated by the receiver 
mechanical rig, the 0 = ±120° was used to prevent the radio path from being 
disturbed by the receiver antenna.

Figure 6.9 shows photographs of a conifer and a ficus plant under re-radiation 
measurement.

The 20 GHz measurements were carried out using two 20 dBi horn antennas 
at the receiver and transmitter which exhibit a half power beamwidth of approxi 
mately 20°. The 62.4 GHz measurements employed two 25 dBi horn antennas with 
a measured HPBW of 9.2° in the H-plane. During the re-radiation experiments, 
the plants under measurement were kept within the far field of both receiver and 
transmitter antennas. The distance between the transmitter and the plant canopy 
was chosen so that 2/3 of the canopy width could be illuminated within the HPBW 
of the transmitter antennas i.e. 1.15 m at 20 GHz and 2.50 m at 62.4 GHz. Both 
transmitter and receiver antennas were approximately placed at mid canopy height.

(a) (b) 

Figure 6.9: Photograph of a) conifer and b) ficus plant under re-radiation measurement.

i Forward Scatter Region
ii Transition Region
iii Backscatter Region

Figure 6.10: Re-radiation function measurement regions.
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In order to ensure higher accuracy of measurement results, the effect of antenna 
coupling had to be considered in this setup. To this extent, the receiving antenna 
was considered to be swept through the 3 different regions shown in Fig. 6.10. 
These are: (i) the forward scatter region, located behind the tree with respect to 
the direction of incidence. Here, the signal received within the receiver antenna 
beamwidth originates from the tree canopy; (ii) the transition region: where some 
data contamination may occur since both signals emanating from the tree and the 
antenna coupling will be received through the main lobe of the receiving antenna; 
(iii) the backscatter region: where the receiver antenna principal axis is directed 
away from the transmitter towards the tree. The re-radiated signal received through 
the main lobe of the antenna will be significantly larger than any signal coupling 
through the antenna side lobes. To ensure that the data obtained from re-radiation 
measurements was not affected by contamination from antenna coupling, free space 
measurements were conducted i.e. without the tree present in the radio path. The 
results from such measurements, are expected to estimate the direct RX-TX antenna 
coupling.

An evaluation of the re-radiation function was performed for the 16 conifers and 
the 13 ficus trees. Depending on the density of the plants under measurement, 
the re-radiation function presents distinct characteristics. For example, conifer #10 
(Fig. 6.11) exhibited a well defined forward lobe at both measurement frequencies, 
whereas in conifer #3 (Fig. 6.12) the forward lobe can not be clearly distinguished. 
This seems to be due to the increased canopy density which was apparent in conifer

#3.
The conifers used throughout the experiments, were formed by several thin and
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Figure 6.11:

(a) (b) 

Re-radiation function of single illuminated conifer #10 at a) 20 GHz and b) 62.4 GHz
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Figure 6.12: Re-radiation function of single illuminated conifer #3 at a) 20 GHz and b) 62.4 GHz.

dense branches instead of a single thick trunk. Such structure, seemed to contribute 
to a severe attenuation of the propagated signal in angles around <f> — 0°. The 
extremely dense conifers, e.g. specimen #6, yield a relatively high attenuation of 
the coherent signal propagating through the tree. This phenomena is evident in Fig. 
6.13, where the re-radiation profile of conifer #6 at 20 and 62.4 GHz is presented. 
Since the re-radiation forward lobe is not visible, any possibility of characterising 
the re-radiation function of the conifer trees with a fitted Gaussian phase function 
was considered invalid. Nevertheless, such failing in fitting the re-radiation into a 
Gaussian function seemed to be present on the conifer plants only. It was therefore 
understood that this odd behaviour is both due to the density and excessive size 
from the conifer trees employed. Hence, by using smaller conifer volumes, one should 
be capable of effectively measure a more realistic phase function.

Although this re-radiation behaviour might present a problem if the RET was to 
be used to model the conifer vegetation volumes, the modified dRET can potentially 
accommodate any phase function. The dRET calculates the output radiation ema 
nating from each cell, based on the directional spreading function given by the phase 
function, independently of whether it is Gaussian or not. Hence, since it was found 
to be impractical to measure smaller vegetation volumes, the vegetation cells cor 
responding to the conifer plants will be characterised by the measured re-radiation 
profile rather than a two parameter Gaussian phase function.

Comparing the received signal levels in the backscattering region i.e. \<p\ > 60°, 
one could note a significant signal increase when the trees were present in the radio 
path. The back scattered signal was actually 20 to 30 dB higher when the trees 
were present in comparison with free space. This signal level enhancement suggests
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Figure 6.13: Re-radiation function of single illuminated conifer #6 at a) 20 GHz and b) 62.4 GHz.
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Figure 6.14: Re-radiation function of ficus #4 at a) 20 GHz and b) 62.4 GHz.

that the received signal is actually originated from the tree under test, rather than 
from the RX-TX direct antenna coupling. This therefore indicates uncontaminated 
measurements throughout the corresponding angular range. In the transition region 
i.e. 20° < |0| < 60°, both received signal levels were comparable, indicating that 
antenna coupling may influence the results, hence biasing the values of f3 derived 
from such measurements. As will be made evident later, the good agreement between 
the dRET predictions and the measured attenuation values suggests that the (3 
biasing is not very important.

The ficus plants exhibit a much sparser leaf structure when compared with the 
conifer. Consequently, they are expected to cause a lower signal attenuation in 
the forward scattering region. This eventually yields a re-radiation pattern with 
pronounced forward lobes as shown in Fig. 6.14 for ficus #4 at both measurement
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spot frequencies. It is therefore clear, that the attenuation caused by the ficus trees 

in the angular region around 0 = 0° is lower when compared with the conifers.

A comparative analysis considering both measurement frequencies, may also be 

performed. Except for a few isolated cases, where the attenuation rate in the forward 

lobe is comparable at both frequencies, all remaining measurements presented higher 

attenuations at 62.4 GHz. The attenuation in the forward scattering angular range, 

is primarily due to the absorption in the leaves of the canopy structure in addition 

to scattering. Such results were expected and are though in line with similar figures 

reported in the literature [11, 18] which suggest that the signal absorption rate 

increases with the frequency.
The extraction of the extinction coefficient ke was performed through the mea 

surement of the excess attenuation ratio caused by the insertion of the tree in the 

radio path. The average insertion loss given by Eq. 6.2:

LEx = PFS - PI, (6.2)

where Pps is the average received power level in the free space configuration (without 

the plant in the radio path) and PI is the average received power level when the 

tree is obstructing the radio path, both in dB. In the ficus plant measurement, the 

received power levels were averaged over the main lobes HPBW of the respective 

power profile function. However, in the conifer case, the main lobe was difficult to 

identify, hence power levels were averaged over the free space measurement HPBW. 

The extinction coefficient was calculated utilising Eq. 6.3 [75]:

-ked*, (6.3)
PFS

where dv is the vegetation depth in meters, whereas Pi and PFS are expressed in 

linear units.
The complete set of extinction coefficients measured from conifer and ficus plants 

is shown in Table 6.2. The larger coefficient values, corresponding to the higher 

attenuation rates, were measured for the conifer plants. More so, both species exhibit 

a higher ke at 62.4 GHz in the majority of the cases. However, the 20 and 62.4 GHz 

measurements were carried out using different measurement systems. Although all 

effort was made to maintain the exact position and alignment of the various trees 

throughout both frequency measurements, some discrepancies may have influenced 

the measured results. Hence, this might explain the lower attenuation exhibited by 

a few plants at 62.4 GHz.
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Table 6.2: Idealised forest measured extinction coefficients (Np/m).

Conifer plants
Cell#

1
2
3
4
5
6
7
8
9
10
11
12

Tree#
7
10
2
1

11
16
8
15
5
14
3
4

20 GHz
11.52
5.71
8.85
13.12
8.20
11.53
10.41
9.58
10.57
10.43
8.79
10.91

62.4 GHz
12.25
7.76
8.76
11.30
12.23
14.55
11.73
7.89
10.75
12.61
11.95
13.73

Tree#
1
2
3
4
5
6
7
8
9
10
11
12

Ficus plants
20 GHz

4.00
1.42
3.64
1.71
3.17
2.02
0.99
2.21
5.10
3.75
4.51
2.52

62.4 GHz
4.07
1.52
2.24
3.29
4.90
1.35
3.00
4.02
8.55
3.36
5.22
4.25

The extraction of the phase function was based on the shape of the re-radiation 
function exhibited by each singular tree. The phase function, characterising the 
scattering directional profile of each tree, can be considered in the dRET model in 
two different ways: by the complete measured re-radiation function and by an fitted 
Gaussian phase function characterised by two parameters i.e. a and /3.

The characterisation using a fitted Gaussian function superimposed on an isotropic 
level, has the advantage of simplicity, since it relies on two simple parameters only. 
The complete re-radiation function, allows a detailed description of the plant scat 
tering characteristics at the expense of more complexity.

In order to fit a Gaussian function to the measured re-radiation function, the 
forward lobe from the later has to be clearly visible, otherwise the fitting might 
not faithfully represent the measured values. When conifer trees are concerned, the 
fitting of a Gaussian phase function proved to be difficult due to the almost com 
plete attenuation of the forward scattering lobe. To this extent, the simulation from 
the conifers will use the complete re-radiation function method exclusively, whereas 
the simulations performed with the ficus plants, will use both the complete (mea 
sured) re-radiation function and the fitted Gaussian phase function. Although the 
excessive attenuation caused by the conifer plants made the parameterised phase 
function method difficult to use, the simplicity of such method, in the sense that 
it characterises the vegetation scattering profile with two parameters, suggests it 
should be used whenever possible. Hence, the size of the vegetation volume under 
measurement should be appropriately selected, so that the coherent signal compo 
nent is not excessively absorbed and therefore, the Gaussian phase function might

189



6.2 Indoor measurements

-50 
-135 135

Angle (deg) 

Figure 6.15: Optimised Gaussian phase function obtained from ficus #3 at 20 GHz.

be extracted.
The fitting of the Gaussian phase function to the measured re-radiation function 

from the ficus plants, was performed using a Matlab® developed code based on a brut 
force optimization method. In this method, the RMS error between the measured 
re-radiation function and the Gaussian phase function was repeatedly calculated 
over a wide range of input parameters. Such parameters included not only a. and /?, 
but also an angular and amplitude offsets. Finally, the parameter set yielding the 
best fit considering the minimum RMS error criterion, was selected to represent the 
cell scattering profile. An example of a fitted phase function and the corresponding 
optimised parameter values is presented in Fig. 6.15 for ficus plant #3 at 20 GHz.

This phase function fitting process was performed for all the 12 ficus plants 
present in the vegetation formations outlined before. A summary of the optimised 
parameter values is presented in Table 6.3 at 20 and 62.4 GHz. The a and (3 para 
meters corresponding to the free space measurement are also presented for reference 
purposes. As reported is [11], the free space measured directional signal profile, rep 
resents a stretched version of the receiver antenna radiation pattern. To this extent, 
any fi increase when plants are present in the radio path is considered to be due to 
signal scattering.

The comparison between free space parameters and the parameter values ob 
tained through the plant measurements, shows a forward lobe broadening and a 
backscattering level enhancement. Hence supporting that the antenna coupling ef 
fect, which is present in both free space and re-radiation measurements, has a limited
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6.2 Indoor measurements

Table 6.3: Idealised forest fitted a and /? parameter values for the ficus plants.

Ficus tree #
FS

1
2
3
4
5
6
7
8
9
10
11
12

20
a

0.999
0.53
0.78
0.85
0.78
0.71
0.77
0.76
0.88
0.74
0.66
0.56
0.78

GHz
13

15.00°
16.60°
17.60°
19.30°
17.00°
27.10°
20.10°
17.70°
21.20°
42.20°
21.40°
26.10°
19.20°

62.4
a

0.9999
0.78
0.78
0.91
0.72
0.73
0.87
0.63
0.64
0.41
0.39
0.49
0.65

GHz
13

10.00°
12.90°
12.30°
14.70°
12.90°
17.70°
8.70°
12.50°
17.90°
26.00°
25.30°
12.00°
13.90°

influence in the extracted (3 value. The backscattering level from the tree measure 
ment, is in excess of 20 dB above the free space received signal level in the \(/>\> 60° 
angular range. Under these circumstances, the coupling signal, does not seem to 
significantly influence the optimised a parameter.

The extraction of the scattering coefficient ks is based on the side scattering 
measurement and in the formulae shown in subsection 5.5.3. The application of 
the method, relies upon the knowledge from the phase function parameters, a. and 
/?. Consequently the method was not utilised throughout the conifer simulations. 
Instead, the scattering coefficients used to model the conifer cells were established 
through a trial and error method. The scattering coefficients corresponding to the 
12 ficus plants used during the experiments are shown in Table 6.4 at 20 and 62.4
GHz.

The scattering coefficient corresponding to ficus #2 and #7 (at 20 GHz) were 
somewhat difficult to be determined using the outlined method. The method results 
in a ks coefficient which was larger than the measured extinction coefficient. This 
situation was not considered possible in practice since it would correspond to a neg 
ative absorption. A possible cause for this odd scattering coefficient value, might 
reside in the extremely low ke extracted for plants #2 and #7. Such low values, 
suggested the signal path might have found some gap through the plant canopy, dur 
ing the corresponding insertion loss measurement. Further results, latter obtained 
during the model validation stage, also support that the extinction coefficient might 
have been underestimated.
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6.2 Indoor measurements

Table 6.4: Idealised forest fitted scattering coefficient ka parameter values for ficus plants.

Ficus tree #
1
2
3
4
5
6
7
8
9

10
11
12

Scattering
20 GHz

0.76
-

0.89
1.65
1.64
1.77

-
0.88
0.94
1.04
1.02
1.40

coefficient ks
62.4 GHz

0.50
1.25
1.13
0.71
0.51
0.92
0.78
0.77
0.19
1.87
0.32
0.53

6.2.4 3D re-radiation function measurement

In order to measure the 3D re-radiation function of a single illuminated ficus plant, 
a special mechanical rig was designed and built. This rig, whose diagrams are 
presented in Fig. 6.16, was especially built to allow the movement of the receiver 
antenna around the tree, both in azimuth and elevation plans, while maintaining the 
proper antenna alignment. In essence, the receiver antenna is always pointing to the 
centre of the tree canopy for all azimuth and elevation angles. Due to mechanical 
constrains, the maximum weight it can accommodate at the receiver bracket is 10 
kg. It is nevertheless sufficient to support the 20 and 40 GHz measurement receiver 
enclosures but not the 62.4 GHz receiver.

The geometry of the rig limits the azimuth and elevation measurement angles i. e. 
the elevation is limited at -45° to prevent the receiver antenna from touching the rig 
structure, whereas the azimuth angle must remain within the [-135°, 45°] interval, 
thus avoiding any possible obstruction of the radio path by the rig mechanical parts. 
Figure 6.17 shows photographs of the ficus plant under 3D re-radiation measurement,
at 20 and 40 GHz.

Re-radiation measurements were carried out both in free space i.e. without 
the plant in the radio path and with the tree under measurement obstructing the 
radio path. Both measurements used vertical (VV) polarisation. The measurements 
were performed within the angular limits of the mechanical rig, using a 5° angular 
resolution. In order to speed up the measurement, the logarithmic amplifier in 
conjunction with the data acquisition card was used, to evaluate the received signal
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Figure 6.16: Diagram of the 3D re-radiation measurement mechanical rig.

(a) 20 GHz measurement system (b) 40 GHz measurement system 

Figure 6.17: Photographs of the 3D re-radiation measurement mechanical rig.

level. At each angular position from the receiver antenna, the signal was sampled 
at 1 ksamp/s during 0.5 seconds and the average recorded through a measurement 
software application specifically developed.

The measurements at both spot frequencies employed similar receiver and trans 
mitter antennas i.e. 20 dBi antennas with approximately 20° of half power beamwidtr. 
The distance between the transmitter and the plant under measurement was selected 
to be 1.15 m so that approximately 2/3 of the canopy width fell within the trans 
mitter antenna HPBW.
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(a) 20 GHz measurement (b) 40 GHz measurement 

Figure 6.18: 3D re-radiation received signal in free space configuration.

(a) 20 GHz measurement (b) 40 GHz measurement 

Figure 6.19: 3D re-radiation received signal with the ficus plant present in the radio path.

The free space measurement results, representing stretched versions of the re 
ceiver antenna radiation patterns [11], are presented in Fig. 6.18, at 20 and 40 GHz. 
These results were normalised with respect to the maximum received power with 
the antennas aligned boresight.

The received signal levels obtained with the plants in the radio path, are shown 
in Fig. 6.19. Such figures, show a clear distorting effect caused in the received signal 
level due to the presence of the plants. A level increase in the scattered signal can be 
observed at both frequencies. However, the forward lobe broadening is not evident.

In order to determine the a. increase and the forward lobe broadening from the re- 
radiation function, the received signal profiles corresponding to the principal planes 
i.e. <p = 0° and 0 — 0°, were analysed. The comparison between the re-radiation 
function parameters obtained in free space configuration and with the ficus plant in
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Table 6.5: 3D re-radiation function extracted parameters at 20 and 40 GHz.

20 GHz
Horizontal Vertical
a /3 a (3

Free Space 0.999 14.20° 0.98 14.40° 
Ficus plant 0.69 21.33° 0.95 16.47°

40 GHz
Horizontal Vertical
a f3 a (3

0.9957 14.40° 0.98 16.40° 
0.65 18.23° 0.93 13.70°

the radio path, are presented in Table 6.5. Such results, present lower a values when 
the tree is located in the radio path due to the increased scattering signal caused 
by the plant canopy. One can also see, that the forward scattering lobe broadening 
is more evident in the horizontal pattern than in its vertical counterpart. In one 
situation (vertical re-radiation function measured at 40 GHz) there is even a decrease 
in the forward lobe beamwidth when the tree is under measurement. This behaviour 
of the re-radiation function, seemed to be related to the method used to position 
the transmitter antennas which limited the canopy illuminated area. Assuming 
the transmitter antennas had a similar half power beamwidth in both principal 
plans, the canopy region which was directly illuminated by antenna beamwidth was 
approximately a 40 cm circle. Although this circle represented 2/3 of the canopy 
width, it was a smaller portion of the canopy height. Consequently, it is understood 
that this uneven canopy illumination might help in explaining the relatively low /3 
broadening obtained in the vertical re-radiation function.

Although these preliminary results revealed the expected a and /3 behaviour in 
most situations, further measurements should be performed. Such measurements, 
considering different plant species, increased illumination areas and higher angular 
resolutions could bring some more insight into the 3D re-radiation function behav 
iour.

6.2.5 Directional spectrum measurement results and analy 
sis

In order to obtain a preliminary validation of the modified dRET modelling, pre 
diction results obtained from the model calculations must be compared with actual 
measurement performed in a controlled environment.

The prediction results were obtained by simulating four different geometries with 
the dRET. Such geometries correspond to propagation formations #1 to #4, pre 
sented in Figs. 6.2 to 6.5. These scenarios form idealised downscaled vegetation 
volumes mimicking real forests formations using small plants.
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The parameters which characterise the propagation of radio waves through each 
of the plants, were obtained in section 6.2.3. These parameters were assigned to 
the corresponding cells of the forest model, shown in Fig. 6.7. The dRET model 
also considered some system dependent parameters which were previously deter 
mined experimentally, such as the radiation patterns of the receiver and transmitter 
antennas.

Directional spectrum and attenuation measurements were performed separately 
for each formation at two spot frequencies i.e. 20 and 62.4 GHz. Results at 40 GHz 
are not shown, since the 40 GHz measurement equipment was not available at the 
time the indoor experiments were carried out.

To ensure a uniform air to vegetation interface illumination, the transmitter was 
placed at 2 meters distance from the vegetation volume and coupled to a broad 10 
dBi horn antenna with approximately 50° of half power beamwidth. At the receiver 
side, 20 and 25 dBi horn antennas were used at 20 and 62.4 GHz, respectively. The 
receiver antenna was placed at each of the 16 receiver positions from each idealised 
formation and rotated around its vertical axes. The rotation was performed in an 
angular range of ±180° with a maximum of 2° of resolution.

Whenever possible, the receiver power level was measured using the logarithmic 
amplifier and the data acquisition card speeding up the measurement process. If 
the attenuation was verified to reduce the received signal below the noise threshold 
from these devices, the spectrum analyser (SA) was employed, providing an extended 
dynamic range. At each angular position from the receiver antenna, the received 
signal level was evaluated and recorded, consequently forming a directional spectrum 
profile. Whenever the LogAmp was employed, the signal strength was sampled at 
I ksample/s during 1 second and the average retained. With the SA, 10 samples 
were acquired to average the received signal. These 10 samples took approximately 
5 seconds to obtain.

The effective dynamic ranges available for excess attenuation measurement, con 
sidering each different power measurement device, are presented in Table 6.6 for 
various measurement locations within the test vegetation formations. The figures 
presented for the 20 GHz system, were calculated considering 10 and 20 dBi anten 
nas for the transmitter and receiver respectively, a 27 dB gain LNA and receiver 
sensitivities of -80 and -60 dBm for the SA and LogAmp, respectively. The 62.4 GHz 
system, in its indoor configuration, was rated at 10 dBm transmitted power. This 
system employed a 10 dBi antenna at the transmitter and a 25 dBi horn antenna 
at the receiver. Due to the increased oscillator frequency stability exhibited by this 
system, enhanced receiver sensitivities can be achieved i.e. -100 dBm for the SA 
and -70 dBm for the LogAmp. All effective dynamic range estimations, consider 0
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Table 6.6: Maximum effective dynamic ranges for the indoor propagation formations (dB).

Meas. TX/RX 
Position^ distance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

1.67
1.52
1.52
1.67
2.70
2.61
2.61
2.70
3.77
3.70
3.70
3.77
4.85
4.80
4.80
4.85

m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m

20GHz 62.4GHz
Effective DR

FSL
62.
62.
62.
62,
67,
66,
66,
67
70,
69
69
70

9
.1
,1
,9
,1
,8
.8
.1
.0
.8
.8
.0

72.2
72,
72
72

.1

.1

.2

DAQ
70
70
70
70
65
66
66
65
63
63
63
63
60
60
60
60

.1

.9

.9

.1

.9

.2

.2

.9

.0

.2

.2

.0

.8

.9

.9

.8

SA
87
88
88
87
83
84
84
83
80
81
81
80
78
78
78
78

.9

.7

.7

.9

.7

.0

.0

.7

.8

.0

.0

.8

.6

.7

.7

.6

FSL
72.8
72.0
72.0
72.8
77.0
76.6
76.6
77.0
79.9
79.7
79.7
79.9
82.0
82.0
82.0
82.0

Effective DR
DAQ
65.6
66.4
66.4
65.6
61.4
61.7
61.7
61.4
58.5
58.7
58.7
58.5
56.3
56.4
56.4
56.3

SA
92.3
93.1
93.1
92.3
88.1
88.4
88.4
88.1
85.2
85.4
85.4
85.2
83.0
83.1
83.1
83.0

dB of TX and RX attenuation since the RX-TX distance is enough to prevent the 
RX saturation.

In order to show the agreement between measurement and dRET predicted re 
sults, four different receiver positions (out of the 16 available), were chosen to be 
analysed in more detail. Consequently, the received signal directional profiles cor 
responding to positions #1, #8, #11 and #13 (one at each free space layer) are 
presented for each of the propagation scenarios and spot frequencies.

Figures 6.20 to 6.23 show the received signal profiles at position #1, located in 
the air to vegetation interface. Such figures, represent the received signal at both 
spot frequencies corresponding to the four propagation scenarios. The plots also 
show the mean RMS error (ERMs) between the measured signal values and the 
predictions obtained from the dRET modelling.

When the receiver antenna is located at the air to vegetation interface, the 
received signal profile is strongly influenced by the radiation pattern of the receiver 
antenna. This is especially true, at the receiver rotation angles (<j)RX } where the 
antennas nearly pointed towards each other. At these angles, the predicted and 
measured signals agreed closely, as might be verified in the figures corresponding to
position #1.

Small discrepancies between measurements and predictions, started to arise when
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Figure 6.20: Received signal directional profile at position #1 of formation
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Figure 6.21: Received signal directional profile at position #1 of formation

the receiver and transmitter antennas were not aligned e.g. (J)RX = 90°. Around this 
particular angular direction, the dRET model tends to underestimate the received 
signal e.g. as shown in figures 6.21 a) and 6.22 a). According to the angular 
coordinate system employed, 4>Rx = 90° corresponds to the direction where the 
receiver antenna was directly pointing to the wall of the anechoic chamber. These 
walls are not completely absorbing especially at grazing incident angles, which might 
help in explaining the presence of a residual received signal. Further analysis, shows 
that the signal residue is predominant at the lower 20 GHz frequency, where the 
absorbing effect of the chamber walls is known to be lower. Considering the chamber 
wall reflections are not taken into account by the dRET model, it might explain the 
apparent discrepancy.

Throughout the backscattering region i.e. 90° < <j)Rx < 225°, the modelled
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Figure 6.22: Received signal directional profile at position #1 of formation #3.
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Figure 6.23: Received signal directional profile at position #1 of formation #4.

signal approximately follows the measurements. Nevertheless, the scattered (mea 
sured) signal exhibits fast variations which seemed to be due to signal multipath. 
Such signal variation, leading to significant cancellation, is caused by the multiple 
signal reflections inside the vegetation complex canopy structure. As stated above, 
the dRET based models, rely on the sum of powers rather than the sum of fields. 
Hence, the dRET model is unable to accurately predict such fast signal variations, 
leading to smoother predictions which follow the measured signal envelope. To clar 
ify, further comparisons between dRET predictions and a smoothed version of the 
measured signal instead of the raw measured signal, were performed. The received 
signal was smoothed, i.e. the fast angular signal variations were removed, employing 
a 5-point moving average. Results from these new comparisons yielded an average 
improvement of approximately 1 dB in the RMS error value for the four test for-
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Figure 6.24: Smoothed received signal directional profile at position #1 of formation #1.

mations and the two test frequencies employed. As an example, Fig. 6.24, shows 
the predicted directional spectrum at position # 1 of formation #1. The plot also 
exhibits both the raw and smoothed versions of the measured directional spectrum. 

Considering the raw received signal, the RMS error shown by the predicted sig 
nals for measurement location #1 were consistently below 8.5 dB, except in Fig. 6.21 
b) which corresponds to scenario #2 at 62.4 GHz. In this situation, the discrepancy 
between the prediction and the measured value, is evident for the 20° < (f)RX < 170° 
angular range. This discrepancy was found to be due to a faulty connector in the re 
ceiver IF cable, thus explaining the increased RMS error of 23.2 dB. Unfortunately, 
this evident measurement error was only noted when it was impossible to repeat the

measurement.
Figure 6.23 corresponds to propagation formation #4 where the idealised forest 

was completely formed by ficus plants. These plants consist of a relatively sparse 
leaf structure and it was therefore possible to model the phase function using both 
different techniques explained before. Both modelling yielded similar predicted re 
sults in agreement with the measured values obtained for this receiver position, thus 
supporting the parameterisation method used.

Although the transmitter antenna employed during the measurements exhibited 
a relatively broad HPBW i.e. 50°, the small distance between the transmitter and 
the air-vegetation interface makes it difficult for a uniform illumination of the veg 
etation structure to be achieved. The non uniform interface illumination is evident 
in Figs. 6.20 to 6.23 since the excess attenuation when both RX and TX antennas 
are aligned is different from 0 dB. If a completely uniform illumination was present,

200



6.2 Indoor measurements

all the cells at the air vegetation interface would receive similar signal levels, conse 
quently leading to excess attenuations of 0 dB when antennas were boresight.

Figures 6.25 to 6.28 show the results obtained at measurement position #8, 
located behind the first layer of vegetation. Except for proposed formation #4, there 
is good agreement between the predicted and measured results. This is supported 
by the relatively low RMS error of under 9 dB. Again, if a smoothed version of the 
received signal is used for comparison purposes the corresponding RMS error would 
decrease by approximately 1 dB.

Despite the good agreement, results corresponding to position #8 exhibit some 
discrepancy between the predicted and measured values at the angular regions in 
which transmitter and receiver antennas are facing each other through the vegeta 
tion i.e. (f>Rx ~ 347°. This discrepancy may be explained by a mismatch in the 
extinction coefficient extraction. Although all effort was made to maintain a similar 
rotation alignment of the plants between the parameter extraction phase and the 
attenuation measurement experiments, the different locations of the plants within 
the vegetation structure makes the precise alignment to be impossible to replicate. 
Hence, during the ke extraction phase, the signal travelled through the tree along 
a radial path which was different from the path found throughout the directional 
spectrum measurements. This may explain the discrepancy when the antennas are 
aligned boresight. Overall, in both Figs. 6.25 and 6.26, there is a good agreement 
between modelled and measured results.

In Fig. 6.27 a) the dRET model predicts a lower signal level in comparison 
with the actually received level during the measurement in the 50° < <J)RX < 120° 
angular range. This particular measurement, was performed using the LogAmp

90 135 180 225 270 315 360 
Rceiver rotation angle (deg)

45 90 135 180 225 270 315 360 
Receiver rotation angle (deg)

(a) 20 GHz (b) 62.4 GHz 

Figure 6.25: Received signal directional profile at position #8 of formation #1.
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Figure 6.26: Received signal directional profile at position #8 of formation #2.
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Figure 6.27: Received signal directional profile at position #8 of formation #3.

as a power measurement device, consequently limiting the maximum measurable 
excess attenuation to 65.9 dB (Table 6.6) which is consistent with the minimum 
measured power level. It can be concluded, the discrepancy between the measured 
and predicted signal levels was due to the noise floor of the receiver rather than to 
the model error.

In formation #4, presented in Fig. 6.28, the scattered predicted signal is exces 
sively high when compared with the measured values. This is especially visible in 
the 20 GHz experiments, where the RMS error reaches 12 dB. This situation is likely 
to be due to an underestimation of the ke coefficient from trees #2 and #4. This 
leads to an excessively strong signal level to be available at tree #8, consequently 
increasing scattered signal at position #8.

The extinction coefficients from ficus plants #2, #4 and #7, are clearly below
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Figure 6.28: Received signal directional profile at position #8 of formation #4.
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Figure 6.29: Received signal directional profile at position #11 of formation #1.

the average of the remaining plants. By replacing these coefficient values by the 
average ke (« 3.5 Np/rn) the RMS error at position #8 can be reduced to 9.24 dB 
(instead of 12 dB) while reducing the average total RMS error (all 16 positions) 
from 13 to 10.8 dB. It has been verified that further adjustment in the extinction 
coefficients can lead to even lower RMS errors, suggesting that the extinction coeffi 
cient extraction method might need further refinement, especially when plants with 
sparse leaf structure are involved. These extinction coefficient evaluation errors, 
may be attenuated using an average ke extraction based on a tree rotation over its 
vertical axes. Such rotation, will reduce the ke dependence on a particular radial 
path which would therefore tend to represent the complete tree instead of a single 
radial path.

The comparison between the measured and predicted results at measurement
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Figure 6.30: Received signal directional profile at position #11 of formation #2.
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Figure 6.31: Received signal directional profile at position #11 of formation #3.

location #11 are presented in Figs. 6.29 to 6.32 for propagation formations #1 
to #4 at both measurement signal frequencies. Measurement positions located be 
tween the 2nd and the 3rd vegetation rows definitely present then larger RMS errors. 
Nevertheless, in propagation scenarios #1 and #2 (Figs. 6.29 and 6.30) the model 
predictions seem generally to follow the measured signal behavior, with the RMS 
error remaining around 11 dB. Figure 6.31 a), corresponding to the conifer and fi- 
cus mixed formation, shows that the dRET overestimates the back scattered signal 
from conifer #14, which is located behind ficus plant #2. This discrepancy suggests 
an underestimation of ke from ficus #2. In order to further support this theory, 
simulations performed with fcf1 = 4 Np/m show a decrease in ERMS for position
#11 from 12.6 to 11.3 dB, while decreasing the total mean RMS error in scenario
#3 from 8.40 to 7.72 dB.
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Figure 6.32: Received signal directional profile at position #11 of formation #4.
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Figure 6.33: Received signal directional profile at position #11 of formation #4 (with adjusted 
parameters).

In both Figs. 6.32 a) and b), the dRET model tends to over estimate the 
measured received signal. The causes for this behavior, might be related to the 
extinction coefficient estimation inaccuracies outlined before. Simulations performed 
with an enhanced ke for ficus #2, 4 and 7 (Fig. 6.33 a)) led to a RMS error of 14.9 
dB instead of the 18 dB exhibited in Fig. 6.32 a). Applying the same method 
at 62.4 GHz the RMS error could be improved from 11.3 to 8.93 dB as shown in 
Fig. 6.33 b). In both situations, the mean overall RMS error is lower after the 
extinction coefficient adjustment suggesting the overall performance of the model 
was enhanced and the error improvement in the specified positions was not obtained 
at the expense of the degradation from received signal predictions corresponding to 
other locations.
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Figure 6.34: Received signal directional profile at position #13 of formation

Finally, the measured excess attenuation corresponding to position #13, located 
behind the vegetation volume, is presented in Figs. 6.34 to 6.37. At the last mea 
surement row, the received signal was only evaluated in the <J)RX — ±60° angular 
range, where the receiver antenna was pointing to the vegetation volume.

Except for a few isolated cases, the predicted excess attenuation caused by the 
vegetation follows accurately the measured values, maintaining the RMS error below 
9.0 dB. However, in some situations e.g. Fig. 6.35 b), the absolute error might be 
as high as 20 dB, depending on the receiver pointing direction. This seems to be 
due to inaccuracies of the dRET model when predicting the attenuation of the 
coherent signal component travelling through the complete vegetation volume. In 
the dRET cubic cell representation of the vegetation volumes, the coherent signal 
received at position #13, slightly travels through conifer #11 which presents a 
relatively high ke of 12.23 Np/m. In reality, the actual circular shape of conifer #11 
canopy might have provided an easier vegetation path than the one considered in the 
model. Some simulations performed replacing conifer #11 by a free space cell, show 
a severe increase in the signal received at position #13 consequently supporting this 
explanation. The replacement of conifer #11 decreased the predicted peak excess 
attenuation at position #13 to -45 dB, which is similar to the measured values shown 
in Figs. 6.35 b) and 6.36 b).

The received signal directional profiles measured at position #13 exhibited a 
clear forward lobe broadening which was correctly predicted by the dRET model. 
Nevertheless, the results shown in Fig. 6.37 a) suffer from a relatively high RMS 
error which may also be due to the inaccuracy in the estimation of the ke explained 
before. Simulations of the dRET based on the corrected ke parameters are presented
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Figure 6.35: Received signal directional profile at position #13 of formation #2.
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Figure 6.36: Received signal directional profile at position #13 of formation #3.

in Fig. 6.38 a) and b) for 20 and 62.4 GHz, respectively.
A complete set of the RMS errors obtained at the four propagation scenarios 

tested in the anechoic chamber experiments, are presented in Tables 6.7 to 6.9. Ta 
ble 6.7 shows the results obtained for formations #1 and 2, using the extracted ke 
parameters presented in Table 6.2 and the complete re-radiation functions measured 
for the conifer plants. The scattering coefficient ks was adjusted using a simple iter 
ation method. The results presented here in were achieved adjusting ks so that the 
backscattering predicted signal level could fit the measured signals. This adjustment 
process took no more than four iterations.

Table 6.8 shows the RMS error between the measured and predicted directional 
signal profile corresponding to propagation formation #3. The vegetation volume 
from this formation was built from a mixed conifer and ficus plant arrangement.
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Figure 6.37: Received signal directional profile at position #13 of formation #4.
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Received signal directional profile at position #13 of formation #4 (with adjusted ke

During the processing of results, it was noted that the parameters extracted from 
some ficus plants, were clearly not in line with the average values. This was specifi 
cally noted for ficus trees #2, 4 and 7 at 20 GHz exhibiting an extinction coefficient 
was below 1.7 Np/m, while the average from the remaining plants was 3.57 Np/m. 
At 62.4 GHz the discrepancy was noted for ficus #2, 3 and 6, which presented mea 
sured ke below 2.2 Np/m, whereas the mean value was approximately 4.62 Np/m. 

These relatively low ke values, obtained during the parameter extraction phase, 
may be due to the presence discontinuities in the relatively sparse foliage structure of 
the ficus plants, which allowed for the signal to find a unobstructed propagation path 
through the foliage. This might be avoided, by averaging the excess loss caused by 
such plants, using an averaging method based in the specimen rotation, as previously
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Table 6.7: RMS error between measurements and model predictions (formations #1 and #2).

RMS error (dB)
Scenario #1

Pos#
1 
2 
3
4
5 
6
7 
8
9 
10 
11 
12
13 
14 
15 
16

20GHz 
Re-Rad

5.79 
6.38 
6.17 
7.26
7.15 
6.95 
8.47 
7.85
8.53 
11.90 
11.90 
8.61
5.67 
7.56 
9.88 
9.49

62.4GHz 
Re-Rad

7.40 
6.05 
5.98 
6.65
9.58 
8.88 
9.44 
8.80
11.00 
10.00 
9.65 
8.29
6.68 
7.20 
8.00 
8.01

Scenario #2
20GHz 62.4GHz 
Re-Rad Re-Rad

5.93 
5.65 
5.27 
6.54
7.19 
8.09 
7.72 
7.97
7.55 
9.04 
10.05 
9.69
9.08 
8.70 
6.69 
9.57

-

7.46 
8.89 
9.55 
8.03
9.73 
10.40 
11.70 
9.73
8.90 
10.40 
5.69 
8.05

Mean 8.10 8.24 7.82 9.04

Table 6.8: RMS error between measurements and model predictions for formation #3 with and 
without kf correction.

RMS error (dB)

Pos#
1 
2 
3
4
5 
6
7 
8
9 

10 
11 
12
13
14 
15 
16

Scenario #3
20GHz 62.4GHz 
Re-Rad Re-Rad

6.85 
6.60 
5.77 
6.81
7.46 
9.60 
7.39 
7.91
9.20 
12.20 
12.60 
10.90
6.88 
11.60 
5.10 
7.46

8.30 
6.01

7.97
8.61 
9.25 
9.33 
7.65
10.50 
11.70 
10.40 
8.92
8.66 
9.66 
5.32 
7.23

Scenario #3
20GHz 
Re-Rad

6.85 
6.55 
5.77 
6.74
7.27 
8.77 
6.72 
7.79
8.52 
9.58 
11.30 
10.60
5.79 
8.69 
5.20 
7.43

(ke corr.)
62.4GHz 
Re-Rad

8.30 
6.00

7.97
8.19 
8.25 
9.28 
7.51
9.81 
10.20 
9.98 
8.98
10.00 
9.33 
5.56 
7.61

Mean 8.40 8.63 7.72 8.46
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performed in [14] and [75]. Although such a method is more difficult and time 

consuming, it might yield more accurate estimations for the extinction coefficient.

In order to show that the predictions are effectively sensitive to the extracted 

values of ke , simulations were performed using an optimised set of propagation 

parameters for formation #3. In this new parameter set, the extinction coefficient 

from the specific ficus plants were replaced by average parameters i.e.. 3.57 Np/m 

for 20 GHz and 4.62 Np/m for 62.4 GHz. The results obtained employing the 

new set of parameters shown an improvement in the RMS error corresponding to 

the measurements positions located in the neighborhood of the ficus i.e. positions 

#5 to #12. This local improvement, present at both measurement frequencies, is 

followed by an improvement of the overall model performance as denoted by the 

decrease in the mean RMS errors: 8.40 to 7.72 dB at 20 GHz and 8.63 to 8.46 dB at 

62.4 GHz. These results, support the need for a more refined ke extraction method, 

possible incorporating an averaging method.
A few values from Tables 6.7 and 6.8 were affected by a measurement system error 

caused by a faulty connector of the IF receiver cable. Such measurements results, 

presented incorrect signal variations, as shown in Fig. 6.21 b) and consequently 

their RMS error was not taken into account in the overall error calculation.

The RMS error results obtained for formation #4 are shown in Table 6.9. This 

scenario is completely formed by ficus plants and consequently, is severely affected by 

the inaccuracy in the ke measurement. In order to further test the influence of this 

parameter on the overall performance of the model, this vegetation volume was also 

simulated using the extracted parameters and the corrected ke values i.e. 3.57 Np/m 

for ficus plants #2, #4 and #7 at 20 GHz and 4.62 Np/m for ficus #2, #3 and #6 at 

62.4 GHz. An improvement in the overall model performance can be observed after 

the extinction coefficient correction, suggesting that the new extinction coefficient 

describes more accurately the propagation behaviour from the ficus trees. This 

conclusion, further support the observations reported for the remaining propagation 

scenarios regarding the extraction of the extinction coefficient.
Results for formation #4, were calculated using the two different phase function 

modelling techniques presented before. The phase function, completely specified by 

two parameters, is far more suited to the formulation and subsequent utilisation of 

a planning model than the more complex re-radiation function. In Table 6.9, the 

results corresponding to the complete re-radiation function are shown as Comp., 

whereas the results obtained with the fitted Gaussian function are shown as Fit..

Both methods to employed describe the scattering profile from the ficus plants 

present similar results. This is suggested by the similar overall RMS errors exhibited 

by both approaches (the maximum difference is below 1.5 dB). Such results, show
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Table 6.9: RMS error between measurements and model predictions for formation #4 with and 
without ke correction.

RMS error (dB)
Scenario #4

Pos#
1 
2 
3
4
5 
6
7 
8
9 
10 
11 
12
13 
14 
15 
16

20
Comp.

8.32 
7.61 
7.45 
7.70
12.80 
11.70 
10.20 
12.00
14.30 
16.80 
18.00 
17.20
17.40 
17.70 
13.00 
15.90

GHz
Fit.
7.82 
6.98 
7.21 
7.07
11.70 
10.30 
9.42 
10.70
12.90 
15.40 
15.10 
13.90
16.40 
16.40 
11.70 
15.10

62.4
Comp.

7.78 
7.60 
6.69 
8.10
8.01 
9.66 
9.37 
9.47
9.19 
13.60 
11.30 
9.59
7.85 
14.00 
10.00 
9.34

GHz
Fit.
7.79 
7.72 
6.72 
8.01
8.07 
10.80 
8.83 
9.86
12.40 
16.40 
13.00 
10.20
8.61 
14.20 
9.83 

10.20

Scenario #4 (corrected ke )
20

Comp
7.89 
6.78 
6.81 
6.62
11.90 
9.41 
8.75 
9.24
11.50 
13.90 
14.90 
14.90
11.90 
14.30 
9.13 

14.70

GHz
. Fit.

7.88 
6.50 
6.73 
6.18
11.00 
8.25 
8.23 
8.11
10.40 
12.80 
11.70 
11.80
11.00 
13.30 
8.28 

14.50

62.4
Comp.

7.73 
6.97 
6.54 
7.94
7.24 
6.97 
8.18 
8.45
7.22 
10.30 
8.93 
8.54
8.22 
9.97 
9.70 
8.37

GHz
Fit.
7.79 
6.69 
6.54 
7.76
7.17 
7.21 
7.97 
8.60
9.22 
12.40 
9.89 
8.79
7.38 
9.41 
9.27 
8.39

Mean 13.00 11.75 9.48 10.16 10.78 9.79 8.20 8.40

that the phase function, completely specified by two parameters, exhibits similar 

performance, and therefore acts as a good replacement for the complete re-radiation 

function, without compromising the overall accuracy of the model.

6.3 Outdoor measurements

This section describes the measurement procedure and results from the experiments 

performed at the Wyevale Garden centre site near Cardiff in South Wales. The 

measurement were carried out at four signal frequencies i.e. 11.2, 20, 40 and 62.4 

GHz. The experiments had two different purposes:

• The parameter extraction, where specific procedures were used to extract 

the propagation and scattering parameters describing the significant different 

blocks of vegetation forming the test forest;

• An evaluation of the excess attenuation, where the directional received signal 

profile was measured at different locations inside the test forest. The results 

obtained from such measurements were later used to assess the predictions cal 

culated by the dRET, based on the propagation parameters extracted before.
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6.3.1 Description of the test forest and measurement pro 
cedure

The criteria adopted to select a measurement site suitable to perform the test mea 
surements leading to the dRET final assessment and validation in real outdoor 
environments, are outlined below:

• The test site must be accessible to the measurement equipment, including a 
measurement van carrying the measurements equipment, consequently allow 
ing one to perform directional spectrum measurements at several locations 
inside the test forest;

• In order to evaluate the performance of the dRET modelling in inhomogeneous 
scenarios, the measurement site should contain irregularly planted groups of 
trees, preferably from different species;

• The measurement site must be isolated from other obstacles which may affect 
the radio path, thus degrading the quality of the measurement results e.g. 
lamp posts, high traffic roads, buildings or undesired vegetation volumes;

• The air to vegetation interface should be clearly defined and free of obstacles, 
consequently allowing an interface illumination to be as closely uniform as 
possible.

Considering the above mentioned requirements, the most difficult to fulfill was 
the van accessibility criterion, since it depends on the existence of clearance under 
neath the tree canopies and also on the conditions of the ground below the trees 
which needs to be firm and level.

Using these criteria, a suitable site to perform the experiments was found at the 
Glamorgan Wyevale Garden Centre. The measurement site is located North-East 
of Cardiff, in the village of Castleton, near the A48 road which connects Cardiff to 
Newport. The location of the Garden Centre is shown through a diagram in Fig. 
6.39 a) whereas a satellite photograph from the test forest is presented in Fig. 6.39 
b).

A complete characterisation from the test site geometry was achieved by mea 
suring the precise tree locations and mean canopy diameters using a theodolite. The 
data gathered from these measurements, was used to create the 2D forest diagram 
presented in Fig. 6.40. The tree positions, as well as the canopy diameters, are 
represented according to the scale shown in the diagram. The transmitter (TX) lo 
cation employed throughout the directional spectrum measurements and its pointing 
direction are also shown.

212



6.3 Outdoor measurements

Newport

Wyevale 
Garden 
Centre

Cardiff

(a)

Figure 6.39: Wyevale Garden centre a) location diagram and b) satellite view of test forest (Cour 
tesy of Google Earth).

TX Mp2

.-•••-"""••••-..

T T'1 XKV y "Mp4 T9,- '"" " ""\-— •••••-•••. sv""--..
Mp7
•

/"

,-----, T19-^ .- ,. \

/ T17 '"] '-•'./T20 '""•-.
\ .^.r--... MP9 .......i, ' /'""7;"'"T16 "\ / /'T21 Y "•""

T11 ! T13 ,-'•"

Figure 6.40: Scaled map of Wyevale Garden Centre test site.

The test forest is formed by 26 full size in-leaf trees, distributed by 6 different 
tree species. In order to individually identify each tree, they were labelled from 
Tl to T27. The characteristics of each tree e.g. the scientific and common names, 
the approximate canopy diameter and height as well as the corresponding label, 
are shown in Table 6.11. For each species, the approximate leaf sizes were also 
measured. The corresponding values are presented in Table 6.12. Figure 6.41 shows 
a photograph from a general view of the Wyevale test site air to vegetation interface, 
where the Oak, Oleaster and Ornamental Cherry trees are visible. The picture was 
taken from the transmitter location and shows that the air to vegetation interface is 
formed by two relatively large Oak and Oleaster trees. Considering the various trees 
forming the test forest, the Oak, the ornamental Cherry and the Gean trees exhibit
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Figure 6.41: General view of the Wyevale test forest interface. From left to right: Oak tree, 
Oleaster tree and Ornamental Cherry in second plan.

large broad leaves whereas the Oleaster and the Pecan show long needle shape ones. 
Finally, the Silver Birch has the smallest leaves from all trees forming the Wyevale 
test forest.

The 10 red dots, labelled MPl to MP10 in Fig. 6.40, represent the received 
signal measurement locations. The excess attenuation caused by the vegetation was 
measured by placing the receiver antenna at each of these locations. In order to 
obtain a received signal directional spectrum at each location, the receiver antenna 
was rotated over its vertical axes in a ±180° angular range in 1° increments. For each 
angular increment, the received signal level was measured using a spectrum analyser 
(SA), hence providing the required directional profile from the received signal. The 
channel dynamics were averaged considering 10 received signal samples which took 
approximately 2 seconds to acquire. Independent measurements were performed 
at the four signal frequencies using the vertical-vertical polarisation configuration 

(VV).
The characteristics of the receiver and transmitter antennas employed through 

out the Wyevale directional spectrum measurements are presented in Table 6.10. In 
order to provide a uniform air to vegetation interface illumination, relatively broad 
transmitter antennas were employed at all frequencies. These rectangular horn an 
tennas, exhibited similar features i.e. 10 dBi of gain and approximately 50° of half
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Table 6.10: Receiver and transmitter antennas employed during the directional spectrum measure 
ments.

TX antennas
Frequency
11.2 GHz 
20 GHz 
40 GHz 

62.4 GHz

Type
Horn 
Horn 
Horn 
Horn

Gain
lOdBi 
lOdBi 
lOdBi 
lOdBi

HPBW
57°
45° 
47°
52°

RX antennas
Type
Dish 
Lens 
Lens 
Lens

Gain
35 dBi 
33 dBi 
29 dBi 
36 dBi

HPBW
3.2° 
4.0° 
6.6° 
2.8°

Table 6.11: Tree types present at the Wyevale Garden Centre test site.

Tree label
Tl
T2
T3
T4
T5
T6
T7
T8
T9
T10
Til
T12
T13
T14
T15
T16
T17
T19
T20
T21
T22
T23
T24
T25
T26
T27

Scientific name
White Oak
Oleaster
Prunnus Sargentii
Oleaster
Prunnus Sargentii
Prunnus Sargentii
Prunnus Sargentii
Prunnus Sargentii
Betula Pendula
Betula Pendula
Betula Pendula
Oleaster
Betula Pendula
Oleaster
White Oak
White Oak
Prunus Avium
Pecan
White Oak
Pecan
Pecan
White Oak
White Oak
Pecan
Pecan
Pecan

Canopy 
Common name diameter (m)

Oak
Oleaster
Ornamental Cherry
Oleaster
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

11.4
12.1
6.1
14.0
5.2
6.0
6.0
3.0
4.5
6.5
10.0
12.5
5.6
12.0
5.6
10.1
9.6
3.9
8.0
8.3
7.0
6.1
7.2
6.8
6.2
3.9

Tree 
height (m)

10.9
16.5
3.5
17.7
3.5
3.5
3.5
3.0
8.4
6.4
10.0
15.6
5.5
15.0
2.5
7.2
7.3
8.9
9.6
5.2
7.0
7.8
6.8
13.0
14.3
4.3

power beamwidth. At the receiver, high gain antennas were employed, in order to 
provide a detailed and precise directional profile of the received signal.

The evaluation of the excess attenuation caused by any obstacle, requires prior 
knowledge of the corresponding excess free space attenuation. To this extent, the 
radio path distances, the free space loss (FSL) and the excess free space loss (£FSL) 
referenced to the measurement location MP1 were calculated and presented in Table 
6.13 for the various measurements locations and signal frequencies. The figures
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Table 6.12: Approximate tree leaf sizes present at the Wyevale Garden Centre site.

Common name
Oak 
Oleaster 
Ornamental Cherry 
Silver Birch 
Gean 
Pecan

Leaf size
Length Width
13 cm 8 cm 
9 cm 8 mm 
10 cm 6 cm 
4 cm 2.5 cm 
15 cm 6 cm 
9 cm 3 cm

Table 6.13: Effective dynamic ranges for the various measurement locations at the Wyevale test 
site (dB).

Pos#
1
2
3
4
5
6
7
8
9
10

TX/RX 
Dist.
13.3
13.8
18.7
26.5
25.5
42.5
55.3
66.3
84.4
82.5

EFSL
0.00
0.30
2.95
5.96
5.62
10.07
12.35
13.93
16.02
15.83

11.2
FSL
75.9
76.2
78.8
81.8
81.5
86.0
88.3
89.9
91.9
91.8

GHz
DR

103.5
103.2
100.5
97.5
97.9
93.4
91.1
89.5
87.5
87.6

20
FSL
80.9
81.3
83.9
86.9
86.5
91.0
93.3
94.9
96.9
96.7

GHz
DR
94.9
94.6
91.9
88.9
89.2
84.8
82.5
80.9
78.8
79.0

40
FSL
87.0
87.3
90.0
92.9
92.6
97.1
99.3
100.9
103.0
102.8

GHz
DR
79.6
79.3
76.7
73.7
74.0
69.6
67.3
65.7
63.6
63.8

62.4
FSL
90.8
91.1
93.8
96.8
96.5
100.9
103.2
104.8
106.9
106.7

GHz
DR
87.3
87.0
84.3
81.3
81.6
77.2
74.9
73.3
71.2
71.4

for the effective dynamic range (DR), representing the excess loss measurement 
capability, were calculated based on the link budgets presented in chapter 3. The 
link budgets assumed the spectrum analyser was employed to measure the received 
signal, hence considering the following noise floors: -70 dBm at 11.2 and 40 GHz, 
-75 dBm at 20 GHz and -80 dBm at 62.4 GHz.

In order to model the test forest using the dRET, a matrix consisting of square 
cells was superimposed on the measurement site as shown in Fig. 6.42. The selection 
of the cell size, and consequently, the grid resolution, was done considering two 
aspects i.e. the computation time and the stair case error. Although larger cell 
sizes considerably reduce the computation time of the dRET algorithm, each larger 
cell represents a wider forest area. In the dRET algorithm, signal calculations 
are performed on a cell centre basis and consequently, the signal levels and the 
propagation characteristics are considered to be identical within each cell. This 
tends to cause prediction errors particularly at the boundaries of the vegetation 
groups where the stair case error may be significant.
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6.3 Outdoor measurements

Figure 6.42: Diagram of the test forest with a superimposed 2.5 m square grid.

In this case study, a 2.5 meter cell grid was employed, thus producing a 38 x 18 cell 
(684 cells) computational space. This permitted the representation of the larger trees 
using 15 to 25 cells, which was just about the maximum scaling factor that could be 
accurately accommodated by the propagation parameter scaling method presented 
in section 5.6. Using this grid size, the dRET algorithm took approximately 30 
minutes to solve the intensity matrices with 1° of angular resolution. The simulations 
leading to these computation times were performed using a 1.5 GHz Pentium Mobile 
computer with 512 MBytes of RAM, running Matlab® 7.0 under the Windows XP 
operating system.

The complete dRET grid, based on the forest map from Fig. 6.42 is presented 
in Fig. 6.43. This figure, represents the cells completely filled with vegetation in 
dark green, whereas the partially filled cells are drawn in light green. Cells with less 
than 50% of their area filled with vegetation where considered air cells, which are 
shown in white color. The measurement locations were positioned at the nearest 
centre from the corresponding cell. These positions, numbered from 1 to 10 are also 
shown in the diagram of Fig. 6.43.

Although it is possible to assign individual propagation parameters to the cells 
partially filled with vegetation, which consequently would enhance the model accu 
racy, this was not done in the current case study. Consequently, the propagation 
parameters, were assigned on a frequency and tree basis, being identical and inde 
pendent from the cell vegetation occupancy percentage.
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Figure 6.43: dRET cells used for Wyevale test forest modelling.

6.3.2 Parameter extraction phase: measurements and re 
sults

In order to model the various species forming test forest, the parameter extraction 
method presented in section 5.5, was used. The method relied on three measure 
ments performed at specific locations around the test vegetation volume according to 
the diagram shown in Fig. 6.44. Under ideal circumstances, the parameter extrac 
tion procedure should be carried out in an isolated vegetation volume, hence avoiding 
any contamination of the measurements from other vegetation species. However, in 
the Wyevale test forest, it was impossible to find suitable isolated volumes from the 
relevant species present throughout the site. Consequently, the propagation para 
meters were extracted from trees located at the borders of the forest, thus limiting 
the amount of interference from the remaining vegetation. To further minimise any 
possible contamination, the transmitter antennas were positioned so that their main 
lobe illumination was limited to the vegetation block under measurement. The forest 
diagram from Fig. 6.45 shows the individual vegetation blocks used in the parameter 
extraction measurement. These measurements covered 5 of the 6 vegetation species 
present in the test forest. Such particular trees were chosen due to their relatively 
isolated locations.

The parameter extraction procedure was not performed for the Pecan tree. This 
species was only found at the last vegetation row of the test forest and consequently 
would have a limited effect on the received signal level. Also, the analysis of the 
terrain surrounding such trees showed that it would be impossible to find sufficient 
foreground clearance to adequately perform the outlined measurements. These trees 
will be modelled using an average of the parameters extracted from the remaining
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Figure 6.44: Measurement geometry for dRET parameter extraction.

T3

M2

Figure 6.45: Wyevale test site indicating the individual vegetation blocks used for parameter 
extraction.

trees.
The calculations of the ke , ks and a propagation parameters were based on the 

received signal strength at M2 and M3 after being normalised to the received power 
at MI. These measured normalised received signal levels, are shown in Table 6.14, 
where M3) i is the difference between the maximum measured signals at M3 and M1; 
and M2,i stands for an average of M2 signal obtained within a ±15° angular range 
around the centre of the tree, normalised to MI.

The analysis of the results from Table 6.14 demonstrates that the sparser and 
smaller trees e.g. T-i and the T3i5 )6)7 tree group, tend to exhibit higher signal levels at 
M3 when compared with M2 . This suggests that the received signal at M3 is still due 
to the coherent signal component, whereas the signal at M2 is due to the scattered 
or diffused component. The remaining trees, exhibit similar signal levels at M2 and 
M3 . Such similar signal levels, may have two reasons i.e. the reduced intensity was
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Table 6.14: Mean received signal levels at Ma and M% obtained through the parameter extraction 
measurements normalised to MI, in dB.

Tl
Ts.5,6,7

TH
Ti2
TIT

11.2 GHz
MS,! ^2,1
-29.9 -49.4
-38.0 -57.4
-45.4 -47.0
-48.1 -46.7
-44.3 -44.5

20 GHz
MS,! M2| i
-29.2 -51.7
-39.9 -60.2
-41.7 -52.2
-51.8 -52.7
-36.0 -47.9

40 GHz
MS,! A/2,1
-27.8 -49.6
-29.5 -52.6
-37.7 -45.4
-37.7 -48.8
-26.7 -40.2

62.4 GHz
MS,! M2] i
-25.4 -47.3
-49.9 -58.8
-43.7 -46.7
-41.2 -56.0
-37.9 -49.9

Table 6.15: ke extracted values from measured vegetation blocks at 11.2, 20, 40 and 62.4 GHz.

Measured ke (Np/m)
Tree
TI

^3,5,6,7

Tl2

TIT

11.2 GHz
0.39
0.93
0.84
0.61
0.61

20 GHz
0.37
0.98 
0.75
0.68
0.45

40 GHz
0.35
0.65 
0.67
0.44
0.27

62.4 GHz
0.30
1.26 
0.81
0.50
0.49

completely attenuated inside the tree canopy or the RX-TX direct antenna coupling 
was enough to hide the scattered signal. However, such trees exhibit relatively high 
M3)i attenuation ratios (> 45 dB) which supports the former theory.

For trees where the coherent component has been excessively attenuated, the 
extinction coefficient extraction method may yield underestimated ke values. An 
accurate extraction of this parameter should therefore be done using smaller volumes 
of vegetation, in order to ensure the presence a significant coherent signal component 
at M3 . Due to the absence of smaller isolated vegetation volumes from the species 
of TH, Ti2 and Ti7 , where better ke estimation may be obtained, these trees were be 
modelled using the available ke estimations. The complete set of values for such ke 
estimations is presented in Table 6.15 at the signal frequencies of 11.2, 20, 40 and 
62.4 GHz.

The anticipated tendency for ke to increase with frequency, due to the increasing 
absorption [11, 14], is only evident for the smallest vegetation group formed by 
the Ornamental Cherry. In the remaining cases, the extinction coefficient seems 
to stabilise, or even to decrease with frequency. This phenomena which has been 
reported by other researchers [11, 21, 26, 29] might be due to the following main 

causes:

• At high signal frequencies the Fresnel ellipsoid clearance decreases, conse-
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quently it is easier for the propagating signal to find free gaps through the 

vegetation structure;

• The extinction coefficient should be calculated based on the attenuation caused 

by the tree to the coherent signal component. Due to the relatively large depth 

of the vegetation under measurement, the received signal behind the tree is 

predominantly incoherent, consequently causing a ke underestimation which 

might be more significant at higher frequencies.

Both a and (3 values obtained for each measured tree type present at the Wyevale 

test forest, are presented in Table 6.16. The /3 values were optimised by fitting a 

Gaussian phase function to the directional signal profile obtained at measurement 

position MS. By comparing the 0 values with the half power beamwidths of the 

receiver antennas used in the measurements and considering the (3 = Q.QBW^dB 

relation, the broadening of the phase function forward lobe is evident. Although the 

receiver antenna radiation pattern might cause a certain amount of distortion in the 

/3 measurement, the relatively low half power beamwidth of the receiver antennas 

employed, should considerably limit this effect. The j3 correction method, proposed 

in section 4.4.2, is exclusively suited for homogeneous vegetation media, where the 

measured directional spectrum might be approximated through a Gaussian function. 

Such method is therefore not adapted to be used here due to its inability to perform 

accurately when isolated volumes of vegetation are involved.

The a parameter optimisation was based on the previously fitted (3 while con 

sidering the received side scattered signal. Such method, is not dependent on the 

receiver antenna rotation and consequently, was not affected by the receiver antenna 

radiation pattern. However, a few trees exhibit a side scatter signal level similar to 

the signal level measured at M3 . Under these circumstances the correct a parameter 

is somewhat difficult to be determined.

Table 6.16: a and /3 values extracted from measured vegetation blocks at 11.2, 20, 40 and 62.4 

GHz.

Tree
Ti

^3,5,6,7
Tii
Ti2
TIT

11.2
a

0.05
0.37

-
-
-

GHz
/9

3.02°
9.66°
13.36°
10.17°
13.38°

0

20
a
.35

0.13
0 .05

GHz
P

6.41
4.20
8.20

o

o

o

9.54°
0 .13 11.7°

0
0

40
a
.62
.43

0.03
0
0

.08

.07

GHz
(3

12.0°
6.9°
10.0°
11.6°
6.7°

62.4
a

0.08
0.07

-
0.15
0.04

GHz
0

2.8°
15.5°
12.1°
14.8°
11. 1°
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Table 6.17: Scaling factor of each tree assuming 2.5 m dRET cells.

Tree Label
I\
T2
T3
T4
T5
T6
T7
T8
T9
Tio
Tu
TV
7\3
TH
7i5
Tie
T17
Tig
TZO
T2 i
2~22

T23
r24
r25
T26
r27

Common Name Scaling Factor
Oak
Oleaster
Ornamental Cherry
Oleaster
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

16.3
18.4
4.7

24.6
3.4
4.5
4.5
1.1
2.5
5.3
12.5
19.6
3.9
18.1
3.9
12.8
11.6
2.0
8.0
8.7
6.2
4.7
6.5
5.8
4.8
1.9

The phase function parameters shown before, were obtained considering the com 
plete trees. Consequently, they do not represent the 2.5 meter size cells, used 
throughout the dRET vegetation modelling. To this extent, new phase function 
parameters, corresponding to the correct cell sizes, must be found using the scaling 
method proposed and validated in section 5.6. The effective scaling factors for each 
tree, are presented in Table 6.17. These factors were calculated based on the ratio 
between the areas occupied by the various canopies, and the 2.5 meter dRET cell
area.

The scaling from phase function assumes a linear behaviour of a and f3 parame 
ters with the variation of the vegetation volume size. The set of equations given by 
(5.46), representing such linear behaviour, were employed to obtain the parameters 
from the scattering profile of each tree, as shown in Table 6.18. As anticipated, the
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Table 6.18: Scaled parameters used at 11.2, 20, 40 and 62.4 GHz.

Tree 
Label

TI
T2
TS
T4
T5
Te
TT
Tg,
Tg
TW
TU
T12
T13
TU
T15
Tie
Tn
T19
T2 Q

T21
T22
T23
T24
T25
T26
T27

Common 
Name

Oak
Oleaster
Orn. Cherry
Oleaster
Orn. Cherry
Orn. Cherry
Orn. Cherry
Orn. Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

11.2
a

0.81
0.81
0.75
0.81
0.75
0.75
0.75
0.75
0.52
0.70
0.79
0.81
0.65
0.81
0.65
0.79
0.78
0.47
0.76
0.77
0.73
0.69
0.73
0.73
0.70
0.44

GHz
13

2.16°
2.53°
3.74°
2.54°
3.74°
3.74°
3.74°
3.74°
6.50°
4.21°
2.99°
2.54°
4.10°
2.54°
2.33°
2.18°
3.12°
6.00°
2.21°
3.02°
3.40°
2.29°
2.25°
3.45°
3.72°
6.30°

20
a

0.95
0.94
0.80
0.94
0.80
0.80
0.80
0.80
0.62
0.81
0.92
0.94
0.74
0.94
0.83
0.94
0.91
0.56
0.91
0.89
0.85
0.86
0.88
0.84
0.81
0.53

GHz
/?

2.37°
2.50°
2.56°
2.51°
2.56°
2.56°
2.56°
2.56°
4.50°
3.25°
2.59°
2.51°
3.96°
2.51°
3.21°
2.46°
2.97°
5.05°
2.64°
2.79°
3.08°
3.02°
2.82°
3.12°
3.32°
5.27°

40
a

0.85
0.82
0.77
0.82
0.77
0.77
0.77
0.77
0.53
0.70
0.79
0.81
0.67
0.81
0.80
0.84
0.79
0.56
0.83
0.79
0.76
0.81
0.82
0.75
0.73
0.53

GHz
/?

5.52°
5.45°
5.51°
5.46°
5.51°
5.51°
5.51°
5.51°
7.03°
6.03°
5.49°
5.46°
6.72°
5.46°
6.88°
5.68°
5.26°
7.29°
5.96°
5.61°
5.83°
6.57°
6.25°
5.86°
6.00°
7.45°

62.4
a

0.92
0.93
0.77
0.92
0.77
0.77
0.77
0.77
0.59
0.79
0.89
0.92
0.77
0.92
0.74
0.90
0.89
0.52
0.86
0.86
0.82
0.78
0.82
0.81
0.78
0.49

GHz
/?

2.14°
2.47°
3.67°
2.48°
3.67°
3.67°
3.67°
3.67°
4.10°
3.06°
2.51°
2.48°
3.80°
2.48°
2.26°
2.15°
2.51°
4.54°
2.18°
2.67°
2.91°
2.23°
2.20°
2.95°
3.11°
4.72°

different scaling factors lead to different a and j3 parameters for each tree. More 

so, the smaller vegetation cells are characterised by a scattering function with a 
narrower forward lobe and a lower scattered signal level. This behavior is consistent 

with the a and (3 values from Table 6.18.
The determination of the scattering coefficient values ks was performed through 

the method outlined in section 5.5.3. This method is based on the previously calcu 
lated propagation parameters. Whenever it was impossible to find the phase function 

a parameter, an isotropic phase function was employed in the optimisation of ks . 
Some of the ks parameters were somewhat difficult to extract from the measured 

data, especially for the larger trees. This seems to be related to the above mentioned 

difficulties arising from the high attenuation of the coherent signal component. The 

obtained ks parameters are shown in Table 6.19.
Each measured parameter set, will be assigned to the corresponding vegetation 

volume during the dRET simulation, consequently recreating the test forest. This 

forest model, will allow one to calculate estimations of the received signal level at 

several locations inside the forest. In section 6.3.3, the model predictions will be
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Table 6.19: ks values extracted from measurement vegetation blocks at 11.2, 20, 40 and 62.4 GHz.

Measured ks
Tree
Ti

Ts.5,6,7
Til
T12
TIT

11.2 GHz
0.19
0.54

-
-
-

20 GHz
0.28
0.24

-
-
-

40 GHz
0.25
0.19

-
0.29
0.21

62.4 GHz
0.13
1.02

-
0.10
0.37

compared with actual outdoor directional spectrum measurements performed at the 
test site, giving a more detailed dRET model assessment.

6.3.3 Attenuation and directional spectrum results
This section compares the results from measurements performed at the Wyevale 
Garden Centre in Cardiff, with the received signal predictions generated by the 
proposed dRET model. The dRET predictions were calculated based on the pre 
viously extracted propagation parameters, assuming the forest model presented in 
Fig. 6.43. The mean RMS error between the measurements and the prediction re 
sults was subsequently used as a criterion to evaluate the accuracy of the enhanced 
dRET predictions.

Results are presented in terms of the received signal directional spectrum or 
directional signal profile. This profile is obtained by rotating the receiver antenna 
around its vertical axes, through a complete 360° turn with 1° of resolution, at the 
10 specified locations inside the forest. The receiver antenna rotation angle (f)RX is 
measured in the clockwise direction according to the coordinates shown in Fig. 6.46.

Figures 6.47 and 6.48 show the comparisons between dRET prediction and the 
received signal directional profile at measurement location #1 for the signal fre 
quencies employed i.e. 11.2, 20, 40 and 62.4 GHz. Position #1 lies on the air to 
vegetation interface and consequently, the receiver and transmitter are in line of 
sight (LOS). To this extent, the received signal profile is strongly dependent on the 
shape of the receiver antenna radiation pattern, especially in the angular region 
where it is pointing to the transmitter ((J)RX ~ 340°).

By analysing the results from MP: , a good overall agreement between the mea 
sured values and the model predictions can be verified at all frequencies. The model 
predictions are especially accurate at angles near 340° which correspond to the di 
rections where the antennas are nearly boresight. Nevertheless, the error slightly
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Figure 6.46: Receiver angle (<pRx) coordinate system.
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(a) 11.2 GHz measurement (b) 20 GHz measurement 

Figure 6.47: Received directional spectrum at measurement point #1: a) 11.2 GHz; b) 20 GHz.

increases as the receiver antenna aims the vegetation. Such increase of the RMS 
error, is more pronounced at 20 GHz with the total overall RMS error reaching 13.1 
dB. At this particular frequency, model prediction seems to overestimate the mea 
sured backscattering signal originated in the forest, consequently suggesting that 
the scattering coefficient for tree #1 has been underestimated.

Predictions for MP\, obtained at 20 GHz, tend to marginally underestimate 
the received signal, in the directions where the receiver antenna is pointing away 
the test forest. The predicted signal at these directions is calculated based on the 
receiver antenna radiation pattern. A comparison with the 33 dBi 20 GHz lens 
horn radiation pattern, measured in the anechoic chamber, confirms the shape of 
the predicted signal. To this extent, one can conclude that the underestimation of
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Figure 6.48: Received directional spectrum at measurement point #1: a) 40 GHz; b) 62.4 GHz.
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(a) 11.2 GHz measurement (b) 20 GHz measurement 

Figure 6.49: Received directional spectrum at measurement point #4: a) 11.2 GHz; b) 20 GHz.

the received signal when the receiver antenna is pointing away from the test forest 
is due to scattering within the neighbour vegetation structures, which have not been 
considered in the model, rather than to a model inaccuracy.

The remaining measurements corresponding to position #1, predict accurately 
the back scattered signal. Nevertheless, the 40 and 62.4 GHz predictions, lightly 
overestimate the received signal in two particular directions: C^RX ~ 90° and <J>RX ~ 
270°. Again, the receiver antenna is pointing away from the test forest suggesting 
the existence of some influence due to vegetation volumes strange to the test forest, 
which comprehensively were not included in the model.

Results obtained at measurement position #4. are shown in Figs. 6.49 and 6.50. 
Such position, is located behind tree #1 and consequently, the received signal level 
is influenced by the estimated ke parameter corresponding to this tree. In the an-
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Figure 6.50: Received directional spectrum at measurement point #4: a) 40 GHz; b) 62.4 GHz.

gular region where the maximum signal was received, the absolute maximum error 
lies within the 5 and 10 dB for 40 and 60 GHz, respectively. These relatively low 
errors, are caused by fluctuations in the insertion loss due to the different radial 
paths which the propagating signal used to travel through tree #1. This effect has 
been reported in the literature to exhibit 20 dB variations [14]. To this extent, a 
more refined method should be investigated to measure the excess loss and subse 
quently to calculate the extinction coefficient. This may therefore help is explaining 
the discrepancies in the insertion loss exhibited by the various trees between the 
parameter extraction and the directional spectrum measurement phases.

The broadening of the directional spectrum forward lobe was evident in the mea 
sured results obtained at 11.2, 20 and 40 GHz for position #4. This phenomena, 
primarily caused by multiple scattering within tree #1, transforms some coherent 
energy into diffuse signal. Although the dRET model reproduces such signal trans 
formation, and is potentially capable of simulating this process, it seems to be un 
derestimating the incoherent signal intensity at directions adjacent to the maximum 
received signal. This can be seen in Figs. 6.49 b) and 6.50 a) which correspond to 
the measurements performed at 20 and 40 GHz. At such frequencies, inaccurate esti 
mations of the scattered signal appear in the 260° < (f)RX < 330° angular directions. 
Such angles, correspond to the directions where the receiver antenna is pointing to 
the Oleaster trees i.e. trees #2 and #4. Consequently, one may conclude there has 
been an imprecise evaluation of the scattering characteristics from these two trees. 
The evaluation of the scattering properties from trees #2 and #4, were based on 
results obtained for tree #12. Although this tree is of the same type as trees #2 
and #4, their location inside the forest is different. The different locations of these 
trees in the forest i.e. tree #12 is in the border of the forest whereas trees #2 and
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Figure 6.51: Received directional spectrum at measurement location #6: a) 11.2 GHz; b) 20 GHz.

#4 are inside the forest, might contribute to different canopy characteristics, such 
as the leaf density. Consequently, it is likely that the scattering properties from 
tree #12 are not an accurate approximation to the properties of the remaining trees 
although they are from the same specie.

The scattered signal predictions for measurement location #4, show a received 
signal peak at &RX ~ 205°, which is presumably due to the scattered signal from 
tree #9. Although this peak also appears in the measured results, it was located at 
a slightly different angular direction. This different alignment can be explained by 
the adjustment in the measurement and tree locations, performed to fit the forest 
into the dRET cell structure.

The measured directional signal profile obtained at position #6 is presented in 
Figs. 6.51 and 6.52 at 11.2, 20, 40 and 62.4 GHz. Position #6 is located behind trees
#2 and #4. Consequently, the predicted attenuation corresponding to this position 
is strongly influenced by the parameters from tree #2 and #4. Nevertheless, the 
predicted and measured signals present a similar behaviour.

Despite the relatively good overall agreement between the predictions and the 
measured signal at position #6, discrepancies between both levels when the receiver 
antenna is pointing to the transmitter, yield an absolute error, which ranges from 
approximately 5 dB at 62.4 GHz to a maximum of 22 dB at 20 GHz. This tendency 
for predictions to underestimate the received signal, further supports the theory 
that the ke from tree #12 might over estimate the insertion loss from trees #2 and
#4. The forward lobe broadening is also incorrectly predicted especially at 11.2, 20 
and 40 GHz. The main reason for such phenomenon, may also be related to the 
inaccurate estimations of propagation parameters of tree #2 and #4.
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Figure 6.52: Received directional spectrum at measurement location #6: a) 40 GHz; b) 62.4 GHz.

Simulation results generated by the dRET, accurately predict an increased signal 
level around the 90° direction which is originated in tree #9. The accuracy of 
such prediction is supported by measured values obtained at all signal frequencies. 
Although the signal level is accurately predicted by the model, predictions exhibit 
a broader peak compared to the measured signal. This suggests that the measured 
scattered signal is mainly originated from the trunk region of tree #9. In contrast, 
the dRET models tree #9 as four homogeneous vegetation volumes, consequently 
generating a broader scattering pattern.

The received signal observations also exhibit a signal peak at <fiRX ~ 270° which 
was not predicted by the dRET. This particular angular direction lies within the 
225° < 4>Rx < 315° angular region, which corresponds to directions where the re 
ceiver antenna is pointing outside the modelled vegetation volumes. Hence, the 
signal being measured at the receiver is predominantly originated from outside the 
test forest therefore explaining the apparent inability of the dRET model to accu 
rately predict such signal variation.

In Fig. 6.52 b), the received signal is exclusively available for a limited angular 
range. Outside this angular range, it was verified that the received signal was not 
safely above the receiver noise floor. Similar conditions were found at measurement 
location #9 as shown in Figs. 6.53 b) and 6.54.

Despite the discrepancies discussed above, which are understood to be related to 
inaccuracies in the evaluation of the propagation parameters from trees #2 and #4, 
the predictions show a relatively good overall agreement with the measurements.

Figures 6.53 and 6.54 present the comparisons between the predicted and the 
measured received signal levels corresponding to position #9. This measurement 
position, is located at the rear of the test forest, just behind trees #16 and #17. All
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Figure 6.53: Received directional spectrum at measurement location #9: a) 11.2 GHz; b) 20 GHz.
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Figure 6.54: Received directional spectrum at measurement point #9: a) 40 GHz; b) 62.4 GHz.

predictions show a RMS error below 10 dB, which can be considered to be relatively 
satisfactory.

At 11.2 GHz, the prediction results are in line with the measured directional 
spectrum values. This overall good agreement, is shown by the relatively low RMS 
error of 7.47 dB. Nevertheless, the predictions exhibit a higher absolute error at the 
maximum received signal angular direction i.e. 4>RX ~ 355°, eventually attaining 
18 dB. Such discrepancy, agrees with the tendency of the dRET to present rather 
optimist estimations for the insertion loss caused by individual trees. Furthermore, 
the received signal at position #9 is influenced by the insertion loss of trees #1 
and #16 which directly lie in the radio path between receiver and transmitter. To 
a lesser extent, the received signal is also influenced by tree #11 whose location 
may also interfere in the direct radio path. According to the analysis of position
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#4 results, the insertion loss corresponding to tree #1 was underestimated. With 
greater reason, tree #16, being a White Oak, was equally modelled using the same 
ke parameters. Consequently, the ke inaccuracy may also influence the predictions 
from position #9. This conclusion is supported by the relatively high absolute error 
for 0RX fa 355°.

The principal contribution for the overall error in the predictions obtained at 20 
GHz, is present at the 40° < cj)RX < 100° directional range. Within these angles, 
the received signal is determined by vegetation surrounding the test forest rather 
than any modelled vegetation volume. Consequently, it is impossible for the dRET 
to predict such signal variations based on the forest model used. Considering the 
scattering originated within the test forest only, the agreement between the predicted 
directional spectrum and the actual received signal, which lies above the receiver 
noise floor, can be considered good.

Figure 6.54 a) shows the received signal for location #9 at 40 GHz. As previously 
reported, the received signal is only shown at angular ranges which lie above the 
receiver effective dynamic range i.e. approximately 64 dB at position #9. The suc 
cessful prediction agreement is supported by the relatively low RMS error of 6.5 dB. 
The received signal peak, which appears around the 60° receiver angle is originated 
outside the test forest and therefore could not be predicted by the model. Although 
in the backscattering angular range, 90° < (/)RX < 270°, the dRET model predicts a 
significant received signal increase, due to the scattered signal from trees #19, #20 
and #21, such enhancement, could not be confirmed throughout the measurements. 
This enhancement, would have been originated from the scattering of two Pecan 
and one Oak tree. Nevertheless, the White Oak (tree #20) is shadowed by tree #21 
consequently having a limited influence in the received signal at position #9. As 
far as the Pecan trees are concerned, they were modelled using mean propagation 
parameters due to the reasons outlined above. This less accurate modelling method, 
may help in explaining the dRET overestimation of the scattered signal from trees
#19 and #21.

At 62.4 GHz, the received signal strength at position #9 was only measurable 
for a narrow angular range due to receiver sensitivity limitations. Within this range, 
the signal prediction exhibits a low error, except for the maximum received signal 
direction where the maximum absolute error is 26.3 dB. The possible explanation 
for this error is the similar to that presented for the 11.2 GHz signal and is related 
to the inaccurate estimation of ke from trees #1 and #16.

The complete summary of the RMS errors between the dRET predictions and 
the measured normalised signal obtained at all positions throughout the Wyevale 
test site, are presented in Table 6.20. The analysis of this table, shows an expected
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Table 6.20: RMS error between predicted and measured values at Wyevale test site.

Mean RMS
Pos#
MPl
MP2
MP3
MP4
MP5
MP6
MP^
MP8
MPg

MPW

11.2 GHz
3.6
4.5
9.3
9.6
7.4
13.0
8.0
13.0
7.5
14.1

20 GHz
13.1
10.3
13.2
10.1
13.8
17.1
11.4
22.1
10.0
6.6

Error (dB)
40 GHz

8.1
8.4
8.0
9.4
7.5
11.6
7.5
17.7
6.5
7.2

62.4 GHz
8.7
9.2
7.6
7.9
16.3
15.3
10.2
20.3
8.7
NA

Mean 9.0 12.8 9.2 11.6

tendency for the RMS error to increase with the vegetation depth. Hence, the 
higher prediction errors were obtained at positions above MP6 . Also, the positions 
influenced by the propagation characteristics of the Oleaster trees i.e. measurement 
locations #6, #8 and #10, tended to exhibits larger error values. Such errors, are 
believed to be due to the method used in the parameters extraction which was based 
on a single tree measurement, instead of averaging various trees. The received signal 
corresponding to MPW was impossible to measure due to sensitivity limitations of 
the 62.4 GHz receiver and consequently its RMS error was not calculated.

Finally, the results presented throughout this section, exhibit overall mean RMS 
errors ranging from 9.0 to 12.8 dB. Although such errors are evaluated for the 
complete directional spectrum, i.e. 360° angular dependence of the received signal, 
the values are similar to those reported in literature obtained for simple attenuation 
versus depth measurements [11].

6.3.4 Critical analysis of the outdoor dRET model assess 
ment

This section is concerned with the critical analysis of the outdoor dRET perfor 

mance.
The dRET algorithm, models the principal propagation effects which are known 

to take place in the propagation of micro- and millimetre waves through vegetation. 
The conditions found in the Wyevale forest are very general and therefore free from 
bias in any forest characteristic which might influence results. Nevertheless, further 
testing of the model, using different species, dense vegetation volumes and other
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foliation states may produce interesting and useful results. Although the measure 
ments carried out in the Wyevale test forest, were performed in a particular foliation 
state i.e. in-leaf and using a particular polarisation (VV), different configurations 
of the measurement system, and different vegetation media are expected to provide 
similar results.

Prom the results reported so far, one can conclude that the main limitations in 
the dRET model are very likely to be related to the parameter extraction method, 
rather than the model itself. In order to improve the overall prediction accuracy, the 
parameter extraction method should be further refined to avoid localised propaga 
tion phenomena which may lead to erroneous parameter evaluation. Improvements 
might consider the extraction of propagation parameters through the usage of mul 
tiple measurement locations to obtain average values. Consequently, this may help 
in avoiding localised propagation factors.

Throughout section 6.3.4.1, the dRET sensitivity to the various input propaga 
tion parameters, is tested. This allows the evaluation of how random inaccuracies 
in the input parameter estimation influence the quality of the received signal pre 
dictions generated by the model.

The phase function parameter scaling is also a possible source of inaccuracy in 
the propagation parameter estimation. Therefore the influence of possible parameter 
inaccuracies introduced by the scaling method, are investigated.

A final model assessment, is performed comparing of the dRET performance, 
with the performance yielded by the RET under similar circumstances. The RET 
model was selected to perform an example evaluation, involving the calculation of 
the directional signal spectrum while using oblique incidence, for which it is suited.

6.3.4.1 Sensitivity of the model to the input parameters

In order to evaluate the sensitivity of the dRET to the input parameters, a set 
of simulations were performed assuming similar propagation characteristics for the 
various species present in the test forest. Results from these simulations, were 
subsequently used to calculate RMS errors between the predictions and the actual 
measured excess attenuation. To this extent, three sets of input parameters were 
employed in the simulations:

1. The vegetation dRET cells were characterised using the parameters of tree

#i;
2. The vegetation cells were modelled using the parameters extracted from tree 

the Ornamental Cherry group i.e. trees # 3, 5, 6, 7 and 8;
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Table 6.21: Propagation parameter sets employed in the dRET sensitivity to evaluation.

Preq. 
(GHz)

11.2 
20 
40 

62.4

a
0.05 
0.35 
0.62 
0.08

Tree
ft3.02° 

6.41° 
12.0° 
2.80°

#1
ke

0.39 
0.37 
0.35 
0.30

Tree # 3,5,6,7 and 8
ks

0.19 
0.28 
0.25 
0.13

Q

0.37 
0.13 
0.43 
0.07

ft9.66° 
4.20° 
6.90° 
15.5°

ke
0.93 
0.98 
0.65 
1.26

k.
0.54 
0.24 
0.19 
1.02

a
0.24 
0.17 
0.25 
0.08

Mean
ft10.0° 

8.01° 
9.44° 
13.3°

ke
0.67 
0.64 
0.47 
0.67

kB
0.37 
0.26 
0.24 
0.41

Table 6.22: RMS errors between the predictions and measurements using the sensitivity test pa 
rameter sets.

Pos
1
2
3
4
5
6
7
8
9
10

11.2
3.59
4.27
9.36
10.0
5.51
10.1
7.96
11.3
7.71
12.3

Tree
20

13.0
10.2
12.4
9.81
7.61
11.4
11.9
12.4
9.58
2.41

#1
40

8.08
8.47
8.23
9.01
7.14
11.0
8.65
9.54
6.56
6.21

RMS errors (dB)
Tree # 3,5,6,7 and 8

62.4
8.67
9.15
7.33
7.41
9.23
11.8
10.2
14.7
10.3

-

11.2
4.36
4.20
9.23
22.3
12.5
15.0
13.2
16.8
17.2
16.0

20
17.2
11.0
14.3
32.0
25.6
31.9
20.5
49.3
38.6
37.4

40
6.98
7.97
7.95
23.0
16.5
22.9
10.5
41.4
19.0
32.3

62.4
6.66
9.56
7.11
16.1
16.8
13.8
29.4
9.17
12.9

-

11.2
3.78
4.34
9.42
17.6
8.89
13.9
8.47
15.1
11.0
14.4

Mean
20

14.6
10.5
13.1
17.6
12.6
18.0
10.4
25.6
20.3
14.8

40
7.50
8.61
8.02
13.3
8.80
12.8
5.73
19.9
9.13
11.2

62.4
7.59
9.29
7.17
17.1
16.2
14.7
23.7
15.8
14.6

-

Mean 8.3 10.1 8.3 9.9 13.1 27.8 18.9 13.5 10.7 15.8 10.5 14.1

3. The vegetation was modelled using the averaged parameters from the entire 

test forest.

Table 6.21 shows the various propagation parameter sets employed to test the 

dRET sensitivity to the input parameter variation. Although the vegetation cells 

throughout the forest were modelled using the same initial parameters, the actual 

phase function parameters, used in the simulation, were different due to the appli 

cation of the different scaling ratios.
Simulations were performed at the four signal frequencies, leading to the RMS 

errors shown in Table 6.22. In order to determine whether the test parameters 

improve (or not) the predictions quality, the difference between the RMS errors 

obtained with the initial inhomogeneous parameters and employing the three test 

parameter sets, is shown in Table 6.23. In this table, the negative values correspond 

to the situations where the test parameters improved the quality of the predictions 

in the sense that it produced a lower RMS error.
An analysis of Table 6.23, shows that using the parameter set from tree #1 

decreases the mean RMS error. Further analysis, reveals that this otherwise un 

expected behavior, is caused by the performance of the model at measurements
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Table 6.23: Variation of the RMS errors obtained using the extracted and the sensitivity test 
parameters.

RMS error-
Tree # 1

Pos
1
2
3
4
5
6
7
8
9
10

11.2
0.01
-0.2
0.03
0.36
-1.9
-2.2
-0.1
-1.7
0.24
-1.8

20
-0.1
-0.1
-0.8
-1.0
-6.2
-5.7
0.5
-9.7
-0.4
-4.2

40
0.01
0.03
0.17
-0.36
-0.4
-0.6
1.18
-8.1
0.01
-1.1

62.4
0.00
-0.01
-0.2
-0.5
-7.1
-3.5
0.0
-5.6
1.6
-

variation (dB)
Tree # 3,5,6,7 and 8

11.2
0.78
-0.3
-0.1
12.6
5.1
2.0
5.2
3.8
9.7
1.9

20
4.1
0.7
1.1

21.2
11.8
14.8
9.1

27.2
28.6
30.8

40
-1.1
-0.5
-0.1
13.6
8.9
11.3
3.1

23.7
12.5
25.1

62.4
-2.0
0.4
-0.5
8.2
0.5
-1.5
19.2

-11.1
4.2

-

11.2
0.2
-0.2
0.1
8.0
1.5
0.9
0.5
2.1
3.5
0.3

Mean
20
1.5
0.2
-0.1
6.8
-1.2
0.9
-1.0
3.5
10.3
8.2

40
-0.6
0.2
-0.1
3.9
1.3
1.2

-1.7
2.2
2.6
4.0

62.4
-1.1
0.1
-0.4
9.2
-0.1
-0.6
13.5
-4.5
5.9

-
Mean -0.7 -2.8 -0.9 -1.7 4.1 14.9 9.7 1.9 1.7 2.9 1.3 2.5

positions #5, 6, 8 and 10 as they lead to the best RMS error improvements. Recog 
nising that the received signal level at these positions is strongly influenced by the 
insertion loss from the Oleaster trees, which was verified to be inaccurately esti 
mated during the parameter estimation stage, the replacement of the measured ke 
coefficient by the lower value from tree #1, is likely to be responsible for the better 
prediction results. Hence justifying the lower RMS errors at the specified measure 
ment locations.

The group of Ornamental Cherry trees, formed by trees #3, 4, 5, 6 and 8, exhibits 
extreme propagation parameter values when compared with the remaining species 
present at the Wyevale test site. This might help to explain the significant increase 
in the RMS error when the vegetation was modelled using these original parameters. 
An absolute error increase as high as 30.8 dB was noted, with the average reaching

14.9 dB.
Results obtained from both parameter sets presented before, suggest that the 

dRET algorithm predictions are somewhat dependent on the propagation parame 
ters assigned to each vegetation cell. Consequently, in order to provide accurate 
signal estimations, the model input parameters should be carefully extracted. By 
using the parameters from a single vegetation specie, one might experience severe 
prediction errors as shown when using the Cherry tree parameter set. Nevertheless, 
by modelling the vegetation using the mean parameters extracted from various dif 
ferent species inside the forest, the error increase might be limited. Such results, 
corresponding to the forest modelling based on average parameters, are shown in 
Table 6.23. The maximum RMS error increase of approximately 2.9 dB. Although
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further investigation about this topic is required, the results presented so far, suggest 
that the mean parameter values might be used, consequently simplifying the para 
meter extraction measurement procedure, at the expense of a marginal deterioration 
in the quality of the excess loss predictions.

6.3.4.2 Sensitivity of the model to the phase function parameter scaling

This subsection is concerned with the evaluation of the error introduced in the dRET 
predictions due to the scaling process used to adapt the a and f3 parameters to the 
2.5 meter cell employed in the Wyevale test forest modelling.

The scaling process permits adaptation of the phase function parameters a and 
/?, to the cell size employed in the forest modelling during the discretisation of 
the vegetation media. Prior to applying this method in outdoor full size forests, 
it was extensively tested in a laboratory controlled environment, using small ficus 
plants. During these experiments, which are completely described in section 5.6, 
a maximum error inherent in the scaling process was determined. This evaluation 
yielded an estimated maximum error of —6% in the a and 10% in the f3 parameter 
scaled predictions. In order to evaluate the impact from these inaccuracies into 
the dRET predictions, the Wyevale test forest was simulated using modified phase 
function parameters corrected using the error estimations presented before. Such 
simulations were performed employing the four signal frequencies used in the outdoor 
measurements leading to the dRET assessment.

The RMS errors between measurements and the dRET predictions obtained 
using the corrected phase function parameters, are shown in Table 6.24. The table 
also shows the differences between these estimations and the RMS errors obtained 
from the phase function parameters after the a and fl linear approximation error 
correction. The negative error variations denote an improvement in the RMS error 
after the phase function error correction, therefore showing some amount of error 
was introduced during the original scaling process.

However, the RMS error differences shown in Table 6.24 suggest that the scaling 
process linear approximation has a limited effect on the dRET predictions. Accord 
ingly, the error introduced by the approximation was verified to be below 2.3 dB, 
obtained at measurement location #8 and 20 GHz, whereas the maximum average 
degradation was 0.87 dB obtained at 20 GHz.

From the analysis outlined before, one can see the limited impact of the lin 
ear variation approximation used in the phase function parameter scaling method. 
This limited effect further supports the observations made during the laboratory
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Table 6.24: RMS errors between the predictions and measurements using the scaled corrected 
parameters.

RMS errors
Corrected a and /3

Pos
1
2
3
4
5
6
7
8
9
10

11.2
3.37
4.92
9.63
9.29
6.86
12.8
8.59
11.6
7.87
12.7

20
12.1
9.57
12.3
10.4
12.7
16.1
12.3
19.8
10.0
4.41

40
8.36
8.75
8.21
8.88
7.24
11.3
7.91
15.8
6.53
6.01

62.4
8.66
9.27
7.36
7.86
15.2
14.8
10.2
18.4
8.66

-

(dB)
RMS Error Variation (dB)
11.2

-0.21
0.43
0.30
-0.35
-0.52
-0.20
0.56
-1.40
0.40
-1.40

20
-1.00
-0.73
-0.90
-0.40
-1.10
-1.00
0.90
-2.30
0.00
-2.20

40
0.29
0.31
0.15
-0.49
-0.30
-0.30
0.44
-1.90
-0.02
-1.22

62.4
-0.01
0.09
-0.20
-0.05
-1.12
-0.50
0.00
-1.90
0.00

-
Mean 8.76 11.97 8.90 11.15 -0.24 -0.87 -0.30 -0.41

experiments, partially validating the scaling method used in the Wyevale test forest 
modelling.

6.3.4.3 Comparison between the RET and the dRET

This section, performs a comparative evaluation of the dRET model accuracy by 
comparing the dRET and the RET performances when modelling the Wyevale test 
forest. The RET model was selected since it is the only known model which, similarly 
to the dRET, is capable of predicting the received signal directional spectrum at 
random locations inside a forest.

Recognising the RET exclusively models homogeneous vegetation volumes, the 
comparative RET simulations were performed using the mean forest parameter set 
shown in Table 6.25. The various incidence angles and the vegetation depths used 
in the RET calculations corresponding to the various measurement locations, are 
presented in Table 6.26.

As expected, the majority of the dRET predictions were more accurate when 
compared with the RET. This was anticipated due to the inability of the RET in 
modelling a predominantly heterogeneous forest as the one formed by the Wyevale

test site.
The RET signal predictions for the positions located in the air to vegetation 

interface were calculated considering the vegetation depth equal to zero. The re 
sults for measurement position #1 at 11.2 GHz and position #3 at 62.4 GHz, are
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Table 6.25: Wyevale test forest RET input parameters sets.

Mean RET
Pos

a.
ft
ke
ks
ui

lR-3dB

11.2
0.24
10.0°
0.67
0.37
0.55
3.2°

20
0.17
8.0°
0.64
0.26
0.41
4.0°

parameters
40

0.25
9.4°
0.47
0.24
0.51
6.6°

62.4
0.08
11.3°
0.67
0.41
0.61
2.8°

Table 6.26: Wyevale test forest RET geometry parameters.

Pos#
1
2
3
4
5
6
7
8
9
10

OP
338°
359°
41°
349°
18°
10°

351°
9°

354°
5°

z(m)
0
0
0
15
12
30

42.5
52.5
72.5
70

presented in Fig. 6.55 using the mean forest parameters. In this figures, it is evident 
the effect caused by the Gaussian receiver antenna approximation used in the RET. 
Similarly, the benefits from implementing the complete receiver antenna radiation 
pattern effect into the propagation model, are also displayed. At measurement posi 
tion #1, the RET is unable to calculate the received signal for the angular directions 
where the receiver antenna is pointing both away from the forest and the transmitter 
i.e. 0° < <t>Rx < 90°, 270° < (/)RX < 325° and 335° < (f)RX < 360°. Nevertheless, 
this behaviour is only evident at the air to vegetation interface, since the remaining 
of the forest is considered semi infinite by the RET. The RMS errors obtained at 
the vegetation interface were consequently calculated excluding these directions.

Figure 6.56 shows the predicted results corresponding to measurement locations 
#4 and #6 at 40 GHz. In both situation, the modified dRET performs signifi 
cantly better than the RET. As explained before, the RET models the forest as an 
homogeneous infinite medium. Consequently, the predicted received signal profile 
tends to be symmetric around the maximum received signal independently of the 
receiver antenna location. In contrast, the dRET uses a more accurate geometric
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Figure 6.55: Comparison between the RET and dRET predictions and measured directional spec 
trum at: a) measurement point #1 at 11.2 GHz and measurement point #3 at 62.4 GHz using 
mean forest propagation parameters.
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Figure 6.56: Comparison between the RET and dRET predictions and measured directional spec 
trum at a) measurement point #4 and b) measurement position #6 at 40 GHz both using mean 
forest parameters.

representation of the forest, leading to the prediction of higher received signal levels 
when the receiver antenna is pointing inside the test forest. This behavior can be 
verified in figure 6.56 b), where the expected tendency to receive a higher signal due 
to the scattering from tree #9 i.e. 4>RX ~ 90° is not correctly predicted by the RET 
model. More so, modelling the forest as an homogeneous medium, the RET does 
not take into account the air gaps present in the real forest. This explains the lower 
received signal which was predicted by the RET in Fig. 6.56 b). Although only the 
40 GHz results are shown, the tendency of the dRET to present better predictions 
than the RET is present at the remaining spot signal frequencies.

The radio path corresponding to the remaining locations i.e. #7 to #10, incor-
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Table 6.27: RMS errors between RET predictions obtained with mean input parameters and the 
measured received signal and RMS error comparison between the RET and the dRET modelling.

RET RMS
Pos#

1
2
3
4
5
6
7
8
9
10

11.2
12.80
13.00
16.10
20.30
13.70
43.60
76.50
89.70
143.0
131.0

20
10.30
10.40
10.90
14.40
10.40
45.60
74.90
94.40
150.0
146.0

errors (dB)
40

15.20
14.20
14.40
12.80
8.80
28.80
50.10
60.30
90.40
87.50

62.4
12.00
13.20
15.90
17.40
16.00
51.70
94.00
98.70
148.0

-

RET/c
11.2
9.22
8.51
6.77
10.6
6.32
30.6
68.5
76.7
135.3
116.9

1R.ET comparison (dB)
20

-2.80
0.10
-2.30
3.50
-3.40
28.5
63.5
72.3
140.0
139.4

40
7.13
5.76
6.34
3.43
1.26
17.2
42.6
42.6
83.8
80.2

62.4
3,33
4.02
8,34
9.49
-0,30
36.4
83.8
78.4
139.3

-
Mean 55.97 56.72 38.25 51.88 46.97 43.88 29.05 40,31

porates a significant length of free space propagation path. This path can not be 
accommodated in the homogeneous RET formulation. Consequently, the free space 
propagation paths, although not contributing to the excess attenuation, are mod 
elled by the RET as an absorbing medium, yielding to an underestimation of the 
received signal at the corresponding forest locations. This behaviour, significantly 
increases the RMS error in measurement locations #7, 8, 9 and 10, leading to clearly 
unrealistic signal estimations by the RET.

The values of the RMS errors between the measured directional spectrum and 
the RET predictions, obtained with the mean input parameters, are shown in Table 
6.27. The table also shows the comparison between the RET RMS errors and the 
error obtained from the dRET test forest simulation. The negative variation values 
correspond to the few situations where the RET outperformed the dRET.

Comparing the RMS error resulting from the RET and the dRET calculations, 
one may conclude that, as anticipated, the dRET consistently produces better es 
timations for the received signal directional profile. The more accurate estimations 
of the dRET are denoted by the widespread positive RMS error comparison values 
shown in Table 6.27. The few measurement positions where both model perfor 
mances are similar, are located in the air to vegetation interface vicinity (#1 to #3) 
and at position #5 which is completely surrounded by vegetation.

Although there are multiple factors contributing to the different RET and dRET 
results, the more accurate geometric representation from the real forest used by 
the dRET, is definitely the most important since it allows the dRET to predict
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specific signal variations inherent to the inhomogeneous characteristics of the forest 
geometry.

The RET assumption of a simple gaussian shaped receiver antenna radiation 
pattern, decreases the quality of the predictions corresponding to the measurement 
locations positioned at the air to vegetation interface. It also decreases the amount 
of the diffuse signal predicted at high vegetation depths, severely contributing to the 
RMS errors at positions #6 to #10. The cause for such extreme RMS error values, 
is also related to the free space gaps which are not taken into account be the RET 
model.

Although, for comparison purposes, the RET input parameters were the same 
as the average dRET extracted parameters, it may be considered, that a different 
and optimised RET parameter set might yield a model performance enhancement. 
Such parameter set, would eventually provide reasonable RMS errors for the mea 
surement positions #6 to #10, by compensating the RET inhomogeneity modelling 
inaccuracies. Nevertheless, due to the characteristics of the test forest and the inher 
ent quality of the dRET to account for inhomogeneities it is very likely that dRET 
models would always present the lower RMS errors.

6.4 Summary and interim conclusion

This chapter was devoted to the final assessment and validation of the proposed 
discrete Radiative Energy Transfer (dRET) model. This model, aims at dealing 
with isolated and inhomogeneous vegetation structures, achieving prediction of the 
received signal level at any location inside the test forest. The model is based on the 
simulation of the scattering propagation modes taking place within the vegetation 
canopies. The model validation was performed through the comparison between 
model predictions with actual propagation measurements performed both in con 
trolled laboratory and real outdoor environment.

The measurement programme employed four different signal frequencies at 11.2, 
20, 40 and 62.4 GHz. The experiments were performed utilising various measure 
ment systems which are described in chapter 3. Their description, contains an 
estimation of the various error sources affecting the measured results. Such errors 
were considered either to be systematic, if their value is present on all measurements, 
or non systematic errors which may vary between measurements. To this extent, 
systematic errors can eventually be eliminated using a relative measurement method 
like the one employed throughout this research work. According to the evaluation 
performed in section 3.7.4, the maximum expected range of non systematic errors,
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will be ±1.2 dB employing the SA and ±1.7 dB when utilising the LogAmp. These 
figures assume a maximum SA non linearity, which according to the manufacturer 
data, is approximately ±0.5 dB across the -70 to 0 dBm power range. The LogAmp 
was measured to have a maximum non linearity of ±1.2 dB from -60 dBm to 0 dBm.

The initial accuracy assessment from the proposed propagation model, was per 

formed inside an anechoic chamber, taking advantage of the laboratory controlled 
environment. This assessment employed small conifer and ficus plants with dif 

ferent degrees of canopy density. Each specimen, was systematically characterised 
leading to its individual model input parameters. The parameter extraction cam 

paign was based on a method which attempts to identify particular contributions of 
the propagation parameters to the measured re-radiation function from each single 
illuminated plant.

The plants were subsequently arranged in a 3 x 4 matrix, forming an idealised 
downscaled vegetation volume mimicking a real forest environment. Various tree 
type arrangements were obtained and tested in order to create four general forma 
tions which could be used to assess the propagation model in various vegetation 
configurations. The received signal directional profile was measured at 16 different 
locations inside and around the test forest, providing sufficient measurement data to 
be compared with dRET model predictions. The similarity between the predictions 
and the measured results was confirmed at two different signal frequencies i.e. 20 
and 62.4 GHz, through the RMS error criterion. The average RMS errors for the 16 
measurement locations within the test forest, were consistently below 13 dB with 

values as low as 7.7 dB in some situations.
The preliminary test of the propagation model and parameter extraction method 

prepared the way for a larger outdoor measurement campaign. Such campaign was 
aimed at assessing the model performance in outdoor situations. An extensive search 
for possible test sites led to the Wyevale Garden Centre located at the North-East of 
Cardiff, in South Wales. This site, provided the accessibility, mixed forest geometry 
and the measurement opportunity desired to test the model performance. The veg 
etation site consisted of an inhomogeneous group of randomly distributed full size 
trees from 6 different tree species and various free space gaps. The outdoor mea 

surement campaign consisted of two different phases i.e. the parameter extraction 
measurements and the excess attenuation evaluation measurement. These experi 
ments were performed independently and at different periods a few weeks apart.

The measurements, performed during the Summer with all trees in full leaf, eval 

uated the performance of the proposed propagation model at four signal frequencies 

i.e. 11.2, 20, 40 and 62.4 GHz. Directional spectrum measurements performed at 

10 different randomly chosen locations inside the test forest, confirmed the general
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behaviour of the parameter extraction method and propagation model. The average 

RMS error from predictions was always below 12.8 dB at 20 GHz, whereas the best 

model performance was achieved at 11.2 GHz with 9.0 dB of mean RMS error.

The assessment of the model also revealed certain inaccuracies in the parameter 

extraction method, which therefore increased the error for some particular signal 

predictions. Possible origins for these errors were identified and corrective measures 

were suggested to improve the overall accuracy of the dRET modelling.

A critical assessment of the model sensitivity to the input parameters estima 

tion inaccuracy, proved that, as far as the test forest is concerned, the utilisation 

of average input parameters instead of the measured parameters corresponding to 

each tree type, would lead to a limited increase in the RMS error. Although this in 

put parameter assignment method, decreases the predictions quality, it significantly 

improves the applicability of the model.
Increasing the accuracy of the extracted parameters requires more refined meth 

ods of scatter measurement, to ensure extinction and scatter cross section parameters 

can be estimated at positions where broadening of the re-radiation function can be 

sufficiently controlled.
Finally, the results obtained by modelling the Wyevale test forest with the origi 

nal RET formulation were also assessed and compared with the dRET results. This 

comparison demonstrated how the inhomogeneous characteristics of the forest will 

lead to inaccuracies in the RET modelling, therefore highlighting the importance 

of utilising the dRET which is both more accurate and has useful and realistic 

attributes.
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Chapter 7

Review and Conclusions

This chapter is concerned to the summary, critical analysis and evaluation of the 
work undertaken during this research project. The chapter is divided into three 
different sections. In the first section, a review of the work elaborated throughout 
the thesis is presented. To this extent, the various results and achievements are 
presented and discussed in the light of the original project objectives. The second 
section, presents a general overview of the contributions to the knowledge which 
form an outcome of this thesis. Additionally, the different contributions to propaga 
tion modelling, measurements and published literature concerning inhomogeneous 
vegetation media, are also presented. The remaining section presents possible ways 
to further extend and improve the applicability and accuracy of the modelling tech 
niques developed in the thesis.

7.1 Review of the thesis

The main scope of this thesis is the modelling of radiowave propagation effects 
caused by the presence of vegetation in the radio path at micro- and millimetre wave 
frequencies. Particularly, the research effort is directed to modelling the inhomoge 
neous vegetation scenarios, consisting of various vegetation volumes with distinctive 
propagation characteristics and their influence in the radiowave propagation.

Generally, the presence of vegetation foliage in the vicinity of the radio path, can 
influence the received signal level in three different ways [14]:

• Directly by providing an additional attenuation to that caused by free space 
propagation;

• By scattering, which is responsible of the radio signal spreading into several 
different directions, therefore resulting in lateral contributions to the received 

signal;
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• Through depolarisation of the incident wave, distorting the original radio sig 
nal polarisation e.g. from linear to elliptical or random polarisation.

The propagation model developed throughout this research project, aims both 
at the prediction of the excess loss caused by vegetation, and the received signal 
directional profile at random locations inside an illuminated volume of vegetation. In 
order to accurately perform such predictions, a discretised propagation model based 
on the RET was investigated. The proposed propagation model, exclusively models 
the scattering and absorption propagation modes. Nevertheless, suggestions leading 
to the potential accommodation of other propagation effects e.g. depolarisation, are 
suggested as future improvements to the dRET propagation model.

Chapter 1 provides an introduction to this research work, therefore outlining the 
principal propagation effects caused by the presence of obstacles in the radio path. 
Amongst the various possible obstacles, the particular case of vegetation cluttering is 
presented and its characteristics are outlined. The chapter concludes by presenting 
the original research objectives, which were the main drivers for the research work.

An extensive review of several propagation models available in the literature, 
is provided in chapter 2. This literature review, starts with the simple modelling 
methods which rely on empirical curve fitting and is followed by semi-empirical 
models presentation. Models simulating the actual radiowave propagation modes 
taking place inside vegetation media, fall into the theoretical model class. Although 
several theoretical approaches were proposed in the literature, a special emphasis 
is given to the RET based models such as the original dRET and the MIMICS 
models. The chapter ends with a critical analysis of the various RET based models 
advantages and drawbacks in terms of applicability and accuracy. The potential 
of the dRET approach to model propagation in inhomogeneous vegetation medium 
and also taking into account system characteristics such as the antennas radiation 
patterns is also highlighted.

An in depth presentation of the measurement systems used throughout the thesis 
is given in chapter 3. Four different measurements systems are outlined, i.e. 11.2, 20, 
40 and 62.4 GHz measurement systems. Each system measurement capabilities, such 
as transmitted power, frequency stability and maximum available dynamic range, 
are also presented. The positioning systems used to rotate the antennas during the 
measurement as well as the measurement software specifically developed to minimise 
the human interference during the measurements, are also described. Finally, a 
comprehensive evaluation of the error sources inherent to each measurement and 
positioning system is performed. This evaluation yields the maximum predictable 
errors which may be expected to affect the measured data.

Chapters 4 and 5 describe in detail the RET and its original discretised ver-
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sion, the dRET. The RET original formulation [18] is used to highlight the princi 

pal characteristics to be expected from the attenuation of radiowaves propagating 

through vegetation. Results for specific measurements aimed at the extraction of 

the RET model parameters, are subsequently presented and discussed. The extrac 

tion method, based on a similar method presented in [11], relies on a limited set of 

propagation measurements to find and optimise the RET input parameters. Mea 

surements performed in the west of Portugal on a Populus forest are used to show 

the applicability of the method.
In chapter 5, the original dRET is outlined along with its main features and 

drawbacks. The principal limitation of the model in terms of applicability, lies 

in the relatively low angular resolution of its predictions. In order to overcome 

the model limitations, a range of modifications were applied to the original dRET 

formulation. The improvements to the original model can be summarised as follows:

1. The angular resolution of the original dRET model is limited to 45°. An 

empirical averaging method, aiming to enhance the predictions angular res 

olution, is therefore proposed and tested. Subsequent improvements to the 

model e.g. oblique incidence and the receiver antenna effect are based on the 

proposed enhanced resolution method. Besides, the angular resolution which 

may be obtained from the new model is exclusively limited by the availability 

of computational resources such as processing power and memory space;

2. Although the authors of the original dRET recognised the possibility of mod 

elling inhomogeneous volumes of vegetation, this potential capability was not 

adequately tested and evaluated. The dRET code used throughout this re 

search work, may be used to model propagation vegetation formed by different 

groups of vegetation species exhibiting distinctive propagation characteristics. 

The existence of free space gaps inside the vegetation volume can also be 

accommodated;

3. The enhanced dRET model, incorporates the possibility of calculating the re 

ceived signal level inside an isolated vegetation volume which is illuminated 

over a wide range of incidence angles. A particular case of oblique incidence, 

which is the point source illumination was also considered. This likely in 

cidence geometry, which consists of non parallel rays impinging into the air 

to vegetation interface, may be present whenever the transmitter antenna is 

positioned closely to the vegetation;

4. The transmitter antenna location relative to the air to vegetation interface, 

influences the vegetation illumination pattern. Both the RET and the origi-
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nal dRET models consider uniform air vegetation illumination, consequently 

ignoring any effects caused by the transmitter antenna radiation pattern. The 

enhanced dRET formulation, can perform calculations based on non uniform 

interface illumination when directional transmitter antennas are employed. 

Additionally, the proposed model, is also capable of calculating the illumi 

nation function based on the transmitter antenna radiation pattern and its 

relative location;

5. The receiver antenna has also an important effect on the received signal level 

and on the shape of the directional received signal profile. The dRET formu 

lation proposed in this thesis was improved through the consideration of these 

effects;

6. The original dRET [19] is limited to a maximum vegetation cell size of approx 

imately 1.5 meters. This limitation arises from the method utilised to solve 

the Energy Transfer differential equation, which relies on a piecewise linear 

approximation. Assuming that the signal intensities are only being calculate 

at the centre of the element cells, and therefore, this intensity is invariant 

throughout the cell, it was possible to find a solution for the dRET equation. 

The proposed solution allows the dRET algorithm convergence for element 

cells beyond 1.5 meters.

The improvements performed on the dRET which were outlined before, have 

significantly extended its applicability. Such improvements, were performed assum 

ing a generic forest scenario where the vegetation was sought to be inhomogeneous, 

possibly with several air gaps within the vegetation structure. Also, the transmitter 

antenna may be randomly positioned outside the vegetation media, whereas the re 

ceiver signal level could be calculated at any location inside or around the simulated 

forest. More so, the enhanced angular resolution, further permits consideration of 

an arbitrarily shaped phase function, which may be Gaussian or a directly measured 

re-radiation function.
Furthermore, the proposed enhanced model was tested utilising 5 different ide 

alised test scenarios. These were used to assess the capability of the dRET of 

predicting the shadowing effect caused by either a single vegetation volume or a 

more complex vegetation structure formed by multiple vegetation volumes. The 

dRET was equally tested for its capability on calculating the scattered signal from 

an isolated tree. The performance of the model in a typical single line of trees sit 

uation was also tested, yielding to encouraging results. Finally, the complete 3D 

version of the model was employed to calculate the scattered signal from an inho-
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mogeneous block of vegetation where predictions for the received signal directional 
profile spreading were verified.

A detailed description and results from the measurement experiments aimed at 
the enhanced RET validation were presented in chapter 6. The experimental pro 
gramme was divided into two different measurement phases i.e. the initial laboratory 
model assessment and the final outdoor model validation.

The initial model assessment was performed by comparing the model predictions 
with measurement results obtained inside an anechoic chamber. The anechoic cham 
ber provided a laboratory controlled environment. Under these circumstances, it was 
possible to control the variables affecting the propagation of radiowaves through 
vegetation, therefore minimising contributions from obstacles not considered in the 
propagation model, e.g. ground reflection. The specific locations of transmitter, 
receiver and vegetation volumes as well as their precise alignment could also be 
accurately controlled.

The indoor assessment of the dRET performance was carried out utilising a 
generic vegetation volume, formed from two different plant species. The model in 
put parameters, were individually measured for each tree forming the test vegetation 
volume. These parameters, were subsequently employed as model inputs in order 
to simulate four different tree arrangements. Such arrangements, included air gaps 
and mixed species formations. Whenever possible, the exact measured scattering 
profile from each tree, was replaced by the simpler Gaussian effective phase function 
formulation. The advantages from this simple scattering function formulation, being 
characterised by a set of two parameters are straightforward. Finally, several ex 
periments were performed to ensure both modelling methods could provide similar 
predicted results.

The interim conclusions drawn from the laboratory assessment of the proposed 
model, can be summarised as follows:

1. The bistatic re-radiation measurements performed on the Ficus and Conifer 
plants, confirmed three distinct measurements regions around the tree i.e. for 
ward scattering, transition and back scattering regions. The forward scattering 
region is characterised by a signal attenuation when compared with the free 
space propagation. In this region, the received signal is mainly coherent and 
therefore, the signal attenuation is caused by absorption. The amount of at 
tenuation was verified to be dependent on the canopy leaf density and width, 
as denser conifer plants tend to exhibit higher attenuation rates. The sig 
nal received within this region was also influenced by trunk blocking yielding 
high localised signal fades. In the transition region, the received signal shows 
similar levels independently from the plant being present of not in the radio
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path. Such received signal behaviour suggests that antenna coupling may be 

influencing the received signal level. Finally, in the back scattering angular 

region, the received signal is highly enhanced by the presence of the tree and 

shows a relatively steady angular behaviour in terms of amplitude;

2. The re-radiation function measured from the plants with relative sparse fo 

liage structures could effectively be approximated to a Gaussian forward lobe 

(representing the received signal amplitude in the forward scattering and tran 

sition regions), superimposed on an isotropic scattering level representing the 

signal behaviour throughout the back scattering region;

3. The forward scattering attenuation, measured in the forward scattering region, 

can be used to estimate the dRET extinction coefficient ke ;

4. The similarity between the measured excess attenuation and the dRET model 

predictions for the idealised inhomogeneous forests formed inside the anechoic 

chamber, suggests that the model is capable of correctly simulating the ra- 

diowave propagation in such media. The model correctly takes into account 

the inhomogeneity of the test vegetation volume, and also seems to accurately 

include the individual characteristics of each plant expressed by the input 

propagation parameters. Furthermore, the effect of the receiver antenna ra 

diation pattern and the angular offset due to the point source illumination 

also seem to be correctly simulated as directional signal profile follows the 

measured values quite well;

5. The dRET model accommodates both Gaussian and arbitrary re-radiation 

functions, therefore allowing the computation of trees with both dense and 

thick foliage structures. Prediction results from both scattering function ap 

proaches, were compared and found to yield similar results;

6. In a few situations, an incorrect extinction coefficient evaluation, seems to be 

the reason for an increased error between predictions and measured values. 

Such incorrect estimation could be attributed to a few trees in the formation, 

as simulation results have confirmed. A plausible cause is related to localised 

propagation phenomena caused both by blockage and gaps in the plant canopy 

structure. Here an appropriate measurement and estimation method based on 

averaging over various angular directions, could help in alleviating the problem;

7. The performances of the modified dRET model and parameter extraction 

method were confirmed at 20 and 62.4 GHz, covering the micro- and mil 

limetre frequency bands, respectively. Measurements were carried out using
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vertically polarised antenna configurations both at the receiver and the trans 

mitter (VV) and are therefore only valid under similar antenna configuration.

In order to investigate the dependence of the re-radiation function on the size of 

the vegetation volume under measurement, several measurements were performed 

using different illuminated vegetation volumes. Such measurements consisted of 

rotating the receiver antenna along an arc centered on the illuminated vegetation 

volume. The vegetation volumes employed throughout the measurements, exhibited 

distinct sizes, therefore allowing the determination of the phase function parame 

ters when different vegetation volume sizes were present in the radio path. The 

test vegetation volumes comprised 1, 2 and 4 Ficus plants placed in the radio path, 

therefore forming 3 distinct volumes. Results agreed with expectations, showing 

higher forward lobe broadening when larger vegetation volumes were under test. 

The backscattering level also increased for these larger vegetation volumes, as de 

noted by a smaller measured a parameter values. Recognising that both parameters 

approximately follow a linear variation rule, it is possible to calculate the phase func 

tion parameters for smaller vegetation blocks based on the re-radiation function of 

its larger counterparts. The validation of the phase function scaling process was 

performed both via measurements and simulations, at 20 and 40 GHz.

Results from the experiments carried out in the anechoic chamber, provided valu 

able information therefore allowing a complete outdoor measurement campaign to be 

performed. The main objective from such campaign, was to reproduce, confirm and 

possibly expand the results obtained in the laboratory. Nevertheless some measure 

ment procedures had to be adapted to accommodate the larger size of the outdoor 

trees and to minimise the difficulties in maintaining a proper antenna alignment 

while moving the receiver antenna.
Several criteria were used to select an appropriate test site where the outdoor 

experiments could take place. Amongst those, the more difficult to fulfill was to 

do with the accessibility by the measurement equipment. The receiver hardware is 

supported by a 9 meter telescopic mast, attached to the measurement van. Precise 

ground and forest clearance conditions must be met in order to provide a reliable 

and safe access for the van to the measurement locations inside the forest. The Wye- 

vale test forest was selected after an extensive site survey, due to its capability of 

providing good van accessibility. Additionally, it was characterised by a diverse in- 

homogeneous vegetation specimen and surrounded by a relatively quite environment 

minimising undesirable interferences.
The outdoor experiments aimed at assessing the results obtained in the labora 

tory while considering a real forest environment. Such experiments were performed 

using vertically polarised (VV) signals employing four different signal frequencies,
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covering a significant band of the micro- and millimetre waves i.e. 11.2, 20, 40 and 

62.4 GHz.
Similarly to indoor experiments, the outdoor measurements were divided into 

two different phases: the parameter extraction and the attenuation measurement 

phases. The input parameters to be employed in the model, were extracted for 

the relevant vegetation species forming the test forest. The proposed parameter 

extraction method, uses the received signal level, measured at three appropriate 

locations around the test vegetation volume.

In order to minimise the error caused by the discretisation of the forest, while 

maintaining a reasonable simulation time, the cell size was maintained at 2.5 meters. 

Such cells, are significantly smaller than the mature trees present in the test site. 

Consequently, the phase function parameters extracted from the complete trees, had 

to be adapted to reflect the scattering behaviour of the smaller 2.5 meter cells. This 

process was performed using a phase function scaling method developed throughout 

this research project.
Excess attenuation measurements were performed at 10 different locations inside 

the test forest. These locations were selected to ensure the inhomogeneous vegetation 

modelling capabilities from the enhanced dRET could be verified. Nevertheless, the 

measurement locations were completely arbitrarily chosen and did not bias the model 

performance in any way.
From the outdoor measurement campaign results the following conclusions are 

derived:

1. Although the parameter extraction method performed relatively well in the 

outdoor environment, in some situations it is somewhat difficult to calculate 

the scattering coefficient ks . This difficulty may be caused by either the rela 

tively large canopy diameters of the test trees which completely attenuate the 

coherent signal component or by the direct transmitter to receiver antenna 

coupling which produces an inaccurate measurement of the scattered signal;

2. The predictions from the dRET model follow the expected received signal 

directional spectrum behaviour in terms of both the coherent and incoher 

ent signal components. The coherent signal component, whenever present, is 

originated from the direction of the transmitter. The scattered or incoher 

ent signal, is originated from the various vegetation components forming the 

test forest which could generally be identified. The model, is also capable of 

predicting the effects of the air gaps in the vegetation and forest boundaries. 

These effects are shown by the relatively high predicted attenuation whenever 

the receiver antenna is pointing away from the test forest;
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3. The dRET predictions present a good overall agreement with the directional 
signal profile measurements. This agreement is supported by the average RMS 
error between the predictions and the measured values, which is consistently 
below 13 dB. This value, is influenced by the large error obtained at 20 GHz, 
which was found to be due to a erroneous evaluation of the extinction coeffi 
cient from the Oleaster trees. The lower average of 9.0 dB is obtained at 11.2 
GHz;

4. An assessment of the enhanced dRET sensitivity to its input parameters show 
that some simplification of the forest modelling is admissible at the expense 
of an extra 3.0 dB of average error. The simplification was performed by 
modelling the entire vegetation volume with average propagation parameters 
instead of characterising each species employing its corresponding parameter 
set;

5. The capability of the enhanced dRET in modelling inhomogeneous vegetation 
volumes, was assessed by comparing its predictions with the attenuation values 
calculated using the RET. The RET, which considers a single homogeneous 
volume of vegetation, was effectively unable to completely predict the signal 
directional profile variation, especially when the receiver antenna was pointing 
to isolated scattering vegetation volumes. As anticipated, the RET provided 
overestimated signal predictions whenever the receiver antenna was directed 
away from the test forest. In summary, except for a few isolated situations, 
the dRET outperformed the RET at all the test frequencies in terms of RMS 
error;

6. The dRET was capable of predicting the signal variation due to the non 
uniform air vegetation interface illumination caused by the directivity of the 
transmitter antenna. This can be verified by the relatively low RMS errors 
obtained at measurement positions located at the air to vegetation interface. 
In contrast, the RET presented similar results at all air to vegetation interface 
locations independently of the transmitter antenna effect;

7. Results suggest the receiver antenna effect was accurately modelled by the 
dRET. Although such effect is present at all measurement locations, it is par 
ticularly pronounced at the air to vegetation interface measurement locations. 
By comparing the dRET and the RET directional spectrum results, one can 
notice that the RET predictions completely fail whenever the receiver antenna 
is pointed away from the test forest. This failure is due to the assumption of 
a Gaussian shaped receiver antenna radiation pattern therefore exhibiting an
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excessively high front to back ratio. By employing the real measured radiation 

patterns, and conveniently simulating its effect, it is possible to get a predicted 

signal profile similar to the real measured value, even for the directions where 

the receiver antenna is not pointing to the test forest.

Although the dRET model performance was not assessed for the out-of-leaf fo 

liage state, it is expected that the relative overall accuracy of the model is main 

tained. With greater reason, the behavior taking place when radiowaves propagate 

through out-of-leaf vegetation volumes, is significantly similar in nature to those 

happening when propagating through foliage. Indeed, the foliage contents from a 

tree canopy cause a high absorbing effect for radiowaves, consequently limiting the 

amount of energy available for scattering. Although in the absence of leaves the 

scattering phenomena tends to prevail, these effects may be conveniently accounted 

for in the parameter extraction phase yielding parameter values which reflect the 

low absorption and increased scattering propagation modes. The dRET model, uses 

a generic simulation method to predict the behaviour taking place when radiowaves 

propagate through vegetation. Hence, it is expected that input parameters reflect 

ing the particular propagation characteristics from the out-of-leaf vegetation may 

be able to positively influence the dRET results, in such a way, that fairly accurate 

signal predictions can be generated.
As a final remark, the dRET propagation model is capable of predicting the 

received directional spectrum profile of radiowaves propagating through isolated 

inhomogeneous vegetation volumes. These vegetation volumes are generic, both 

in geometrical shape and propagation characteristics. In addition, they may also 

include air gaps. The model performance was assessed for a relatively wide range 

of signal wavelengths, in the micro- and millimetre band, using 11.2, 20, 40, and 

62.4 GHz spot frequencies. Despite the accuracy exhibited by the dRET model, 

prediction certainties can not be guaranteed in scenarios which differ from the ones 

considered throughout this research project. However, the generic characteristics of 

the test scenarios employed for the model validation and assessment, suggest that 

similar results, with similar prediction accuracy, are very likely to be obtained.

7.2 Conclusions

Although the author has made several contributions to the understanding of impor 

tant aspects related to the propagation of radiowaves through vegetation, the main 

contribution of this thesis concerns the enhanced formulation, test and validation 

of the dRET model. These and other contributions, are well supported by an ex 

tensive range of experimental and analytical results, which conveniently allow the
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assessment of the behaviour and the predictions accuracy of the models based on 

dRET formulations.

7.2.1 Contribution to models

The models presented in the literature to simulate the radiowave propagation through 

vegetation, can not accommodate many of the medium characteristics present in 

generic forests. Most published models dealing with the intrinsic inhomogeneity of 

the vegetation media, use a microscopic approach which relies on statistic geometric 

characterisation (position and orientation) of the vegetation elements e.g. leaves, 

twigs and trunks. Such a detailed information about the forests, is not readily avail 

able, and its gathering would be a tedious, rather difficult and time consuming task. 

An alternative method, is the characterisation of the vegetation by a few propaga 

tion parameters. Such an approach seem more likely to the applied and used by 

project engineers and radio planners.
Some models dealing with the vegetation inhomogeneity, are directed to re 

mote sensing rather than telecommunications and consequently are more suitable for 

backscattering predictions than signal propagation effects modelling. These models, 

tend to be used to measure the backscattering from trees when illuminated from the 

top of the canopy e.g. from space. Hence, the propagated signal only travels through 

the canopy and the trunk region, before being reflected by the ground below the 

vegetation. In the upwards path, the signal travels once more along the vegetation 

and is radiated to the atmosphere. The methods used to model such backscatter 

ing scenarios are only capable of dealing with relatively small paths of vegetation. 

In contrast, transmitters normally used in land radio communications, are located 

above the ground, and tend to illuminate the side air to vegetation interface of the 

forest, evidently yielding much longer propagation paths through the vegetation.

The results and theory presented throughout this thesis, aim to extend the ex 

isting knowledge about the behaviour of single isolated trees, by combining then as 

a group, and finding their effect on the propagating radiowaves. The existing un 

derstanding of the radiowaves propagating through single isolated trees, namely the 

similarity of the re-radiation function and the Gaussian phase function was verified 

at the beginning of the experimental programme. Nevertheless, it was also verified, 

that some trees could not be effectively modelled using this function, and based on 

that, a new characterisation method, which includes the complete re-radiation func 

tion was used. Whenever possible both characterisation methods were compared, 

demonstrating their similar results.
Based on the individual understanding of each propagation parameter, which
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inputs the RET, a measurement method was developed. This method along with 

the enhanced dRET model, were tested inside an anechoic chamber using a group of 

small plants, mimicking a forest. Both parameter extraction and modelling methods, 

exhibited an overall good performance in laboratory and field experiments, being 

effectively capable of predicting the excess attenuation caused by distinct groups of 

vegetation. Results validating the model performance highlighted at the same time 

some of the parameter extraction method weaknesses.

This thesis proposes both 2D and 3D versions of the dRET propagation model. 

Although both versions are assessed using idealised propagation geometries, only the 

2D implementation was completely validated through comparison with measurement 

results. In truth, the task of validating the 3D dRET, will require a very accurate 

method of positioning and orienting the receiver antenna (in 3D space coordinates) 

at several locations inside the test forest. It is understood that such experiments 

would eventually be feasible in a laboratory environment through the usage of 3D 

positioners. It is also recognised, that the required amount of precision is very 

difficult to achieve in an outdoor environment.

Finally, it was shown that the proposed enhanced dRET model is capable of 

helping radio planning in several applications which may be deployed in the near fu 

ture, utilising similar frequency bands to those focused on this study. Consequently, 

the results from this thesis, are expected to provide valuable information for further 

developments in this challenging area of radiowave propagation.

7.2.2 Contribution to measurements

This research work included an extensive measurement campaign which allowed a 

closer examination of the effects caused by the presence of foliage in the radio path. 

The measurements aimed at confirming and extending some of the previously ob 

tained results related to single illuminated trees. Subsequently such results were 

used as an important part of the model input parameter extraction method. The 

proposed parameter extraction method, presents some unique features such as the 

adaptation to large tree measurement when performed in outdoor environments. An 

extensive evaluation of the behaviour of tree groups was also performed. Although 

this evaluation was done with the principal purpose of assessing the performance of 

the proposed dRET modelling, it additionally provided a unique source of measure 

ment data.
It was demonstrated that the dRET propagation model, proposed during this 

thesis, can effectively model generic forest sites whether they are homogeneous or 

inhomogeneous. The model also takes into account system and geometric parame-
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ters which are not always possible in other models presented in the literature e.g. 
receiver and transmitter antenna effects. The predictions obtained from the pro 
posed dRET were validated through comparison with real measured data acquired 
both in the anechoic chamber and in real outdoor situations. The results obtained 
in real forest environment confirmed the results previously obtained in the labora 
tory, thus validating the model and the parameter extraction method. Due to size 
constrains of the anechoic chamber and equipment availability, the indoor measure 
ments were only performed at the 20 and 62.4 GHz signal frequencies. The more in 
depth study performed outdoors included the two signal frequencies of 11.2 and 40 
GHz in addition to the 20 and 62.4 GHz.

7.2.3 Contribution to published literature

Throughout the research project, it was considered important to disseminate re 
search results in the open literature. The author published one journal paper and 
ten conferences papers. The conference paper published in Winsys 2006 was selected 
to the best paper list, and is therefore going to be published in the e-Business and 
Telecommunication Networks book from Springer. Samples of the published papers 
are presented in Appendix D.

The author has jointly contributed the following papers to the published litera 
ture:

• Book section

1. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, 
Directional Spectrum Modelling in Inhomogeneous Forests at 
20 and 62.4 GHz, e-Business and Telecommunication Networks book, 
Springer, to be published;

• Journal papers

1. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, A 
Discrete RET model for Millimeter-Wave Propagation in Iso 
lated Tree Formations, IEICE Transactions on Communications, vol. 
E88-B, no. 6, pp. 2411-2418, June 2005;

• Conference papers

1. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, Ra- 
diowave Propagation Modelling in Random Vegetation Media
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Using a Discrete Approach, Proceedings of the EPSRC Postgradu 

ate Research Conference in Electronics, Photonics, Communications and 

Software - PREP 2003, pp. 133-134, Exeter, UK, April 2003;

2. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, 

Modelling of Radiowave Propagation through Finite Vegeta 

tion Structures Based on RET, Proceedings of the 4<ft Conference 

on Telecommunications - ConfTELE 2003, Aveiro, Portugal, June 2003;

3. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, A 

Discrete RET model for Millimeter-Wave Propagation in Iso 

lated Tree Formations, Proceedings of the IEICE International Sym 

posium on Antennas and Propagation - ISAP 2004, vol. 2, pp. 817-820, 

Sendai, Japan, August 2004;

4. T.Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, A 

Discrete Model for Radiowave Scattering in Vegetation Screens 

at Millimetric Wave Frequencies, Proceedings of the IEEE 15th In 

ternational Symposium on Personal, Indoor and Mobile Radio Commu 

nications - PIMRC2004, vol. 1, Barcelona, Spain, September 2004;

5. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, 

Modelling of Directional Spectra in Vegetation Media using 

RET Theory, Proceedings of the IEEE 2005 AP-S/URSI International 

Symposium, vol. 1, Washington DC, USA, June 2005;

6. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, A 

Practical Method for Vegetation Scattering Function Parameter 

Extraction and Scaling, Proceeding of the Loughborough Antennas and 

Propagation Conference - LAPC, vol. 1, Loughborough, UK, April 2006;

7. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, 

RET Scattering Function Optimisation in Vegetation Media us 

ing Inverse Convolution, Proceedings of the 2006 IEEE International 

Geoscience and Remote Sensing Symposium - IGARSS'06, vol. 1, Denver 

CO, USA, June 2006;

8. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, Di 

rectional Spectrum Modelling in Inhomogeneous Forests at 20 

and 62.4 GHz, Proceedings of the International Conference on Wire 

less Information Networks and Systems - WinSys 2006, vol. 1, Setubal, 

Portugal, August 2006;

9. T. Fernandes, R. F. S. Caldeirinha, M. 0. Al-Nuaimi and J. Richter, Ra 

diative Energy Transfer based model for radiowave propagation
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in inhomogeneous forests, Proceedings of the 64th IEEE Vehicular 
Technology Conference - VTC'06 Fall, vol. 1, Montreal, Quebec Canada, 
September 2006;

10. T. Fernandes, R. F. S. Caldeirinha, M. O. Al-Nuaimi and J. Richter, Pa 
rameter extraction and sensitivity analysis of the discrete RET 
model for radiowave propagation in inhomogeneous forests, Pro 
ceedings of the 6th Conference on Telecommunications - ConfTELE 2007, 
Peniche, Portugal, May 2006, accepted for publication.

7.3 Recommendations for further work

Results obtained throughout this research project, suggest several possible avenues 
for extension of knowledge in the pursuit of further developments in modelling of 
radiowave propagation through vegetation media. From these avenues, two signif 
icant paths can be followed: the development of the propagation model, and the 
refinement of the parameter extraction method.

The enhanced dRET model already incorporates important effects caused by the 
presence of foliage in the radio path i.e. scattering and absorption. Nevertheless, 
other important effects, have not yet been considered e.g. depolarisation. Relevant 
improvements to the model performance may be achieved through the development 
of aspects summarised below:

• Extend the proposed propagation model to include polarisation effects possibly 
by using the Stokes matrix;

• Extend or integrate the dRET model into a stratified vegetation model. Such 
development will allow simulation of the propagation in the trunk region, as 
well as the effects of the ground reflection;

• Improve the 3D version of the dRET, by performing an efficient computational 
implementation, therefore allowing the model to perform faster calculations 
while using high spatial and angular resolutions;

• Extend the dRET model to the situation where the forest is illuminated by 
more than one transmitter and hence perform interference calculations. This 
extension should also allow the illumination to be performed through the top 
air to vegetation interface covering the situations where the transmitter is 
higher than the forest canopy;
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• Study the possibilities for an integration between the dRET code and other 
propagation models consequently allowing the simulation of complex propa 
gation environments in the presence of an extended range of obstacles e.g. 
buildings, hills, vegetation, etc.;

• Extend the dRET model to dynamic vegetation scenarios, by considering the 
wind, moisture, and rain effects. This would involve performing extensive 
time series measurements, with different wind speeds and moisture contents, 
in order to evaluate the various dynamic effects;

• Validate the dRET performance for a wider range of propagation geometries, 
foliage states and more vegetation species. The validation for signal frequencies 
below 11.2 GHz should also be considered;

• Research aiming at establishing a relation between the vegetation morpholog 
ical parameters e.g. Leaf Area Index (LAI) with the dRET input parameters, 
could also be conducted.

An important source of inaccuracy exhibited by the complete dRET modelling, 
is due to inaccuracies in the input parameter extraction procedures. Although the 
model seems to perform relatively well under a range of different situations, a better 
performance may be obtained. To this extent, the parameter extraction method 
needs to be further refined in order to provide a more accurate and reliable input 
parameters to the propagation model. Further work to extend and improve the 
accuracy of the parameter extraction method may include:

• Finding a measurement method, possibly based on averaging, which elimi 
nates the local parameter inaccuracies. This method should involve various 
measurements at selected locations around the test tree, consequently creating 
a more accurate average characterisation of its propagation characteristics;

• Investigating possible methods to extract the dRET input parameters from 
monostatic measurements. This measurement geometry should allow per 
forming parameter extraction experiments with the measurement equipment 
located outside the forest;

• Finding an efficient way of performing 3D re-radiation measurements in full 
size outdoor trees as this would allow validation of the 3D version of the dRET 
model;

• Isolating the source for the inaccuracy in the scattering coefficient extrac 
tion. Care must be taken to minimise or eliminate the direct TX-RX antenna
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coupling perhaps using a different measurement geometry or by performing 
wideband measurements;

• Performing a complete validation of the method used to extract the outdoor 
parameters. It is especially important to compare the J3 values obtained from 
both extraction methods: approximate (receiver rotation around its vertical 
axes) and the ideal (receiver rotation along an arc around the tree);

Finally the author considers that the research results achieved in this thesis 
amount to novel and significant contribution to knowledge about propagation of 
radiowaves in vegetation media at both microwave and millimetre wave frequencies.
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Appendix A

Calculation of the RMS error

The performance of the models outlined throughout this research work, was assessed 
by comparing its predictions against measured attenuation data obtained at several 
measurement sites. To this extent, the Root Mean Square error (RMS) is used as a 
tool to evaluate the similitude between the predicted and the measured data sets, 
and consequently the performance of the propagation models.

For each set of data, the RMS error was calculated according to the method 
presented in [17, 20]. Thus, the RMS error, in dB, ERMS can be calculated using 
(A.I):

\

N
E1=1 (A.I)

where TV in the number of measurements and Ei is the error of the ith measurement, 
given by Eq. A. 2.

Et = - LmeaSi (dB), (A.2)

where Lpred; an-d Lmeasi are the ith predicted and measured attenuation values, re 
spectively, in dB.

According to the RMS error definition presented in (A.I), close prediction and 
measured data sets yield to lower RMS errors.
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Appendix B

Solving first order linear 
differential equations

A first order linear differential equation has the following form:

dy_ , . = , . ,g ^

The general solution is given by:

__ f u (x) q (x) dx + C
u(x] 

where

( ' }

u (x) = efp(^dx , (B.3)

is called the integrating factor. The constant C in (B.2) can be found through the 
given initial conditions.

271



Appendix C

Modified dRET model flowchart

A diagram representing the various actions performed during the dRET iteration, 
is presented in Fig. C.I.

for cell layer k+1 based on 
results for cell layer k

Calculate
j OUT 
' d

for cell layer k+1 based on 
results from previous iteration

Second and 
subsequent 
Iterations

Results ready

Figure C.I: discrete Radiative Energy Transfer (dRET) model flowchart.
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Abstract: This paper presents a radiowave propagation model for inhomogeneous forests based on the Radiative Energy 
Transfer theory (RET) model. This model, which is a discretised version of the RET, is able to simulate 
the behaviour of radiowaves inside a forest which contains various types of vegetation and free space gaps. 
The forest is divided into non-overlapping square cells, each one with different propagation characteristics. 
The propagation properties of each cell rely on specific propagation parameters, which are extracted from 
vegetation using an appropriate measurement method which is also described. The model performance is 
assessed through comparison between predicted values and directional spectrum measurements carried out in 
an isolated inhomogeneous forest at 20 and 62.4 GHz. This forest, located in South Wales, is formed by 6 
different species of trees of various sizes and leaf types. The measurements were performed with the trees 
in-leaf.

1 INTRODUCTION

The growth of fixed and mobile radio networks ex 
perienced in the last decades, has led to an increased 
need for cost effective, and enhanced utilisation of the 
available bandwidth and system coverage. This en 
hancement can be accomplished through a more ef 
ficient use of the available radio spectrum. A more 
efficient use of the radio spectrum relies on accurate 
radio planning tools which allow system planners to 
effectively predict the behaviour of their radio com 
munication systems in terms of coverage and interfer 
ence on existing systems.

The radiowaves interact with the obstacles and sur 
rounding environment present in the radio path cre 
ating undesirable effects which need to be accurately 
modelled. From these obstacles, vegetation is very 
likely to be present in sub-urban and rural environ 
ments, causing degradation in the performance of the 
radio systems. To this extent, the understanding of the 
interaction between radiowaves and vegetation media 
is very important.

Various propagation models have been applied to 
vegetation with different degrees of success (Rogers 
et al., 2002). From these, the Radiative Energy Trans 
fer theory (RET) has yielded good results for micro-

and millimeter wave frequencies (Rogers et al., 2002; 
ITU-R, 2005). In (Rogers et al., 2002), results from 
an extensive measurement campaign are used to com 
pare the predictions of the RET with actual measure 
ment data in the 1 to 60 GHz frequency band. This 
work has established a generic model for radiowave 
propagation in vegetated areas which was recently ap 
pended to the ITU-R recommendation in force (ITU- 
R, 2005). Although this model is based on three 
different propagation mechanisms, it is reported that 
the scattered component, which is modelled with the 
RET, is dominant in terms of the received signal level.

The first known application of the RET theory to 
model the radiowave propagation in vegetation me 
dia was reported in (Johnson and Schwering, 1985) 
which is based on the RET modelling presented in 
(Ishimaru, 1997). Both of these RET formulations 
present some approximations which limit the applica 
bility of the model, e.g. the model considers a ho 
mogeneous medium; the medium is not physically 
limited and special geometry conditions must be met. 
The vegetation media is normally inhomogeneous in 
nature as leafs tend to grow more in the periphery of 
the forest due to the increased sunlight exposure. An 
other limitation is that vegetation normally appears in 
limited or isolated groups, and forest volumes are nor-



mally limited by the ground and the top of the vege 
tation.

To overcome the issues presented above, a discre- 
tised version of the RET (dRET) was presented in 
(Didascalou et al., 2000). A development of this 
model as well as a complete assessment was per 
formed in (Fernandes et al., 2005) using an idealised 
scaled-down version of a forest formed by 16 Ficus 
Benjamina plants inside an anechoic chamber at 20 
and 62.4 GHz.

In order to apply the dRET, the vegetation volume 
is divided into non overlapping square cells each one 
presenting distinct propagation characteristics. The 
signal flow in each of the cells is subsequently calcu 
lated using an iterative algorithm which evaluates the 
interactions between the different cells.

In this paper, the dRET formulation is used to sim 
ulated the behaviour of a full scale outdoor forest 
formed by 6 different species of trees. The assess 
ment of the model is performed by comparing the pre 
dicted values with the actual measurement data ob 
tained from outdoor measurements at 10 locations in 
side the test forest.

In section 2, the RET based scattering propagation 
models which are used during this paper as well as the 
differences between the original RET and its discre- 
tised version are presented. The model input propaga 
tion parameters are also described. The site specifics, 
including both the geometry and the tree characteris 
tics, used to validate the proposed model is also pre 
sented. The experimental procedures used to extract 
the vegetation parameters as well as the overall model 
validity in terms of excess attenuation caused by tree 
is also outlined. Section 4 presents and discusses the 
measurement results. Finally in section 5 the conclu 
sions of the paper are presented.

2 THE SCATTERING
PROPAGATION MODELS

2.1 The Radiative Energy Transfer 
(RET)

The RET models vegetation as a homogeneous 
medium randomly filled with similar scatterers, 
which are characterised by the following set of pa 
rameters:
• The Extinction Coefficient or ke . This parameter 

specifies the amount of energy which is lost due to 
absorption and scattering;

• The Scattering Coefficient, ks , which specifies the 
scattered energy;

• The scatter directional profile p(s,s'), known as 
Phase Function (Ishimaru, 1997), with §' and s 
representing the directions of the energy entering 
and emanating from each scatterer, respectively.

The phase function is normally modelled according to 
Eq. 1 (Johnson and Schwering, 1985; Ishimaru, 1997) 
which represents a Gaussian function superimposed 
to an isotropic background level:

(1)= 0i -e

where a is the ratio between the forward lobe power 
and the total power of the phase function, /3 represents 
the half power beamwidth of the forward lobe and 7 
is the angle subtended by I and §'.

The RET equation is normally expressed in its dif 
ferential form, presented in Eq. 2.

-T—

as
• ks I p (I, s'}Idw,

47T

(2)

where the left hand side (LHS) describes the spa 
tial variability (i.e. derivative) of intensity over one 
scatterer, while the first term on the right hand side 
(RHS) accounts for the reduction in intensity due to 
the absorption and scattering. The second term on 
the RHS represents the increase of intensity resulting 
from the scattering contributions of surrounding scat 
terers (Johnson and Schwering, 1985). In (Johnson 
and Schwering, 1985), the overall intensity / is di 
vided into two different intensities: the reduced inten 
sity, Iri and the diffuse intensity Id- Iri is the atten 
uated incident intensity whereas Id accounts for the 
contributions from incoherent scattered components 
inside the vegetation medium.

2.2 The dRET formulation
The discrete RET (dRET) was originally proposed by 
(Didascalou et al., 2000), as a method to overcome the 
RET limitations in terms of applicability to isolated 
vegetation volumes. In the dRET modelling, the veg 
etation volume is divided in non-overlapping square 
cells and an iterative algorithm is used to gather all 
the interactions between these primary cells, allowing 
for the computation of the intensity across the entire 
tree formation. This approach of splitting the vege 
tation in discrete elementary volumes, allows one to 
assign different scattering parameters to every cell, 
consequently enabling an inhomogeneous vegetation 
volume to be more accurately represented. This is de 
picted in Fig. 1.

The dRET approach presented in (Fernandes et al., 
2005) and used here, comprises 4 major improve 
ments compared to the algorithm given in (Di 
dascalou et al., 2000). These are summarised as fol 
lows: (i) the improved dRET version yields results



for angles other than those which are integer multi 
ples of 45°; (ii) it accounts for the effect of the receiv 
ing antenna radiation pattern; (iii) the dRET differen 
tial equation is more readily solved, which means that 
piecewise linear approximation is no longer needed, 
so that the algorithm can cover larger cell sizes; and 
(iv) the cell parameters can be denned individually, 
thus allowing one to define inhomogeneous scenarios.

3 EXPERIMENTAL PROCEDURE

An experimental program was designed to evaluate 
the performance of the dRET model in a real outdoor 
environment. This program involved two main tasks: 
the dRET parameter extraction and the evaluation of 
the excess attenuation caused by trees at several loca 
tions inside the test forest.

3.1 Description of the measurement 
site

The measurement site is located in the North-East of 
Cardiff in South Wales. The test forest is an isolated 
group of trees formed by 6 different species. To com 
pletely characterise the test forest, precise locations of 
each tree and the mean canopy diameters were mea 
sured using a theodolite. Using this data, a 2D rep 
resentation of the forest is presented in Fig. 2. The 
transmitter location (TX) and the direction where it 
was pointed in the measurements are also presented. 
The red dots which are labeled Mpx, represent the re 
ceived signal measurement locations. The tree species 
present in the test forest as well as the dimensions of 
the trees are presented in Table 1.

For each of the species, the leaf size parameters 
were measured. These mean sizes are presented in 
Table 2.

Table 1: Tree species of Wyevale Garden Center site.

12345678911111 
0123'

] Parclalty Occupied Vegelation cell 0 Measurement Position 

| Vegetation cell Q Free Space Cell

Tree Label
Tl
T2
T3
T4
T5
T6
T7
T8
T9

T10
Til
T12
T13
T14
T15
T16
T17
T19
T20
T21
T22
T23
T24
T25
T26
T27

Common Name
Oak
Oleaster
Ornamental Cherry
Oleaster
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

Canopy 
Diameter (m)

11.4
12.1
6.1
14.0
5.2
6.0
6.0
3.0
4.5
6.5
10.0
12.5
5.6
12.0
5.6
10.1
9.6
3.9
8.0
8.3
7.0
6.1
7.2
6.8
6.2
3.9

Tree 
Height (m)

10.9
16.5
3.5
17.7
3.5
3.5
3.5
3.0
8.4
6.4
10.0
15.6
5.5
15.0
2.5
7.2
7.3
8.9
9.6
5.2
7.0
7.8
6.8
13.0
14.3
4.3

3.2 Directional spectrum 
measurements

To evaluate the excess attenuation caused by the vege 
tation, the RX antenna was placed at each of the loca 
tions shown in Fig. 2 and the directional profile of the 
received signal was evaluated. This evaluation was 
performed positioning the receiver antenna at 5.5 m 
high, which represent approximately one half of the 
mean canopy height of the trees which form the test 
forest. At each location, the RX antenna was rotated 
clockwise 360° around its vertical axes (dRX ) in 1°

Figure 1: 2D cell structure.
Figure 2: Scaled drawing of the Wyevale Garden Center test 
site.



Table 2: Tree leaf sizes of Wyevale Garden Center site.

Common Name
Oak 
Oleaster
Ornamental Cherry 
Silver Birch
Gean
Pecan

Length
13 
9
10
4
15
9

Leaf Size
(cm) Width (cm)

8 
0.8
6

2.5
6
3

Figure 4: Approximated method to measure parameter /3.

incremental steps.
The TX antenna was placed outside the forest in 

the position shown in Fig. 2 at 13 m distance from 
the air to vegetation interface. To achieve an almost 
uniform illumination of the interface, very broad 50° 
(10 dBi) half power beamwidth antennas were used at 
both test frequencies. At the receiver side, high gain 
directional antennas were used. At 20 GHz the RX 
antenna was of the lens horn type with 33 dBi and 4° 
of HPBW, while at 62.4 GHz a lens horn antenna with 
36 dBi and 2.8° of HPBW was used.

3.3 Parameter extraction and scaling

The dRET input parameters must be extracted from 
specific measurement data. This data is obtained 
from received signal measurements in specific loca 
tions around the tree as explained in Fig. 3. The dis 
tances ^1,2,3 were chosen so that 100% of the canopy 
width could be illuminated within the HPBW of the 
TX antenna, and at the same time, the RX antenna 
was placed as close as possible to the tree canopy. 
At each of the 3 measurement locations presented in 
Fig. 3 (labeled Mn) the receiver antenna was rotated 
around the vertical axes in a ±45° range in 1° steps. 

The extraction of ke was based on the measurement 
of the insertion loss caused by the tree, and conse 
quently relied on measurements MI and MS. The ra 
tio between the maximum received powers at these

Figure 3: Parameter extraction measurement setup.

locations was used to calculate ke using Eq. 3.

-Plmax \dzj

where PI max and PS max are the maximum receiver 
powers at positions MI and M3 , respectively, and dn 
is the distance between the TX and the nth measure 
ment location in meters.

To extract the phase function parameters a and /?, a 
modified version of the re-radiation indoor measure 
ment procedure (Fernandes et al., 2005) was used. 
This modified version overcomes some of the inac 
curacies reported in (Richter et al., 2002) and is sim 
pler to carry out. The 0 optimisation is based in mea 
surement MS, where the ideal measurement position 
is replaced by a more convenient approximated po 
sition, as explained in Fig. 4. The optimisation of 
a uses the side scatter level of the tree obtained from 
measurement Mj, which is subsequently used to opti 
mise a in Eq. 1. Finally, ks is extracted by modelling 
the tree as a single dRET cell. As there are no in 
teractions involved between cells a simple version of 
the dRET diffuse intensity equation (Fernandes et al., 
2005) is used to optimise ks , providing the measured 
side scatter level.

The parameter extraction was performed for 5 of 
the 6 species present in the test forest. The trees cho 
sen to carry out the parameter extraction were: Ti, 
TS, TH, Ti2 and T\-j. These were chosen due to their 
location at the border of the forest, thus avoiding the 
possible contamination of measured results caused by 
interference from the other species. The extracted pa 
rameters are presented in Tables 3 and 4 for 20 and 
62.4 GHz respectively. Some parameters were im 
possible to calculate, specially for the larger trees, due 
to the high attenuation of the coherent signal compo 
nent. In these cases average parameter values were 
assigned to the corresponding trees.

To limit the stair case error due to the discretisation 
of the forest, while maintaining a reasonable compu 
tational time, a 2.5 m vegetation cells division was 
used, as depicted in Fig. 1. In order for the phase 
function parameters to remain valid, these have to be



Table 4: Input parameter values extracted from selected 
vegetation blocks at 62.4 GHz.

50 100 150 200 250 300 350 
RX antenna rotation angle (deg)

Figure 5: Measured and predicted signals in MP2 at 20 
GHz.

adapted to the new vegetation volumes by performing 
an appropriate scaling. The scaling method used here 
is explained in (Fernandas et al., 2006), which sug 
gests a linear behaviour of a and /3 with the variation 
of the vegetation volume.

4 MEASUREMENT RESULTS

The assessment of the dRET propagation model re 
sults was performed comparing the predicted results 
with directional spectrum measurements were carried 
out at 10 locations inside the forest according to the 
procedure explained before. The measured excess at 
tenuation can subsequently be compared with the pre 
dictions calculated by the dRET algorithm for the test 
forest depicted in Fig. 2 when modelled with the cell 
structure presented in Fig. 1.

A comparison between the measured received sig 
nal and the predicted signal values obtained at MP-2 
is presented in Figs. 5 and 6, at 20 and 62.4 GHz, 
respectively. In these measurements, which were per 
formed at the air to vegetation interface, the RX sig-

Table 3: Input parameter values extracted from selected 
vegetation blocks at 20 GHz.

Tree 
Label

T3 

Ti*

Mean

20 GHz
ke

0.38 
0.99 
0.75 
0.68 
0.45
0.65

ks
0.28 
0.25
NA 
NA 
NA
0.26

a
0.36 
0.13 
0.05 
NA 
0.13
0.17

ft10.7" 
7.0° 
13.7° 
15.9° 
19.5°
13.4"

Tree 
Label

Ti
T3
Tn
Til
TIT

62.4 GHz
KQ

0.31
1.26
0.81
0.51
0.50

ka
0.13
1.02
NA
0.10
0.38

a
0.08
0.07
NA
0.15
0.04

ft4.7°
15.5°
12.1°
14.9°
11.1°

Mean 0.68 0.41 0.09 11.7°

100 150 200 250 
RX antenna rotation angle (deg)

Figure 6: Measured and predicted signals in MPz at 62.4 
GHz.

nal level is strongly influenced by the direct path be 
tween the TX and the RX antennas. Hence, the plots 
present a signal shape which is very close to the radi 
ation pattern of the receiver antennas, particularly in 
the angular region around 0° where the RX antenna 
is pointing to the TX. Although a good overall agree 
ment between predicted and measured curves can be 
observed, specially when the RX and TX antennas 
are aligned, a slightly increased error is present in the 
prediction of the signal which is scattered from the 
forest. This may be explained due to some inaccu 
racy in the estimation of ks parameter corresponding 
to the surrounding trees during the parameters extrac 
tion phase.

Figs. 7 and 8, present the results for MP^, which 
is located behind tree number 1. The results for 20 
GHz (Fig. 7) also present a good agreement between 
the measured and the predicted received signal values. 
Nevertheless, there is a tendency to underestimate the 
scattered signal from tree number 1. This effect is 
present in the 220 to 330° angular range and might 
be due to the incorrect estimation of the beamwidth 
of the scattering profile of tree number 1. The un 
derestimation of this parameter will concentrate the
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Figure 7: Measured and predicted signals in MP4 at 20 
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Figure 9: Measured and predicted signals in MPg at 20 
GHz.
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Figure 8: Measured and predicted signals in MP4 at 62.4 
GHz.

Figure 10: Measured and predicted signals in MPg at 62.4 
GHz.

scattered radiation in the forward scattering region 
(®RX = 340°) leading to the mentioned inaccuracy. 
Around 6RX = 200° the dRET model predicts a peak 
in the received signal which corresponds to the sig 
nal scattered from tree number 9. The misalignment 
between this peak and the correspondent peak in the 
measured signal is likely to be due to the approxima 
tion in discretisation of the tree position inherent to 
the cell division process.

The 62.4 GHz plot (Fig. 8) presents an absolute er 
ror of 10 to 13 dB in the forward scattering region 
(around 340°). This can be due to some blockage 
which was taken into account in the ke extraction. In 
fact, ke is extracted by measuring the excess atten 
uation caused by the tree, using a radial path which 
is different from the line used to measure the atten 
uation. Attenuation differences between different ra

dial paths of 20 dB have been published in literature 
(Caldeirinha, 2001). This may help to explain this 
discrepancy.

Figure 9 presents the measured and predicted re 
ceived signal values in position MPg at 20 GHz. 
A good correspondence between the two values 
is present in the forward scattering region around 
0RX = 330° ±70°. In the angular region where the 
RX antenna is pointing away from the test forest, i.e. 
30° < ORX < 110° the measured signal shows an in 
creased received signal level which appears to be due 
to scattering in the vegetation structures surrounding 
the test forest. These structures, lying outside the 
test forest were not modeled and consequently are not 
taken into account by the dRET modelling thus ex 
plaining why the model seems to be unable to predict 
accurately the signal level within this angular region.



Table 5: Model performance assessment using the RMS er 
ror criterion.

Measurement RMS error (dB)
Position

MPi
MP2
MP3
MP4
MP5
MP6
MP7
MPS
MPg
MPio

20 GHz
11.8
10.8
13.9
8.9
12.5
13.5
9.6
18.7
9.0
13.2

62.4 GHz
9.0
9.2
7.8
7.6
16.5
13.5
6.7
11.8
14.5
NA

Mean 12.2 10.7

At 62.4 GHz the signal level in position MPg was 
relatively low and could only be measured for a nar 
row angular region. Outside this region the received 
signal was too close to the receiver noise level, which 
is around -70 dBm, to be measured. The measured 
and predicted values seem to exhibit a level offset 
which seems to be due to a vertical misalignment of 
the RX antenna. This offset generates a larger RMS 
error when compered with the remaining measure 
ment positions.

The overall RMS error for the complete set of mea 
surement performed at 20 and 62.4 GHz is shown in 
Table 5. The RMS error is consistently below 15 dB 
except at a few locations in the forest. The mean over 
all RMS error is 12.2 and 10.7 dB at 20 and 62.4 
GHz, respectively. Although the RMS error values 
are slightly above figures found in other published re 
sults, these can be considered reasonably low. They 
also demonstrate the benefits of dRET modelling, par 
ticularly when considering inhomogeneous media.

5 CONCLUSIONS
This paper presents a model for radiowave propaga 
tion in inhomogeneous vegetation media for micro 
and millimeter waves, which is based on the RET. The 
model relies on 4 vegetation dependent propagation 
parameters and a method to extract and scale these 
parameters is also presented. The input parameters 
are extracted from the different vegetation volumes 
forming the test forest using the proposed method at 
20 and 62.4 GHz. Subsequently these parameters are 
used in the model to generate excess attenuation pre 
dictions at several locations inside the test forest. Fi 
nally, the predicted and measured results are com 
pared using the RMS error criterion. This is shown 
to be consistently below 15 dB. Although this RMS

error value is within the range of other published re 
sults, in some measurement locations the error was 
found to be as high as 18.7 dB. This is thought to 
be due to localised blockages, inaccuracies in the pa 
rameter extraction method and also misalignment of 
the RX antenna during the attenuation measurement 
phase. An improved parameter extraction method is 
thus being investigated to eliminate higher error dis 
crepancies.
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Tree Formations*
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SUMMARY In this paper, a method based on the Radiative Energy 
Transfer theory (RET) to estimate the scattered radio signals from isolated 
groups of trees is presented. The proposed method consists of measuring 
the re-radiation function of each tree in the group, parameterising the func 
tion and subsequently using these in a discrete algorithm to estimate the 
overall attenuation at any location within the forest scenario. The discrete 
algorithm (dRET) presented here has some major improvements over previ 
ously published ones, offering substantially enhanced applicability. These 
improvements allow the use of larger vegetation cells, the enhancement of 
angular resolution of predicted results and the consideration of the receiv 
ing antenna radiation pattern. The estimated received signals using the re- 
radiation function, on the one hand, and its parameterised counterpart, on 
the other hand, are compared with measurements performed inside an ane- 
choic chamber on Ficus Benjamina indoor plants at 20 and 62.4 GHz. The 
overall model performance was assessed in terms of RMS error between 
measured and predicted results. 
key words: radiative energy transfer, scattering, foliage attenuation

1. Introduction

Mobile and fixed radio communications have experienced 
increasing growth over the past decades. The global explo 
sion of radio users has demanded more services and applica 
tions, which indeed has required for better planning and cov 
erage tools, as well as more available bandwidth for higher 
data transmission rates. Such a huge increase has led to 
the appropriate development of radio planning techniques, 
which allow network operators to provide good grade of ser 
vice to users at an acceptable cost [1]. Indeed, radio plan 
ning plays a major role in the deployment of both mobile 
and fixed radio communication networks. Radio propaga 
tion is influenced by obstacles present in the radio path such 
as buildings, terrain profile and vegetation, etc. Vegetation 
in general is likely to be present in the radio path, represent 
ing a significant obstruction, especially in sub-urban and ru 
ral environments [2]. To this extent, understanding of the ra- 
diowave propagation mechanisms in vegetation media, such 
as scattering and absorption, is important to achieve more 
accurate predictions when using radio planning tools. The 
Radiative Energy Transfer (RET) based models, have been
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extensively shown in the literature to provide fairly accurate 
predictions of the signal behaviour in homogeneous infinite 
forests [2], However, applicability of the RET is compro 
mised by the presence of inhomogeneity in the vegetation 
volume. Furthermore, the difficulty in accurately estimat 
ing the scatter directional profile, which provides 2 of the 4 
input parameters of the RET, leads to the consideration of 
an alternative approach utilising the discrete Radiative En 
ergy Transfer theory (dRET). The method proposed in this 
paper, developed from the RET, provides good estimates of 
the relative amplitudes and direction of propagation of ra 
dio signals inside any inhomogeneous volume of vegeta 
tion. Presented here is a scatter model (Sect. 2) in which 
the re-radiation function (as opposed to the phase function) 
for each single tree is measured and subsequently used in 
a dRET algorithm to predict the received signal inside the 
forest.

An extensive measurement campaign was conducted 
in an anechoic chamber to obtain the re-radiation functions 
of Ficus benjamina trees (Figs. 1 (a) and (b)) at 2 different 
frequencies e.g. 20 and 62.4 GHz. Subsequently, the mea 
sured functions were used as inputs to the improved dRET 
model, developed based on [3], in two different ways: (i) 
the re-radiation functions as measured were used; (ii) the 
re-radiation function for each tree was approximated to a 
Gaussian main lobe with isotropic backscattering level: an 
equivalent, (so called effective] phase function. The ex 
tracted parameters of this function were subsequently used

(a) (b) 

Fig. 1 (a) Canopy detail and (b) complete tree.

Copyright © 2005 The Institute of Electronics, Information and Communication Engineers
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in the model. Using these functions, estimates for the re 
ceived signal at selected positions inside a tree formation 
(simulating a forest) could be produced. The performance 
of the model, utilising either method, is assessed in terms of 
the RMS error values between measured values on the one 
hand and predictions yielded by these methods on the other 
(Sect. 4).

2. The Scattering Propagation Model

2.1 The Radiative Energy Transfer (RET)

The RET models the vegetation as a homogeneous medium 
randomly filled with similar scatterers ds (Fig. 2), which are 
characterised by a set of parameters: ka, known as the ab 
sorption coefficient; ks which is the scattering cross section 
per unit of volume and the scatter directional profile, also 
known as phase function [4], p(s, s'), with s' and s repre 
senting the directions of the energy entering and emanating 
from each scatterer, respectively.

The phase function is normally modelled as a Gaussian 
function [5], [6] with an isotropic backscatter level (here re 
ferred to as the effective phase function) given by the fol 
lowing equation:

(I)-

where a is the ratio between the forward lobe power and 
the total power of the phase function, ft represents the half 
power beamwidth of the forward lobe and j is the angle 
subtended by s and s'.

The RET model uses specific intensity rather than 
power and these two quantities are related by:

dP
dadw

(2)

where dP is the power emerging from area da through a 
solid angle dw [4].

The RET equation is normally expressed in its differ 
ential form as presented in Eq. (3) where ke = ka + ks is the 
extinction coefficient.

— 
ds

ks fp(s,s')Idw 
J

(3)

The LHS of Eq. (3) describes the spatial variability (i.e. 
derivative) of intensity over one scatterer (Fig. 2), while the

first term on the RHS accounts for the reduction in intensity 
due to the absorption and scattering. The second term on the 
RHS represents the increase of intensity resulting from the 
scattering contributions of surrounding scatterers [3], [6]. In 
[6], the overall intensity 7 is divided into two different inten 
sities: the reduced intensity, lr\ and the diffuse intensity Id- 
lri is the attenuated incident intensity whereas Id accounts 
for the contributions from incoherent scattered components 
inside the vegetation medium.

2.2 The Discrete Radiative Energy Transfer (dRET)

Some limitations in terms of applicability of the RET arise 
from the infinite homogeneous medium assumption. This 
simplification prohibits the application of the RET model 
to inhomogeneous limited volumes of vegetation. To over 
come these limitations, an improved version of the discrete 
RET originally proposed by Didascalou et al. in [3], is pre 
sented in this paper. In the dRET modelling, the vegeta 
tion volume is divided in non-overlapping square cells and 
an iterative algorithm is used to gather all the interactions 
between these cells, allowing for the computation of the in 
tensity across the tree formation. This approach of split 
ting the vegetation in discrete elementary volumes (Fig. 3), 
allows one to assign different scattering parameters to ev 
ery cell, consequently forming an inhomogeneous vegeta 
tion volume.

The dRET approach presented here comprises 4 ma 
jor improvements compared to the algorithm given in [3]. 
These are summarised as follows: (i) the proposed dRET 
version yields results for angles other than those which are 
integer multiples of 45°; (ii) it accounts for the effect of 
the receiving antenna radiation pattern; (iii) the differential 
equation (Eq. (3)) is more readily solved, which means that 
piecewise linear approximation is no longer needed, so that 
the algorithm can cover larger cell sizes; and (iv) the cell 
parameters can be defined individually, thus allowing one to 
define inhomogeneous scenarios.

In order to improve the angular resolution of the pro 
posed model, a method of estimating the incident radiation 
from neighbouring cells from all possible incoming angles 
was developed. The proposed method is depicted in Figs. 4 
and 5. In Fig. 4, is given an example of the radiation incident

,n - 1 column n column 
Interface

Fig. 2 Diagram of an individual scatterer. Fig. 3 2D cell structure.
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Region 3

As

_L_

Fig. 4 Incident radiation regions.

Fig. 5 Averaging strategy.

Vegetation

Fig, 6 Receiving antenna coordinate system.

in cell 1 in the angular range of 0° to 45°. This range is then 
divided into 3 different regions with each one treated differ 
ently. In region 1, the radiation is considered to be origi 
nating from cell 2 only, whereas in region 3, the radiation is 
considered to be originating from cell 3 only. Region 2 will 
be referred to as the averaging region, since an average of 
contributions from cells 2 and 3 has to be considered.

As shown in Fig. 5, the average is calculated by taking 
into account the different path lengths p\ and pi for cell 2 
and cell 3, respectively. The total path length p\ + P2 is then 
normalised to 1.

This averaging method is applied consistently through 
out the remaining angle range, thus allowing an empirical 
estimate of the radiation for all the angles within the an 
gular range, avoiding discontinuities. This is a major im 
provement over the method presented in [3], as this method 
mainly predicts the signal intensity for angles which are in 
teger multiples of 45°.

The flexibility provided by the improved angular res 
olution, allows one to consider the effect of the receiving 
antenna radiation pattern on the received signal power. The 
received power is given by Eq. (4), where angles 6KX and 0 
are defined in Fig. 6 and P,v (9RX ) is the received power in 
a cell with coordinates ij with receiving antenna pointing at

angle QRX . ^o is the wavelength of the transmitted signal, 
GRX (ff) is the gain of the receiving antenna in direction Q 
and Iij (ff) is the intensity entering the cell ij at an angle 0.

= GRX (e ~

(4)

Equation (4) represents a circular discrete convolution 
between the radiation pattern of the receiving antenna and 
the incident directional intensity.

Solutions for Eq. (3) were obtained separately for the 
reduced intensity /„• and the diffuse intensity Id using the 
Matlab Symbolic Toolbox. For the solution of /„, the 
following boundary conditions were assumed: l'rf (n) = 
I°UT (n - 1) and l'rf (n = 0) = 10 which leads to:

rOUT _ rlN -k
*• ri —— •* i-p' " (5)

The diffuse intensity equation was solved assuming 2 
different boundary conditions. At the air-vegetation inter 
face no diffuse intensity was considered, i.e. l'dN (0) = 0. 
Inside the vegetation, between the nth cell column and its 
predecessor (n - 1 ), the boundary condition is l'dN (n) = 
I°UT (n - 1). This yields the solution for the diffuse inten 
sity given by:

TOUT ,*d
ks -S s (s) ks - p (s, I0) • Iri

ke

(6)

where SQ is the direction of the incident radiation at the in 
terface /Q and S s is the sum of the contributions from all 
neighbouring cells given by:

(7)

where p (s, s') is the discrete re-radiation function, obtained 
from a sampled version of the measured re-radiation func 
tion.

The algorithm consists of iteratively evaluating Eqs. (6) 
and (7) until a steady state is reached, as described in [3] and
[7].

Each cell in the vegetation structure is characterised 
by its extinction coefficient ke and by its scattering coeffi 
cient ks in addition to the re-radiation function, which rep 
resents the directional spectrum of the incident radiation oc 
curring within each cell. The algorithm uses the measured 
re-radiation function for each tree, instead of the phase func 
tion, as previously explained.

3. Measurement Setup

Re-radiation function measurements were conducted indi 
vidually for each of the 12 trees used in the model valida 
tion, as this constitutes one essential input parameter of the
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Top View Fig. 9 In-homogeneous vegetation volume (tree formation).

Fig. 7 Re-radiation measurement setup (top and side views).

Scatter Region 
Transition Region 
Backscatter Region

Fig. 8 Re-radiation function measurement regions.

model. The measurement setup used is depicted in Fig. 7. 
The chosen measurement geometry ensured an illumination 
of approximately | of the tree canopy width.

In order to assess the accuracy of measurement results, 
the effect of antenna coupling has to be considered in this 
setup. The receiving antenna is swept through 3 different 
regions as shown in Fig. 8. These are: (i) The scatter region, 
which is behind the tree with respect to the direction of in 
cidence. Here, all the signal received within the receiver 
antenna pattern beamwidth originates from the tree canopy; 
(ii) The transition region: here data contamination may oc 
cur since both the signal emanating from the tree and the 
antenna coupling will be received through the main lobe of 
the receiving antenna; (iii) The backscatter region: where 
the receiver antenna's principal axis is directed away from 
the transmitter towards the tree. The re-radiated signal re 
ceived through the main lobe of the antenna will be signif 
icantly larger than any signal coupling through the antenna 
side lobes.

Figure 9 shows the top view of the measurement set 
up for an idealised forest inside the anechoic chamber. A 
matrix of 4 by 3 Ficus trees was set up in the maner depicted
in Fig. 10.

In each column, trees were placed close to each other,

Receiver

Fig. 10 Ficus plant arrangement inside the anechoic chamber.

TX
5'

£| Tree Cell V'W'V, 

Q| Free Space Cell

Fig. 11 Model of the vegetation volume.

and an air gap of about 50 cm was arranged between suc 
cessive columns. The air gap in each column provided the 
inhomogeneity of the vegetation medium in the canopy.

The combined, tree and free space cells, are shown in 
Fig. 11, which also shows the transmitter location as well 
as the various receiver positions. During the measurements, 
the receiver was placed at the locations shown in the air gaps 
in between trees. The antenna was rotated through 360° 
in 2° steps with the signal strength being recorded at every 
step, allowing one to obtain a directional spectrum.

In the model, the forest boundaries were considered to 
be perfectly matched with all the signals emanating from the 
vegetation volume being fully absorbed. The absorbing ma 
terial covering the walls of the anechoic chamber provides 
sufficient absorption, thus verifying this assumption.
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4. Measurement Results and Validation

To ensure that the data obtained from re-radiation measure 
ments was not affected by contamination from antenna cou 
pling, free space measurements were performed (without 
the tree present in the radio path). The results from these 
measurements are presented in Fig. 12 for both frequencies 
used, i.e. 20 and 62.4 GHz.

A comparison of received signal levels between free 
space and re-radiation function measurements can then be 
made. In the backscatter region (|0| > 60°), a significant en 
hancement of the scatter signal level was observed to be 20 
to 30 dB above the free space level. This signal level differ 
ence is sufficient to indicate uncontaminated measurements. 
To this extent, Fig. 13 shows the measured re-radiation func 
tion values for Ficus 4 at 20 GHz. Such re-radiation function 
measurements, were used to extract the parameters a and/3, 
after a Gaussian function is superimposed to the measured 
data. The data fit of this function was optimised using ap 
propriate curve fitting algorithms.

In the transition region (20° < |0| < 60°), the received 
signal levels in free space and re-radiation function mea

surements are comparable, indicating antenna coupling in 
fluencing the results. This could bias the values of ft de 
rived from measurements. However, predicted signal levels 
(shown in Figs. 14 to 17) yelded relatively good agreement 
with measurement results, indicating coupling effects to be
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Fig. 14 Received signal in position #4 at 20 GHz.
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Fig. 12 Free space measurements at 20 and 62.4 GHz.
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Fig. 15 Received signal in position #8 at 20 GHz.
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Fig. 13 Measured re-radiation function for Ficus 4 at 20 GHz.
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Fig. 16 Received signal in position #4 at 62.4 GHz.
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Measured 
Re-rad. Function 
Eft. Phase Function

Table 2 Cell parameters.
20 GHz 62.4 GHz
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Fig. 17 Received signal in position #8 at 62.4 GHz.

Table 1

Tree
Nr.

1
2
3
4
5
6
7
8
9
10
11
12

a

0.64
0.82
0.87
0.79
0.79
0.84
0.85
0.92
0.53
0.68
0.60
0.80

20 GHz
ft

(rod)
0.29
0.26
0.30
0.28
0.32
0.31
0.27
0.30
0.27
0.32
0.32
0.25

Fitted a and /? values.
62.4 GHz

ft
(deg)
16.44
14.79
17.28
15.88
18.39
17.80
15.28
17.34
15.46
18.40
18.54
14.15

a

0.82
0.84
0.94
0.77
0.80
0.90
0.68
0.58
0.04
0.84
0.53
0.64

ft
(rod)
0.19
0.17
0.22
0.20
0.27
0.14
0.20
0.14
0.06
0.21
0.16
0.19

ft
(deg)
10.65
9.92
12.39
11.71
15.35
8.14
11.23
8.19
3.38
12.23
9.44
11.14

insignificant.
Table 1 summarises the fitted values obtained for a and 

ft from the measured re-radiation functions for all the 12 
trees at both frequencies used. The simulation results pre 
sented in this paper have been obtained by determining ke 
and jfcj values by fitting predicted signal levels behind each 
column of trees to the measured values. ke was obtained 
by fitting the values in the forward scatter region, and ks by 
utilising the backscatter region. A more accurate method to 
extract the parameters ke and ks from measurements is cur 
rently under development. Table 2 shows the complete set 
ofke and ks values used in dRET modelling.

The graphs in Figs. 14 to 17 show the modelled results 
using the re-radiation function, and those modelled using the 
effective phase function against measured values. Results 
are given for 20 and 62.4 GHz and at two receiver positions.

At 20 GHz, overall good agreement between the mea 
surements and both modelled functions can be observed. 
RMS error values of 7.3 and 6.9 dB were obtained at posi 
tion #8, using the re-radiation and the effective phase func 
tions, respectively.

Similar results were obtained for predictions at the 
higher frequency of 62.4 GHz (Figs. 16 and 17), where the 
model using both fitted a and J3 values provides a similar 
fit with measurements compared with the model using the

Cell
1
2
3
4
5
6
7
8
9
10
11
12

Tree
1
2
3
4
5
6
7
8
9
10
11
12

k.
4
4
4
4
4
4
4
4
4
4
4
4

ks
0.2
0.8
1.2
0.6
0.6
0.6
0.6
0.8
0.8
0.8
0.8
0.8

ke
4
4
4
4
4
6
5
4
5
6
5
5

*«
0.8
0.8
0.8
0.8
1.2
1.8
1.5
0.4
1.0
1.2
1.5
1.5

re-radiation functions.
The maximum received signal level at each receiver lo 

cation corresponds to the angle where the receiver antenna 
is pointing towards the transmitter antenna. This non zero 
angle (see Fig. 9) is different for every receiver position, due 
to the angular offset caused by the short distance between 
the tree formation and the transmitter antenna (2 meters). 
This offset has been taken into account in the model calcu 
lations, consequently contributing to the good quality of the 
predictions.

When the antennas are nearly aligned, the model per 
forms relatively well, as opposed to the backscatter region. 
This seems to be due to the method used for extracting the 
scattering and extinction coefficients. As mentioned before 
a more exact method to extract ke and ks is currently under 
development as it should improve the accuracy of the pre 
dicted values.

As can be seen in Fig. 13, the effective phase function 
is a smoothed version of the complete re-radiation function. 
This smoothing effect results in the effective phase function 
being free of the severe nulls present in the re-radiation func 
tion which are formed due to the coherent multiple reflec 
tions inside the tree canopy. As a consequence from the 
smoothed backscatter, the effective phase function backscat- 
tering level represents more accurately the level of the inco 
herent signal expected to emanate from the tree.

Due to the effect outlined above, the predictions ob 
tained with the parameterised effective phase function, ap 
proximately result in the same RMS error compared to its 
respective re-radiation equivalent. This confirms that the as 
sumed Gaussian phase function shape is both appropriate 
and justified in modelling signals re-radiated from a volume 
of vegetation.

In Table 3 the RMS error values between predicted and 
measured results at each receiver position are given. The 
mean error for all the receiver positions across the modelled 
forest which has been calculated is also shown to be below 
9dB, which compares well with results published in litera 
ture [2].

It can be clearly seen that the RMS error increases with 
vegetation depth. This seems to be due to some inaccuracies 
in the parameters extraction method used in the model. As



FERNANDES et al.: A DISCRETE RET MODEL FOR MILLIMETER-WAVE PROPAGATION IN ISOLATED TREE FORMATIONS
2417

Table 3 Prediction/measurement RMS error (dB). 
20 GHz 62.4 GHz

Position
1
2
3
4
5
6
7
8
9
10
11
12

Re-Rad
7.85
7.07
6.93
5.75
9.40
6.49
6.87
7.30
8.18
10.23
9.49
10.25

Eff.PF
7.59
6.88
6.93
5.78
9.14
6.52
6.72
6.90
8.13
10.49
9.31
10.13

Re-Rad
8.33
7.03
7.06
7.65
7.59
6.73
7.54
6.62
8.47
10.79
9.27
8.74

Eff.PF
8.32
7.22
7.21
7.71
7.67
6.96
7.61
6.79
8.73
10.83
9.43
8.75

Mean 7.98 7.88 7.98 8.10

the signal travels through the vegetation depth, these inaccu 
racies progressively degrade the quality of the predictions. 
This issue will be addressed in future development of the 
dRET modelling.

Based on the presented results, it can be concluded that 
the generalisation of the re-radiation function by an effective 
phase function with fitted a and ft parameters, does not sig 
nificantly affect the overall RMS error of the received signal 
prediction. The replacing of the re-radiation function by an 
effective phase function makes the model more suitable for 
real applications. The re-radiation function is fairly difficult 
to obtain as it requires a large amount of measurements con 
ducted inside the forest. Secondly the effective phase func 
tion completely specified by two parameters a and /? is far 
more suited to the formulation and subsequent utilisation of 
a planning model than the more complex re-radiation func 
tion.

5. Conclusions

This paper presents an improved propagation model for in- 
homogeneous vegetation media that uses, as an input, a pa- 
rameterised re-radiation function of individual trees instead 
of the real phase function. The improvement carried out on 
the model yields an enhanced angular accuracy of results 
and allows the inclusion of the receiver antenna effect.

Two solutions for the implementation of the algorithm 
with the re-radiation function are presented, one based on 
the completely specified re-radiation function and the other 
using an effective (parameterised) Gaussian phase function, 
which was obtained from curve fitting. Measurements and 
predictions were compared in terms of the resulting RMS 
error for the two possible phase function specifications. The 
results show that the effective phase function, which is com 
pletely specified by two parameters, exhibits similar perfor 
mance, and therefore acts as a good replacement for the re- 
radiation function without compromising the overall accu 
racy of the model.

Further work is needed to establish a more accurate 
method of extracting the extinction and scattering cross sec 
tion coefficients. Insufficient accuracy in the estimation of 
both parameters appears to be the reason for the underper-

formance of the model in some cases. 
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Key Results: Prediction of microwave radio signal attenuation in non homogeneous vegetation media based on Radiative 
Energy Theory (RET)

How does the work advance the state-of-the-art?: Current radiowave attenuation models for vegetation show some 
limitations in terms of their applicability and accuracy. This paper will present a discrete approach of the RET model, which 
is intended to overcome those problems so that vegetation loss can be estimated accurately for a variety of propagation 
scenarios.

Motivation (problems addressed): Development of an accurate engineering model for radiowave attenuation prediction in 
non-homogeneous vegetation media.

INTRODUCTION
In recent years, we have witnessed a rapid growth in both 
fixed and mobile radio communications, which hitherto, 
has exceeded all expectations. Costumer demand for more 
robust communication systems will continue to expand in 
a foreseeable future. Such systems performance will rely 
on appropriate planning and on the availability of accurate 
radiowave propagation models. The later should consider 
the interaction between the radiowaves and any scatter or 
obstacle in the radio path e.g. building, ground, 
vegetation, etc. In urban and sub-urban macrocells, 
vegetation of any sort is a special type of obstacle that is 
likely to interfere with the radio path [1]. Models 
associated with radiowave propagation through vegetation 
are therefore very important in planning of reliable 
communication systems [1].
Most of the existing radiowave propagation models, 
although simple to implement, contain only a few 
parameters related to the physical attributes of the 
medium, e.g. leaf size, trunks and twigs dimensions, 
foliation state, etc, which limits their applicability (with 
accuracy) to a few type of vegetation scenarios. Empirical 
models rely completely on measurement data as they are 
obtained by curve fitting. Consequently these models are 
only accurate for the scenarios in which the data was 
obtained. Semi-empirical models however take in to 
account few vegetation parameters, but nevertheless their 
overall performance may not be satisfactory in some cases 
[1]. Theoretical models, such as the RET, are normally 
more complex in nature, as they take into account the 
electromagnetic and physical properties of the medium. 
The RET, in particular, has been extensively used in 
vegetation modelling [1]. Providing that these parameters 
are established for a particular vegetation type, the RET is 
able to estimate the attenuation as a function of vegetation 
depth [1J[3].

LIMITATION OF RET MODEL
Although the RET is able give good estimation of the 
scattered radio signal inside a vegetation medium its

applicability may be limited [1]. The RET is only 
applicable to idealised homogeneous vegetation media, 
with an infinite dimension air to vegetation interface 
when illuminated by a uniform plane wave. In practice, 
the air to vegetation interface is finite, as it is limited by 
the ground and the forest dimensions. Furthermore, the 
wave illuminating the interface may not always be 
uniform, e.g. when narrow beamwidth antennas are used. 
Forests are normally non homogeneous as they are 
formed by several different species with different 
dimensions and foliation states. Also trees tend to grow 
more on the edges of the forest as they are more exposed 
to sun light. In order to overcome these limitations, the 
forest is divided into several cells with different (or not) 
propagation characteristics. The RET is then applied to 
each of these cells individually by using an iterative 
algorithm described in this paper, the discrete RET or 
DRET [2].

DISCRETE RET (DRET) MODEL
In order to apply the DRET approach, the forest is divided 
in non overlapping cubic cells, as shown in Fig l(a).

Fig 1 - Discretisation of the vegetation volume
An iterative process based on the RET is then used to 
calculate the signal intensity in every cell across the 
volume. The incident signal is split in to direct and
scattered components. Iri is the reduced intensity of the 
incident signal in the interface which decays 
exponentially with vegetation depth due to absorption in 
leaves. The diffuse intensity Id which is generated inside

the medium due to scattering of/ri has a random



direction. Irt dominates at short vegetation depth, but
rapidly vanishes, and gives place to the diffuse intensity 
whose attenuation rate is much lower [1].

Each of the cells in the computational volume, is 
characterised by its input and output intensities, as 
showed in Fig 1 (b). The output intensities of each cell are 
calculated from the input intensities using linear 
piecewise approximation to the RET equations. These 
output intensities are then used as input quantities to the 
next layer. For every iteration and in each cell, only the 
scattering contributions from the 26 neighbour cells are 
considered. Progressively the scattering effect propagates 
to more distant elementary volumes, although its 
influence decreases with distance [2]. The above iteration 
process is then applied until the result reaches a steady 
state condition.

ANALISIS OF SIMULATION RESULTS
In order to test the performance of the algorithm, the 
previous idealised forest was modified to include a 
different type of vegetation placed arbitrarily inside the 
volume as showed in Fig 2.

Fig 2 - Geometry of the idealised test forest

The forest was illuminated by a uniform wave and the 
results shown below are the calculated intensities for a 
horizontal one cell thick layer (Fig 2). The vegetation type 
B was used to generate a non homogeneity in the forest. 
Results are shown for a homogenous and non- 
homogeneous forest.

Fig 3 - Reduced intensity across a homogeneous medium

Fig 3 and Fig 4 show the plot of Irt and Id respectively, 
considering a homogeneous medium. It is of special 
interest to verify the exponential decay of the reduced 
intensity. The diffuse intensity is formed through a 
volume effect inside of the medium, thus explaining the 
enhancement inside the vegetation, as shown in Fig 4. To 
illustrate the proposed model for the case of a non 
homogeneous medium, the absorption coefficient of 
vegetation type B of Fig 2, was reduced.

I .,../ /

Forest WUth 2 
(cells)

Fig 4 - Diffuse Intensity across a homogeneous medium

This should decrease the attenuation and the decay rate of 
/„• for those cells as can be seen in Fig 5.

Fig 5 - Depth variation of /n. across a non-homogeneous medium

The increased reduced intensity will also increase the 
diffuse intensity as illustrated in Fig 6.

Fig 6 - Variation of j across a non-homogeneous medium

CONCLUSIONS
In this paper is presented a method to estimate the 
attenuation of radiowaves in non-homogenous vegetation 
media. Although preliminary simulation results appear to 
be in qualitative agreement with RET theory, further work 
would be required to establish the dependence of the 
parameters in the model.
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Abstract
In this paper a numerical discrete approach to the RET 

(Radiowave Energy Transfer) applied to vegetation is 
presented. The proposed method has the advantage of 
allowing us to estimate the radio signal attenuation of well 
defined finite and non-homogeneous vegetation structures, 
by dividing the forest in several elementary volumes. A new 
discrete scatter or "phase" function is also presented, leading 
to increased validity to a wider range of RET input 
parameters. Simulation results are compared with appropriate 
measurements made at two different frequencies, i.e. 1.9 and 
12 GHz.

I. INTRODUCTION
Costumer demand for robust broadband mobile and fixed 

radio communication systems has been growing considerably 
and is expected to keep rising in the foreseeable future. Such 
modern radio communication systems will vastly rely on 
suitable planning tools and on the availability of accurate 
radiowave propagation models.

Radio propagation is influenced by any scatter or obstacle 
present in the radio path, which may include buildings, 
terrain profile, vegetation, etc. In urban and rural macrocells, 
vegetation of any sort is a special type of obstacle that is 
likely to interfere with the radio path [1]. Models associated 
with radiowave propagation through vegetation are therefore 
essential in planning of reliable communication systems [1].

Most of the existing radiowave propagation models, 
although simple to implement, contain relatively few 
parameters related to the physical characteristics of the 
vegetation medium, e.g. leaf size, trunks and twigs 
dimensions, foliation state, etc. Essentially, three types of 
vegetation propagation models are available from literature
[1]:

• Empirical models;
• Semi-empirical models;
• Theoretical models.

Empirical models mostly rely on measurement data and 
curve fitting, as no vegetation attributes are taken into 
account, their accuracy is confined to the scenarios in which 
the measurement data was acquired. Semi-empirical models, 
even though they are, to a certain extent, dependant of

The authors would like to thank the UK vegetation consortium 
formed by Qinetiq, Rutherford Appleton Lab and the Universities of 
Portsmouth and Glamorgan, for providing the measurement data 
presented in this paper.

vegetation parameters, their overall performance may not be 
satisfactory in some cases [1].

Theoretical models, like RET (Radiowave Energy 
Transfer), are normally more complex as they are hooked on 
electromagnetic properties and physical characteristics of the 
medium. The RET, in particular, has been extensively used in 
vegetation modelling [1]. Providing that certain parameters 
are established for a particular vegetation type, the RET is 
able to estimate the attenuation as a function of vegetation 
depth [1] [2].

Although, the RET is able give a good estimation of the 
scattered radio signal inside a vegetation medium, its 
applicability may be limited [1]. For instances, the RET is 
mostly applicable to idealised homogeneous vegetation 
media, with an infinite dimension air to vegetation interface, 
when illuminated by a uniform plane wave. In practice, the 
air to vegetation interface is finite, as it is limited by the 
ground and the forest dimensions. Forests are normally non 
homogeneous as they are formed by several different species 
with different dimensions and foliation states. Also trees tend 
to grow more on the edges of the forest as they are more 
exposed to sun light. In addition, the wave illuminating the 
interface may not always be uniform, e.g. when narrow 
beamwidth antennas are used.

In order to overcome these limitations, a discrete approach 
to the RET (DRET) is presented in this paper.

The RET and its extension to the DRET are presented and 
compared in section II. Section III presents the measurement 
procedure used to validate both the RET and DRET. The 
validation of the models is given in section IV where 
simulation results of DRET and the actual measurements are 
compared and differences are discussed. From this, 
conclusions and further work to improve DRET performance 
is presented in section V.

II. MODEL DESCRIPTION

A. Description of RET
The RET attempts to model the vegetation as a statistically 

homogenous medium of scatterers ds which are
characterised by three intrinsic parameters, i.e. an absorption 
cross section ka , a scatter cross section ks and a scatter
directional profile p(s,s'}, also known as "phase" function.
The incident and emanating directions over the scatterers ds 
is illustrated in Fig. 1. The RET equations describe the radio 
signal propagating through the medium in terms of its



Fig. 1 - Schematic of scatterer ds

intensity rather than power. Although intensity can be seen as 
specific power, these two quantities are related [4] by (1), 
where dP is the power emerging from an area da through a 
solid angle dco .

, s dP
dado 

The basic RET equation is presented in (2).

(2)

where it can be divided into three different terms: the left 
hand term, which is the variation of the intensity over one 
scatterer; the first right hand term, which is responsible for 
the reduction of /(r,s) due to absorption and scattering; and
the remaining term that accounts for intensity enhancement 
associated with the scattering process.

A common approach to solve (2) is given by [2][3], which 
consists of splitting the intensity in two parts, i.e.

leading to a form of RET which provides a better physical 
insight into the propagation phenomena. /n is the reduced
intensity of /0 , the incident signal in the interface, which
decays exponentially with vegetation depth due to absorption 
in leaves. The diffuse intensity ld , which is generated inside
the medium due to scattering oflri , has a random direction. 
Irj dominates at short vegetation depth, but rapidly vanishes
and gives place to the diffuse intensity whose attenuation rate 
is much lower [1] [2].

Although the signal intensity was split, its components still 
need to satisfy (2). For instances, Iri should satisfy the RET 
equation with the suppressed integral:

—- = ~ (ka + ks ) Irt - ~kjri' (4) 
ds

where k =ka +k is called the extinction cross section. The 
same is applied to ld resulting in (5), where y/ is the angular

(5)

difference between the incident and emanating directions of 
the scatterer, and i//0 is the angle between Id and Iri .

On the one hand Irj is the continuation of /0 and decays 
due to absorption, it has to satisfy the boundary conditions 
showed in (6).

(6)
Irl = 0 for s -> co

On the other hand, ld , is formed inside the medium and is
also affected by absorption, thus need to satisfy the boundary 
conditions given in (7).

= 0 fors = 0
/,=

/„ = 0 for s -> oo
(7)

Each scatterer in the vegetation volume is assumed to have 
a directional scatter profile or "phase" function. As proposed 
in [5], the phase function is assumed to consist of a strong 
forward Gaussian lobe of beamwidth /? , superimposed to an
isotropic background level. This may be represented by

y jvf
e~W +(i_a), (8)

where a is the ratio of the forward scattered power to the 
total scattered power. 

The relative magnitudes of ka and ks are described in
terms of albedo, W , by the equation (9).

W= (9)

The albedo describes how strongly the wave is scattered 
compared with absorption. A ratio with W » 1 indicates the 
dominance of scattering, wile W » 0 characterises highly 
absorbing materials.

The four parameters described before, (a , /? , kt and W)
form the input parameters of the RET. 
B. Description ofDRET

In order to overcome the some of the limitations of RET 
described above, a discrete form of RET was firstly proposed 
by Didascalou [3], where the forest is divided in several non 
overlapping cells of identical dimension As , as shown in 
Fig. 2.

Fig. 2 - Discretisation of the vegetation volume.

Each of the cubic cells is characterised by its input and 
output intensities (Fig. 2(b)), which should satisfy the DRET 
equations. The DRET equations are obtained from (4) and 
(5) replacing the differential operators, dlri , dld and ds by
its respective difference terms, A/r ., A/rf and As .[2] 
Consequently, the A/,., is given by (10),

M,,=-keIriAs, (10)



which allows to obtain the relation between the input J'r" and 

output I°" reduced intensities in one cell shown by (1 1).

C(70 ) = C(7o)-^(7o)^ (11) 
In the above equation, y0 denotes the direction of 70 . One
must notice that equations (10) and (11) are only valid for 
As < l/ke , so in order to have a solution valid for all As , in
this paper, it is used the complete solution for equation (4), 
that is:

Using the above assumptions and noting that each cube has 
only 26 direct neighbors on the cell structure, the relation 
between input and output Id is given by equation (13).

Equations (12) and (13) can be used to calculate emanating 
intensities for every cube across the structure. These output 
intensities are used as inputs for the adjacent cells on what 
can be seen as a marching technique.

Due to the restriction that only adjacent cells are considered 
in equation (13), the fact that one cell is influenced by all the 
others in the structure is not considered. To overcome that, 
the marching technique described, is iterated several times 
and for every iteration step the scattering propagates for more 
distant elementary volumes. The process is continued until 
the intensities values reach a steady state.

In the DRET, the phase function only exists for discrete 
angles. These are the angles between the centers on the 
elementary volumes, and it is easy to prove that the minimum 
of these angles is 35°, so if the continuous phase function 
was to be used as shown Fig. 3 all the discrete angles but one 
would lie outside the forward lobe leading to a phase 
function with only two values. To overcome this problem a 
three step phase function is used as depicted in Fig. 4.

Azlmutti Angle (deg.) Azimutii Angle (deg.)

Fig. 3 - Continuous phase Fig. 4 - Discrete phase
function function [2] 

The discrete phase function proposed in [2] is not valid for 
all the values of a and p hence, in this paper, it is 
developed a new discrete phase function based on the 
continuous case. The new phase function is given by (14), 
where N is a normalisation parameter. The number of

discrete angles lying in the intermediate level lmld , also 
called directive scattering [2], is dependant of /?.

(14)

»r

C. Simulation Comparison of RET and DRET
In order to compare the performance of RET and DRET, 

some simulations where made using the same set of input 
parameters, and it was verified that for high attenuation rates 
i.e. ke > 0.5 the results appeared to be almost identical, as it
can be seen in Fig. 5.

CRET 
DRET

Depth (m)

Fig. 5 - Comparison of RET and DRET results 
The higher attenuation observed yielded by the DRET for 

depths larger than 30m, can be explained by of the lack of 
Id , which is due to the fact that the DRET simulation is
performed for a finite forest, thus having less scattering than 
expected in RET.

III. DESCRIPTION OF MEASUREMENT PROCEDURE

A. Measurement setup
Excess attenuation measurements for varying vegetation 

depth were conducted in [1] for a double row of London 
Plane trees, as depicted in

Fig. 6.
7m 

RX
18m ™ «••———-*

"V-,.. 5i.....l. 1.1...1.If -\-y///7/////////w///y////w///////w//^^

TX

^m

tf
........

! * 1 ! * *"~"*~~1 -•» — -<- 4m

49 84 128 163 212 25 29 2 33 2 37 1 41 7
Forest depth in meters

Fig. 6 - Measurement geometry
The measurements were performed for vertical polarisation 

over a frequency range from 400 MHz to 18 GHz [1],



although only 1.9 and 12 GHz data is used in this paper. The 
two pairs of antennas used in the later measurements had a 
beamwidth of approximately 20°.

IV. VALIDATION OF THE MODEL

A. Input parameters for the RET
The RET input parameters where obtained in [1] for several 

frequencies, tree species and foliation states, using a special 
optimisation tool. The measurement data obtained with the

scenario depicted in 
Fig. 6 is independent of the data used to obtain the RET

input parameters and consequently the parameters are not
biased by these measurements.

B. Performance of RET and DRET at 1.9 and 12 
GHz

The same set of input parameters was used for the RET and 
the DRET. For the DRET calculations, the forest of

Fig. 6 was modelled as an idealised homogeneous forest as 
shown in Fig. 7. The presented results were obtained for the 
thick central line shown in the figure.

/n .

Fig. 7 - Geometry of the idealized test forest 
The results presented in Fig. 8, represent a good agreement 

between the measurements and the simulated results, for 
depths lower than 30 m. For depths larger than 30 m

0

-10

-20

Depth (m)

Fig. 8 - Comparison between the two theoretical models an
actual measurement data at 12GFIz

diffraction and ground reflection will become the significant 
propagation mechanisms as the scattering is vanishing. The 
RET is not intended to simulate the former components, thus 
explaining the discrepancy between simulations results and 
measurement data.

The plot illustrated in Fig. 9, shows that although the RET 
is able to follow the measurement data, the DRET in only 
able to give a good estimate on the first few meters while If .

is the dominant term. This seems to be due to the low 
extinction coefficient used in the DRET simulation. The 
remaining input parameters remain almost unchanged when 
compared with the former 12 GHz case.

CRET 
• DRET 

Measurements

0 5 10 15 20 25 30 35 40 45
IX-plli I mi

Fig. 9 - Comparison between the two theoretical models an 
actual measurement data at 1.9GF£z

The simulations results obtained so far, suggest that the 
beamwidth of receiving antenna can have a major impact on 
the signal level of the simulated diffuse component. To this 
extent a correction factor should be introduced in the DRET.

V. CONCLUSIONS
In this paper is presented a comparison between RET and 

DRET that allows one to observe the good overall behaviour 
of the proposed model. A new discrete phase function model 
was introduced which resulted in a significant improvement 
in the applicability of the DRET, as confirmed by the 
measurement results, although further work is needed to 
clarify this issue. The discrepancy of results between RET 
and DRET for low ke should be addressed once the
beamwidth of the receiving antenna is introduced in the later 
model. Further work is needed in obtaining appropriate 
measurement data to evaluate the real phase function and in a 
way to validate the proposed discrete phase function. 
Additional measurements at other frequencies and species, 
should also be performed to complete the validation of the 
DRET model.
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1. Introduction
Mobile and fixed radio communications have experienced increasing growth over the past few years. 
The global explosion of radio users has demanded more services and applications, which indeed has 
resulted in the need of better planning and coverage tools, as well as more available bandwidth for 
higher data transmission rates. Such a huge increase has led to the appropriate development of radio 
planning techniques, which allow network operators to provide good grade of service to users at an 
acceptable cost [1]. Indeed, radio planning plays a major role in the deployment of mobile and fixed 
radio communication networks. Radio propagation is influenced by obstacles present in the radio path 
such as buildings, terrain profile and vegetation etc. Vegetation in general is likely to be present in the 
radio path representing a significant obstruction, especially in urban and sub urban environments [2]. 
To this extent, specification of the scattering of trees is important to achieve more accurate predictions 
when using planning tools. For instance, the proposed method can provide good estimates of the 
relative amplitudes and directions of propagation of radio signals inside an inhomogeneous volume of 
vegetation.
An extensive measurement campaign was conducted in an anechoic chamber to obtain the re-radiation 
functions of 12 Ficus Benjamina trees at 2 different frequencies e.g. 20 GHz and 62.4 GHz. 
Subsequently, the measured functions were used as inputs to the Discrete Radiative Energy Transfer 
(dRET) model presented in [3], in two different ways: (i) the complete re-radiation functions as 
measured were used; (ii) the re-radiation function for each tree was approximated to a Gaussian main 
lobe with isotropic backscattering and the extracted parameters of this effective phase function were 
subsequently used in the model. Using these models, estimates for the received signal at selected 
positions inside a tree formation (simulating a forest) were produced. The underlying theory, i.e. the 
RET, has been extensively shown in the literature to provide fairly accurate estimates of the signal 
behaviour in homogeneous infinite forests [2]. Applicability of the RET is compromised by the 
presence of inhomogeneity in the vegetation volume. Furthermore, the difficulty in accurately 
estimating the phase function which provides 2 of the 4 parameters of the RET leads to consideration 
of an alternative approach utilising the dRET. Presented here is a scatter model (Section 2) in which 
the re-radiation function (as distinct from the phase function) for each single tree is measured and 
subsequently used in a dRET algorithm to predict the received signal inside the forest. As a result, the 
performance of the model is assessed in terms of the RMS error values between measured values on 
the one hand and predictions yielded by either method on the other (Section 4).

2. The Scattering Propagation Model
The RET models the vegetation as a homogeneous medium randomly filled with similar scatterers ds , 
which are characterised by a set of parameters: ka , known as the absorption coefficient (Np-m' 1 ); 
ks which is the scattering cross section per unit of volume (m^/m* ) and the scatter directional profile, 
also known as Phase Function [4], p(s, s'), with 5 and s' representing the directions of the energy 
entering and emanating from each scatterer, respectively. The phase function is normally modelled as 
a Gaussian function [5] with an isotropic background (here referred to as the effective phase function)



given by equation (1).

aflT^+l 
\P)

where a is the ratio between the forward lobe power and the total power of the phase function, /? 
represents the half power beamwidth of the forward lobe and 7 is the angle subtended by s and 5'. 
The RET model uses specific intensity rather than power and these two quantities are related by 
equation (2).

where dP is the power emerging from area da through a solid angle dw [4]. 
The RET equation is normally expressed in its differential form

* . (3)
The LHS describes the spatial variability (derivative) of intensity over one cell. The first term on the 
RHS accounts for the reduction in intensity due to the absorption and scattering. The second term of 
the RHS represents the increase of intensity resulting from the scattering contributions of surrounding 
scatterers. [3] [6].
To overcome the limitations of the RET, an improved version of the Discrete RET originally proposed 
by Didascalou et. al. in [3] is presented in this paper. This version of the dRET has 4 major 
improvements when related to the algorithm given in [3]. These are summarised as follows: (i) the 
dRET version yields results for angles other than those which are integer multiples of 45°; (ii) it 
accounts for the effect of the radiation pattern of the receiving antenna; (iii) the differential equation 
(3) is more readily solved, which means that piecewise linear approximation is no longer needed, so 
that the algorithm can cover larger cell sizes; and iv) the cell parameters can be defined individually 
thus allowing one to define non homogeneous scenarios.
Each of the cell in the structure is characterised by its ke , ks and by the re-radiation function which 
represents the directional spectrum of the incoming radiation occurring within each cell. The algorithm 
uses the measured re-radiation function for each tree, instead of the phase function as explained above. 
A more detailed description of the measurements will be given in section 3.

3. Measurement Setup
Re-radiation function measurements were conducted individually for all of the 12 trees available, as 
this constitutes one essential input parameter of the model. The measurement setup used is depicted in 
Fig. 1 and Fig. 2. The 1.15m distance between transmitter and the tree was chosen to allow 
illumination of at least 2/3 of the canopy when using the 20dBi standard horn antenna.

240 deg
^^^h. ' 19°

Fig. 1 - Re-radiation measurement setup (side view) Fig. 2 - Re-radiation measurement setup(top view) 
A non-homogeneous tree formation was placed inside the anechoic chamber to simulate a real outdoor 
forest. A matrix of four by three trees was used. The trees were equally spaced along each column, as 
shown in Fig. 3. The non homogeneity in the volume arises from the existing air gaps between 
canopies. In Fig. 4 we can see the model of the test forest, with the receiver positions used to measure



the signal inside the vegetation volume.

TX

Fig. 3 -Non homogeneous vegetation volume (Tree 
Formation)

Tree Cell

Free Space Cell

Fig. 4 - Model of the vegetation volume

4. Measurement Results and Validation
To model the re-radiation function as a Gaussian lobe superimposed to an isotropic back scattering, a 
and ft were optimised so that equation (1) could fit the measured results. This was accomplished by 
using the Matlab R13 Curve Fitting Tool. The measured re-radiation function for ficus #4 and its 
corresponding fitted curve are plotted in Fig. 5. The fitted a and /? values for all the 12 measured 
trees are indicated in Table 1.

Ficus 4 @ 20 GHz

•1.6 -1 -0.6 0 O.I 
Angle (Rad)

Tree*
1
2
3
4
5
6
1
8
9
10
11
12

Alfa
0.64
0.82
0.87
0.79
0.79
0.84
0.85
0.92
0.53
0.68
0.60
0,80

20GHz
Beta (rad)

0.29
0.26
0.30
0.28
0.32
0.31
0.27
0.30
0.27
0.32
0.32
0.25

Beta (dog)
16.44
14.79
17.28
15.88
18.39
17.80
15.28
17.34
15.46
18.40
18.54
14.15

Alfa
0.82
0.84
0.94
0.77
0.80
0.90
0.68
0.58
0.04
0.84
0.53
0.64

62.4GHz
Beta (rad)

0.19
0.17
0,22
0.20
0.27
0.14
0.20
0.14
0.06
0.21
0.16
0.19

Beta (d eg)
10.65

9.92
12.39
11.71
15.35
8.14

11.23
8.19
3.38

12.23
9.44

11.14

Fig. 5 - Measured re-radiation function Table 1 - Fitted a and /ff values 
Although an appropriate method to extract ke and ks from the tree formation is under development, 
in this paper both parameters had to be adjusted so that the predicted received signal could fit the 
measurements. The extinction coefficient ke was adjusted so that the predicted forward scattering 
lobe fitted the measurements. Similar approach was employed to adjust ks , but this time with the 
back scattering signal levels. The parameters used in the model are given in Table 2.

Cell Parameters 
20GHZ 62.4GHZ

RMS Error (dB) 
20 GHz 62.4 GHz

Cell
1
2
3
4
5
6
7
8
9
10
11
12

ke
4
4
4
4
4
4
4
4
4
4
4
4

ks
0.4
0.8
2
2

0.8
0.8
0.8
0.8
3.6
3.6
3.2
2

ke
4
4
4
4
4
6
5
4
5
6
5
5

ks
0.8
0.8
3.2
2
2
3

2.5
2

2.5
3

2.5
2.5

Position
1
2
3
4
5
6
7
8
9
10
11
12

Re-Rad
8.3
7.0
8.1
7.2
7.5
6.6
6.7
6.0
11.0
14.0
14.7
12.0

Fitted
8.0
8.1
9.7
8.5
7.6
7.2
7.7
6.5
12.0
15.8
14,8
11.2

Re-Rad
8.0
8.6

11.4
9.4
8.1
9.0

10.7
9.8
9.3

11.2
12.3
9.9

Fitted
9.0
8.0

10.8
8.2
7.8
7.1
7.1
6.6
9.7
9.7
8.9
8.0

Mean 9.1 9.8 9.8

Table 2 - Cell Parameters Table 3 - Prediction/Measurement RMS Error 
In Fig. 6 and Fig. 7 is shown the directional spectrum of the received signal related to the maximum 
received power at the interface for positions 4 and 8 at 20 GHz. One notes the overall good agreement 
between the measurements and the model using both functions, i.e. the complete re-radiation function 
and the effective phase function, which lead to RMS error values of 7.2 and 8.5 dB, respectively. 
Similar performance is obtained for results at the higher 62.4 GHz frequency (Fig. 8 and Fig. 9), 
where the model using fitted a and /? provides a better fit to measurements when compared with 
the case where the complete re-radiation function was used.



Position 4 @ 20GHz Position 8 ® 20QHZ

100 150 200 250 300
RX angle (deg)

Fig. 6 - RX signal in position 4 at 20 GHz
Position 4@62.4GHz

"0 50 100 150 200 260 300 350 
RX angle (deg)

Fig. 7 - RX signal in position 8 at 20 GHz
Position 8 ffi 62.40HZ

RX angle (deg) RX angle (deg)

Fig. 8 - RX signal in position 4 at 62.4 GHz Fig. 9 - RX signal in position 8 at 62.4 GHz 
Finally, an RSM error assessment was performed between predictions provided by the model and 
measurements performed at each receiver location, as presented in Table 3. One can conclude that the 
generalisation of the re-radiation function by an effective phase function with fitted a and /? 
parameters, does not significantly affect the overall RMS error of the received signal prediction. The 
replacing of the re-radiation function by such an effective phase function makes the model more 
suitable for real applications. This is because the re-radiation function is somewhat difficult to obtain 
in the field as it requires to be evaluated from measurements. Secondly the effective phase function 
specified completely by two parameters a and /? is far more suited to a planning model than the 
more complex re-radiation function.

5. Conclusions
This paper presents a propagation model for non-homogeneous vegetation media that uses the 
re-radiation function of individual trees as an input parameter instead of the real phase function. Two 
solutions for the implementation of the algorithm with the re-radiation function were presented, one 
based on the completely specified re-radiation function and other using an effective phase function. 
Measurements and predictions were compared in terms of the resulting RMS error. The results show 
that the effective phase function specified completely by two parameters, acts as a good substitute for 
the re-radiation function without compromising the overall accuracy of the model.
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Abstract - In this paper a method based on the Radiative 
Energy Transfer theory (RET) to estimate the scattered 
signals from isolated groups of trees is presented. The 
proposed method consists of measuring the re-radiation 
function of each tree in the group and subsequently uses 
these in a discrete algorithm to estimate the overall re- 
radiation at any location within a forest scenario. The 
estimated scattering is compared with measurements 
performed inside an anechoic chamber on several tree 
species at 20 and 62.4 GHz.

Keywords - Scattering, RET, Foliage penetration.

I. INTRODUCTION
Mobile and fixed radio communications have experienced 
an increased growth over the past few years. The global 
explosion of radio users has demanded more services and 
applications, which indeed has resulted in the need of better 
planning and coverage tools, as well as more available 
bandwidth for higher data transmission rates. Such a huge 
increase has led to the appropriate development of radio 
planning techniques which allow network operators to 
provide good grade of service to users at an acceptance cost 
[1]. Indeed, radio planning plays a major role in the 
deployment of mobile and fixed radio communication 
networks.
One of the preferred techniques used to predict the 
behaviour of the radio channel in urban or even in suburban 
environments is ray tracing, which mostly relies on the 
availability of accurate knowledge of electromagnetic 
characteristics of all obstacles present in the radio path [2]. 
Vegetation in general is likely to be present in the radio path 
and may represent significant obstructions especially in 
urban and sub urban environments [2]. To this extent, 
specification of the re-radiation functions of trees is 
important to achieve more accurate predictions when using 
planning tools. For instance, the proposed method can 
provide good estimates of the radio signals emanating from 
a vegetation screen given in terms of their amplitude and 
direction of propagation. The scattering emanating from 
such screens can therefore be included in the estimation of 
interference at the receiver location.

An extensive measurement campaign was conducted in an 
anechoic chamber to obtain the re-radiation functions of 29 
trees for 2 different species. _The measurements were 
obtained for 13 Ficus Benjamina and 16 Thula Plicata 
Astrovirens trees at both frequencies. The Thula Plicata tree 
is a relatively dense conifer in comparison with Ficus tree 
which is sparser, as one can see from Fig. 1 and Fig. 2, 
respectively.

Fig. 1. Ficus tree Fig. 2. Conifer tree

Subsequently, the measured functions were used as an input 
to the Discrete Radiative Energy Transfer (dRET) model 
proposed by the authors in [3], in order to compute the 
overall energy emanating from a group of trees. The 
underlying theory, i.e. the RET, has been extensively shown 
in the literature to provide fairly accurate estimates of the 
signal behaviour in homogeneous infinite forests [2].
Applicability of the RET is compromised by the presence of 
inhomogeneity in the forest. Furthermore, the difficulty in 
accurately estimating the phase function which provides 2 of 
the 4 parameters of the RET leads to consideration of an 
alternative approach utilising the DRET. Presented here is a 
scatter model (Section II) in which the re-radiation function 
(as distinct from the phase function) for each single tree is 
measured and subsequently used in a dRET algorithm to 
predict the received signal emanating from the forest.



II. THE SCATTERING PROPAGATION MODEL

A. The Radiative Energy Transfer Model

The RET models the vegetation as a homogeneous medium 
randomly filled with similar scatterers ds, which are 
characterised by a set of parameters: ka , known as the

absorption coefficient ( Np • m~'); ks which is the scattering 

cross section per unit of volume ( m2 /m3 ) and the scatter 

directional profile, also known as Phase Function [4], 
p(s,s'}, with 5 and s' representing the directions of the

energy entering and emanating from each scatter, 
respectively. The phase function is normally modelled as a 
Gaussian function [5] with an isotropic background given 
by equation (1),

(1)

where a is the ratio between the forward lobe power and 
the total power of the phase function, /? represents the half 

power beamwidth of the forward lobe and y 'ls the angle 

subtended by s and 5'.

The RET model uses specific intensity rather than power 
and these two quantities are related by equation (2)

dP
dadw'

(2)

where dP is the power emerging from area da through a 
solid angle c?w[4].

The RET equation is normally expressed in its differential 
form

(3)

The LHS is the spatial variability of intensity over one cell. 
The first term on the RHS accounts for the reduction in 
intensity due to the absorption and scattering. The second 
term of the RHS represents the increase of intensity 
associated with the scattering process [3] [6].

In solving the RET equation, the intensity is split in two 
terms [6]: Irt the reduced intensity resulting from the 

attenuated signal at the air-screen interface and /„ the 
diffused intensity arising from random scatter inside the 
medium. These two quantities must satisfy (3), leading to 
new RET equations for /,,, and Ia , which are given by (4) 

and (5), respectively [6],

where ke =ka + ks is the extinction coefficient and A$ is the 
angle between la and Irl .

B. The Discrete RET

In order to overcome the limitations of the RET, an 
improved version of the Discrete RET originally proposed 
by Didascalou et. al. in [3] is presented in this paper.

The version of the dRET in this paper has 4 major 
improvements when related to the algorithm given in [3]. 
These are summarised as follows: (i) the version yields 
results for angles other than those which are integer 
multiples of 45°; (ii) it accounts for the effect of the 
radiation pattern of the receiving antenna; (iii) the 
differential equations (4) and (5) are more readily solved, 
which means that piecewise linear approximations are no 
longer needed, so that the algorithm converges for larger 
cell sizes; and iv) the cell parameters can be defined 
individually thus allowing one to define non homogeneous 
scenarios.

n - 1 column n column^ 
interface

Fig. 3. 2D cell structure

Each of the cell in the structure is characterised by its ke , ks 
and by the re-radiation function which represents the 
directional spectrum of the incoming radiation occurring 
within each cell. The algorithm uses the measured re- 
radiation function for each tree, instead of the phase 
function explained above. A detailed description of the 
measurement will be given in section III.A.

Solutions for equations (4) and (5) were obtained using 
Matlab Release 13 and its symbolic toolbox Maple. In 
solving the Irl , the boundary condition of

/™ („) = i0™ (n - 1) is assumed which leads to (6).

>.) = (6)

The diffuse intensity equation was solved assuming to two 
different boundary conditions. At the air-vegetation 
interface, there is no diffuse intensity, i.e. I® (0) = 0 .



Inside the vegetation at the interface between the nth column 
of trees and its predecessor (n-1), the boundary condition is

Consequently, the diffuse intensity is given by (7),

(7)

where Ss the sum of the contributions from all 
neighbouring cells given by equation (8).

(8)

p(y,y') is the discrete re-radiation function, obtained from 
a sampled version of the measured re-radiation function.
The algorithm consists of iteratively evaluating equations 
(6) and (7) until a steady state is reached, as described in [3] 
and [7].

m. MEASUREMENT SETUP

A. Measurement of the re-radiation functions
Re-radiation function measurements were conducted 
individually for all of the 29 trees available, as this 
constitutes one essential input parameter of the model. The 
measurement setup used is depicted in Fig. 4. The 1.15m 
distance between transmitter and the tree was chosen to 
allow illumination of at least 2/3 of the canopy when using 
the 20dBi standard horn antenna.

a)

The re-radiation function measured has demonstrated how 
difficult it is in the case of coniferous trees to estimate the 
phase function. Because of this, the phase function is 
replaced with the re-radiation function in the model. This 
function gives the actual directional spectrum of the trees.

B. Indoor forest model

A non homogeneous tree formation (screen) was placed 
inside the anechoic chamber to simulate a real outdoor 
forest. A matrix of four by three trees was used. The trees 
were equally spaced along each column, as shown in Fig. 5. 
The non homogeneity in the volume arises from the existing 
air gaps between canopies.

Fig. 5. Non homogeneous test forest

The measurement locations are numbered from 1 to 8, the 
first four locations were at the front of the screen and the 
last four were behind the vegetation screen.
In order to apply the dRET model, the tree formation was 
divided into adjacent square cells, each of which with its 
own propagation characteristics. The cell size is taken as the 
volume occupied by an individual tree. The measured tree 
re-radiation function is thus used to represent the scattered 
intensity re-radiated by each cell. The modelled forest 
obtained from Fig. 5 can be represented by Fig. 6.

Fig. 4. Re-radiation measurement setup (a) top view and (b) 
side view

TX
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| | Free Space Cell

Fig. 6. Model of the test forest

Trees were in general randomly assigned to cell positions. 
With conifer trees, trees which were relatively less dense in 
foliage were placed at the first column of the formation to 
allow more signal to propagate through the screen.



C. Measurements
In order to evaluate the scattering processes emerging from 
the screen of trees, the receiver was placed in each 
numbered location, as shown in Fig. 6. For each 
measurement location, the receiving antenna, which was 
attached to a remote controlled rotary table, was rotated 
around its vertical axis in increment of 2°. In the first layer, 
i.e. locations 1 to 4, the receiver was made to rotate by 360°, 
whereas in the last layer, e.g. locations 5 to 8, the receiver 
was made to rotate by ±60° around boresight of the two 
antennas. This was due to the fact that outside of these range 
there were no other scatterers apart from the walls of the 
anechoic chamber. Although the channel was considered 
stationary inside the anechoic chamber, the received signal 
at each angular position was averaged over a 1 second 
period.

In the acquisition of the measurement data, two different 
data loggers were used in order to overcome the problem of 
the dynamic range of the system, which may be critical 
when the receiver is behind the vegetation screen. The first 
one consisted of a logarithmic amplifier coupled to a data 
acquisition card (DAQ), which was used in its fastest 
acquisition mode. The DAQ was limited by its noise power 
level set at -55 dBm, which made it only suitable for the first 
four measurement locations of the receiver. In the last layer 
measurements, a spectrum analyser was employed, 
providing an extra 45 dB of dynamic range.

The results presented in the next sections have been 
normalised to the maximum power received at the interface.

IV. MEASUREMENT RESULTS AND VALIDATION

A. Re-radiation measurement results
As shown in Fig. 4, the re-radiation measurements were 
performed with the receiver moving around the tree in an 
angular range of 240° with 1° increments. A free space 
measurement was conducted prior to placing the tree in the 
radio path, so that the normalisation to free space could take 
place as well as assessing the degree of antenna coupling in 
the measured results.
The results presented in Fig. 7 and Fig. 8 revealed, on the 
one hand, significant attenuation in the forward scatter 
region around the 0° angle for the case of the conifer trees, 
as one would expect from their rather dense canopy. On the 
other hand, the side scattering signals were observed to be 
significantly enhanced, particularly at angles greater than 
90°. The above is true for both frequencies.
Despite any coupling that may exist between antennas at any 
one position of the receiver, it is important to note that one 
could not identify the re-radiation function from any of the 
conifer trees may be modelled as a Gaussian function. The 
reason may be connected with the extent of the random

scatter caused by the dense distribution of the vegetation 
material.

90
120,

Fig. 7. Re-radiation from 
Conifer 7 (® 20GHz

Fig. 8. Re-radiation from 
Conifer 71® 62.4GHz

dlfIn contrast, the ficus trees revealed a well defined forward 
lobe as shown in Fig. 9 and Fig. 10, yielding an average 
attenuation in the forward region of 5 dB and 10 dB, 
respectively, at 20 and 62.4 GHz.

Fig. 9. Ficus 4 @ 20GHz Fig. 10- Ficus 4 @ 62.4 GHz

The ficus tree being naturally sparser than the conifer 
exhibits a more pronounced forward lobe (Fig. 11 and Fig. 
12) and significantly less attenuation. Although, for both 
tree types one can see that forward attenuation is slightly 
higher at 62.4 GHz. It should be noted also that antenna 
coupling is only important when both received signals with 
and without the tree are similar. As the received signal with 
tree is much higher than the case without tree for angles 
greater than 60°, antenna coupling does not seem to affect 
significantly the level of the isotropic back scatter and 
therefore can be neglected.

Fig. 11. Re-radiation from 
Ficus 2@ 20GHz

Fig. 12. Re-radiation from 
Ficus 2@ 62.4GHz



B. Attenuation measurement results and model validation
To validate the model, directional spectrum measurements 
were performed at 8 locations around the tree formation, 
which were obtained by rotating the receiver around its 
vertical axis. Although results are available for all the 
measurement locations, only a few were selected in this 
paper, which can be observed in Fig. 13 to Fig. 22.
The measured re-radiation functions were used as inputs to 
the model, after an appropriate normalisation process to 
meet the energy conservation criteria. As these 
measurements were not available for the complete 360° 
angular range, an average value between 90 and 120° was 
used to describe the function in the remainder of the range.
Depending on the angular resolution used in the model, a 
Matlab function was implemented to under sample the 
measured re-radiation function by splitting the complete 
360° angle range conveniently and averaging over each 
interval.

A method to extract ke and ks parameters from the 
individual trees is presently under development. For this 
paper, these parameters were adjusted so that the prediction 
could be fitted to the measured data.

Fig. 13. Measurement for
position 1 of conifer forest

@20GHz

Fig. 14. Measurement for
position 4 of conifer forest

(31 20GHz

In Fig. 13 and Fig. 14 one can see a comparison between the 
measured normalised power of the conifer screen and that 
obtained from the model. It is clearly shown from these 
pictures the overall good agreement between the predicted 
curve and the measured results.
At the positions close to the boresignt, the model predicts 
received signal levels almost identical to the level expected 
from direct coupling between the transmit and receive 
antennas. Also the model is able to predict the offset angles 
of the main beam from the transmitter located at a small 
distance from the screen.

Fig. 15. Measurement for Fig- 16- Measurement for
position 6 of conifer forest @ position 7 of conifer forest

20GHz @ 20GHz

Although with less accuracy, the 20 GHz results at the back 
of the screen are presented in Fig. 15 and Fig. 16. 
Reasonable agreement between measured and predicted 
results is obtained.

- 4l80 0 L - I- -

Fig. 17. Measurement for
position 1 of conifer forest

<3>, 62.4GHz

Fig. 18. Measurement for
position 6 of conifer forest

(@ 62.4GHZ

At 62.4GHz (Fig. 17 and Fig. 18) the measured received 
signal exhibits a high number of fades in the backscatter 
region. This appears to be caused by multiple internal 
reflections within the canopy leading to severe destructive 
interferences in the diffuse component.

Fig. 19. Measurement for
position 1 of ficus forest @

20GHz

Fig. 20. Measurement for
position 6 of ficus forest @

20GHz

The ficus screen yielded a much lower overall attenuation 
when comparing with that obtained from the conifer screen, 
as it is clear when comparing Fig. 15 with Fig. 20. This



behaviour is expected as ficus trees appear to be sparser than 
conifers [2], resulting in a more pronounced forward lobe in 
the measured re-radiation functions.

Fig. 21. Measurement for
position 1 of ficus forest @

62.4GHz

Fig. 22. Measurement for
position 6 of ficus forest @

62.4GHz

An increase of attenuation was observed for both types of 
trees at the higher frequency, as shown in Fig. 15 and Fig. 
18 for the conifer and Fig. 20 and Fig. 22 for the ficus.

V. CONCLUSION

In the current paper a method to predict the total scattering 
emanating from a vegetation screen is presented. The model 
which is based on the re-radiation function of single trees is 
able to deal with non-homogeneous group of trees. The 
overall model performance indicates good agreement with 
measurements. The measurements included two tree screens 
consisting of a dense coniferous trees and a lesser dense 
formation of ficus trees set up in the anechoic chamber. 
Measured results at two frequencies 20 and 62.4 GHz were 
obtained. Re-radiation functions of individual trees were 
used in the model instead of the phase function. This, in the 
case of conifers, could not be modelled as Gaussian from the 
measured re-radiation functions. Other parameters were 
assumed pending further work to develop a method of this 
accurate extraction from appropriate measurements. Results 
obtained from this interim model are encouraging and point 
towards further development towards a more comprehensive 
prediction model.
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Introduction

This paper aims to model the directional spectra in vegetation media using the 
Radiative Energy Transfer (RET) theory. A generic propagation model [1], 
developed for the United Kingdom Radiocommunications Agency (formerly RA, 
now a subsidiary of OFCOM), concentrated on the results of previous work [2], 
which suggested that there are several possible mechanisms of propagation 
associated with vegetation. Each component is modelled using simple methods, 
such that the final model can be easily implemented. The scattered component is 
modelled using the Radiative Energy Transfer theory (RET), as this is a fully 
deterministic model which may be used by fitting the model input parameters to 
the specific measurement geometries and then expanded to provide results for 
more generic cases. This paper concentrates on improving the method of 
extracting the RET input parameters for the scattered component of the generic 
propagation model. An improved method to extract these input parameters is 
presented. The results were obtained from measurements performed in a Southern 
European forest formed by Populus trees are used to assess the performance of 
the model.

The Scatter Model Component

Using the RET theory, the vegetation medium is modelled as a statistically 
homogeneous random medium of elementary scatterers, which are characterised 
by the absorption cross section per unit volume cra , the scatter cross-section per
unit volume <rs and the scatter directional profile of the medium. This scatter
function is also often referred to as the phase function [1]. The RET equations are 
well documented in [1-3]. In order to predict the excess attenuation due to 
vegetation depth, the RET model requires six input parameters, four of which are 
specific for the scattering medium and two are geometry and system descriptors 
[1]. The four medium dependent parameters need to be established experimentally 
and are dependent on the type of vegetation, frequency and state of foliation. 
These are a , the ratio of the forward scattered power to the total scattered power 
of the phase function; /?, the beamwidth of the phase function; at , the combined 
absorption and scatter cross-sections; and W, the albedo. In previous work [1], 
the first four parameters were established by a curve fitting process that fits RET 
attenuation curves to the measured data. Alternatively, the parameters a and (3 
can be determined by measuring the scatter directional spectrum obtained inside



the vegetation formation. The parameters &, and W can then be determined from
measurements of the initial attenuation rate and directional spectra at various 
locations inside the medium, respectively.

Measurement and Parameter Extraction Methodologies

Measurements of the phase function proved to be difficult in a realistic forest 
environment and a scanning technique was suggested in [1] for measuring the 
vegetation directional spectrum, as an approximation to the phase function. This 
scanning technique was therefore adopted for the work presented in this paper. 
The method consists of rotating the receiving antenna about its vertical axis at 
fixed locations for various depths inside the forest. In order to determine the 
parameters a and /3, the directional spectrum measurements were conducted 
over an angular range of ±90° around the direction of propagation, which is large 
enough to cover the expected beamwidth (3. Some area of the incoherent back- 
scatter was also covered, so that the magnitude of the forward lobe over the back- 
scatter, which determines parameter a, could be measured. The directional 
spectrum was measured with an angular resolution of 1°. At each angular position, 
20 samples of the received signal were averaged and stored on a laptop computer. 
These measurements were simultaneously carried out at two spot frequencies, i.e. 
11.2 and 20 GHz. The geometry of the measurement scenario, shown in Fig. 1, 
was carefully chosen to allow for directional spectrum measurement and 
appropriate assessment of the proposed RET model for oblique incidence at the 
air-vegetation interface. The setup used in the receiver side is depicted in Fig. 2. 
With this setup, the directional spectra at both spot frequencies were measured 
during a single scan of the receiver antenna.
Sets of values for a and (3 were obtained at different depths and frequencies, by 
fitting the theoretical phase function to the measured directional spectra. The 
resulting sets were subsequently used in the RET algorithm to find the best fitting 
W values from the directional spectrum. With the extinction coefficient cr,, being
derived from the measured initial attenuation rate with depth, a full list of input 
parameters is established. Finally, a comparison of RET modelled attenuation 
curves with attenuation measured values is performed yielding to the parameter 
set that Droduces the lower rms error.

•••••••••*•»)•••••
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Fig. 1 - Measurement geometry for Fig. 2 - Block diagram of the combined 11.2 and 
oblique incidence 20GHz receiver



Measurement Results and Analysis

The measured directional spectra were used to extract the parameters that describe 
the theoretical phase function. An example of a fitted phase function for position 
#1 at ll.ZGHz is presented in Fig. 3. The complete set of a and /3 parameters is 
shown in Table 1. The increase of vegetation depth also increases the parameter 
(3 and decreases a, due to the multiple internal scattering in the vegetation 
media, which broadens the forward lobe of the phase function and raises its 
backscattering level.

Angle (rad)

Table 1 - Fitted a and (3 values.
Alfa and Beta fitted values

11.2GHz

Interface 
Position #1 
Position #2 
Position #3 
Position #4

Interface 
Position #1 
Position #2 
Position #3 
Position #4

Alfa 
0.92 
0.82 
0.70 
0.16 
0.73

Alfa 
0.91 
0.84 
0.68 
0.20 
0.68

Beta(rad) 
0.10 
0.10 
0.11 
0.10 
0.16
20GHz

Beta(rad) 
0.05 
0.10 
0.11 
0.12 
0.22

Beta(deg) 
5.87 
5.71 
6.34 
5.83 
9.08

Beta(deg) 
2.88 
5.91 
6.45 
6.82 
12.43Fig. 3 - Phase function in pos# 1 at 11.2GHz.

The directional spectrum measured after the 1 st tree, at 13m distance from the 
interface, is presented in Figs. 4 and 5 for 11.2 and 20GHz, respectively. The RET 
predictions, which are also shown in those figures, were obtained using the phase 
function parameters of Table 1 and the optimised albedo that minimizes the rms 
error between measured and predicted values.
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B =5.91° 
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Receiver Rotation Angle (°)

•80 -60 -40 -20 0 20 40 60 
Receiver Rotation Angle (°)

Fig. 4 - Directional spectrum at position #1. Fig. 5 - Directional spectrum at position #1. 

Table 2 - Optimised Albedo parameters and corresponding rms error in dB.

Position #
1 
2 
3 
4

11.2GHz
W RMS Error

0.76 5.37 
0.79 4.33 
0.79 5.62 
0.72 6.34

20GHz
W RMS Error

0.74 4.75 
0.82 4.37 
0.85 5.04 
0.82 5.16

The method described above was applied at every receiver position, leading to the 
set of albedos presented in Table 2. The directional spectrum measured after the 
1st tree, at 13m distance from the interface, is presented in Figs. 4 and 5 for 11.2



and 20GHz, respectively. The RET predictions, which are also shown in those 
figures, were obtained using the phase function parameters of Table 1 and the 
optimised albedo that minimizes the rms error between measured and predicted 
values.. The remaining rms error after the albedo optimisation is also presented. 
The parameters extracted at the various vegetation depths were then introduced in 
the RET model with oblique incidence to predict the excess attenuation caused by 
the vegetation medium. The overall model assessment, given in terms of rms error 
between predict and measured results, is presented in Figs. 6 and 7.

Param Sel
HI *2 »3 H 

a =0.81 0.69 0.16 0.72 
P .5.71° 6.34" 5.83° 9.00" _ 
W = 0.76 0.79 0.79 0.72 
T R = 3.5°
a,* 0.193 dB/m

20 30 
Vegetauon depth (m)

10 20 30 
Vegetauon depth (m

Fig. 6 - Excess loss @ 11.2GHz. Fig. 7 - Excess loss @ ZOGHz.

Values of rms error are consistently below 6dB, which is in line with other 
models presented in literature [1]. These rms error values show that the parameter 
extraction method exhibits a low dependence from the vegetation depth, which 
means that parameters can be extracted at any vegetation depth within the range 
used in the measurements, i.e. 48 meters. However, some limitation can arise at 
higher vegetation depths, where the forward lobe of the directional spectrum is 
may not be distinguishable and consequently the phase function parameters 
cannot be extracted. This issue will be addressed in future work.

Conclusions

This paper presents a method to predict the excess attenuation and the received 
signal directional spectrum caused by vegetation media using the RET theory. 
The outlined method consists of an improved procedure to extract the RET input 
parameters from the vegetation media using selected in-site measurements. 
Although the exposed parameter extraction method seems to work at moderate 
vegetation depths, further work is needed to validate the method at higher depths 
and with different tree species. This work was conducted in the framework of the 
Anglo-Portuguese Joint Research Programme Treaty of Windsor.
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1. Introduction
The recent growth of mobile and fixed radio communication services has increased the need for improved 
planning and coverage prediction tools. These tools, allow system planners to obtain an accurate prediction of 
the influences of the terrain and other obstacles in the radio path. A particularly important obstacle to radiowave 
propagation in urban and sub-urban environments is vegetation. To this extent, the understanding and modelling 
of radiowave propagation in vegetation media becomes highly relevant.
An extensive use of the Radiative Energy Transfer (RET) theory to model the radiowave propagation in 
vegetation medium has been described in literature [1][2]. However, this model is not able to accommodate 
inhomogenieties within the vegetation volume. To overcome this, an alternative approach utilising a discrete 
version of the RET (dRET) has been proposed [3],[4] and its results previously assessed at 20 and 62.4 GHz [4]. 
The RET relies on four propagation parameters describing the vegetation media, which have to be obtained from 
appropriate measurement data. Although some methods to extract these parameters are found in the literature [1], 
they are more suitable to be used in homogeneous forests, and consequently are not suited to provide parameters 
for small isolated bodies of vegetation such as the ones modelled by the dRET.
This paper, presents a method to extract the dRET parameters from simple measurements, performed in a tree 
size vegetation volume. Furthermore, a scaling method which allows to extrapolate the propagation 
characteristics of vegetation volumes smaller than the ones used in the measurements is also presented and 
assessed with indoor and outdoor measurements and simulations.

2. Scattering Model
The dRET scattering and propagation model used in this paper is described in [3] and [4], and relies on the RET 
differential equation (Eq.l), which describes the variation of the signal specific intensity throughout a medium 
randomly filled with small scatterers.

jr (1)
In Eq. 1, /represents the specific intensity, ke is the extinction coefficient, ks is the scattering coefficient and 
p(s,s') is the so called phase function. The phase function, which describes the directional scattering profile of 
each of the small scatterers forming the medium, is normally modelled according to Eq. 2 [2], which represents a 
Gaussian main lobe superimposed on an isotropic backscattering level. The usage of this phase function in the 
dRET model has been assessed and validated with measurements performed on small indoor plants in [4].

(2)

The phase function presented in Eq. 2, is formed out of two parameters: a, which is the ratio of the forward 
lobe scattered power and the total scattered power of the phase function, and /? representing the beamwidth of 
the forward lobe of the phase function. Together with the extinction and the scattering coefficients these are the 
four RET propagation parameters.
To accommodate the inhomogeneous nature of the vegetation to model, this medium is divided in non- 
overlapping square cells as originally proposed in [3]. Subsequently, an iterative algorithm is used to gather all 
the interactions between these cells allowing for the computation of the signal intensity across the tree formation. 
The approach of splitting the vegetation in discrete elementary volumes, allows one to assign different scattering 
parameters to every cell, thereby more accurately representing an inhomogeneous vegetation volume.

3. Measurement Setup and Parameter Extraction
For the purpose of extracting the dRET parameters from full size trees, the measurement scenario depicted in 
Fig. 1 was used. Several outdoor measurements were carried out for two species: one White Oak (12 meters 
canopy diameter and mean leaf size of 20 per 12 cm) and a small circular group of 5 Primus Sargentii (Sargent 
cherry) with 7 meters of diameter and 12 per 6 cm of mean leaf size, both in full leaf.
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Fig. 1 - Outdoor Measurement Setup
Angle of RX rotatlon(deg)

Fig. 2 - Received signal for White Oak tree at
20 GHz and point M3.

Received signal measurements were conducted at two spot frequencies: 20 and 40 GHz using three suitably 
selected measurement points around the tree (see Fig. 1 - Ml, M2 and M3). These particular points were chosen 
because they allow both the forward attenuation and the backscatter signal level to be measured. 
At each measurement point, the receiver was placed at mid canopy height and rotated over its axis in a +45° 
angular range with 1° resolution. The received signal strength was measured at each angular position with a 
spectrum analyser.
On the transmitter side, lOdBi horn antennas, with 52° of half power beamwidth were used. The transmitter was 
placed at a suitable distance ( d2 ) from the tree, allowing the canopy width to be fully illuminated within the 
main beam of the TX antenna. At the receiver side, relatively sharp beamwidth lens horn antennas, with 33 and 
29 dBi of gain at 20 and 40 GHz, respectively, were used.
The extinction coefficient ke , is calculated using the method presented in [5], based on the excess attenuation 
caused by the tree, which is provided by point M3 with respect to point Ml measurement. The phase function 
beamwidth parameter ( /? ) is obtained from curve fitting, minimising the RMS error between the Gaussian phase 
function in Eq. and the measured signal at point M3 (Fig. 2). The backscattering level obtained at M3 was 
compared with the mean signal level obtained in M2 to establish if the former could be used to calculate the a 
parameter. Measurement results showed these two levels to be different. Consequently the M2 signal level alone 
was used to calculate a .
Finally, a first order, single cell solution of Eq. 1 [4] was used to find the ks value that allows the dRET side 
scatter predicted signal to match the signal level measured at M2. The dRET parameters extracted from the 
measurements are shown in Table 1.

20 GHz 40 GHz

White Oak 
Pr. Sarg.

ke (Np/m)

0.38 
0.98

ks (Nplm)

0.28 
0.24

a
0.36 
0.13

£,-(")
10.7° 
7.0°

ke (Nplm)

0.35 
0.66

k,(Nplm}

0.25 
0.19

a
0.62 
0.43

A,,(°)
20.0° 

11.7°
Table 1 - dRET parameters extracted from measurements.

The method presented above, can only perform satisfactorily when the vegetation volume under measurement is 
sufficiently small to allow the received signal at point M3 to be predominantly coherent. La this case, the level of 
the main lobe of M3 (Fig.2), should be significantly above the mean signal level measured at M2.

4. Parameter Scaling
When the dRET is applied to a vegetation medium, the volume is divided into non overlapping cells. Although 
these cells can have any size, the chosen sizes must not vary across the vegetation volume to be modelled. 
Furthermore, smaller cells increase the resolution of the dRET results, which is a much desirable feature. From 
the four dRET parameters, only a and 0 depend on the tree size, as the other two are expressed in Nplm . 
To determine the variation of a and /3 with the size of the vegetation volume, indoor measurements were 
performed in an anechoic chamber at 20 and 40 GHz. These measurements were carried out using four Ficus 
Benjamina plants set up as depicted in Fig. 3. The receiver was rotated around the tree using a rotating arm, over 
a ±135° angular range with 1° resolution. At each position of the arm, the vegetation volume was rotated one 
complete revolution with constant speed, and the received signal was averaged over one revolution. This 
technique allows one to obtain a re-radiation function of the tree which is independent of the tree initial angular 
position [6]. The re-radiation measurements were performed using the 4 trees available, Fl to F4, with 6 
different vegetation volumes: Fl, F2, F3, F4, F3+F4 and finally F1+F2+F3+F4. The multiple plant volumes



were formed so that the vegetation density remains approximately constant. One free space measurement 
(without tree) was also performed for reference purposes.

T
O.Wm

= 0°

(9 = 135° /*-——
a) b) 

Fig. 3 - Indoor Measurement Setup - a) Side View; b) Top View.
The re-radiation functions obtained with each one of the vegetation volumes was subsequently fitted with the 
Gaussian phase function given by Eq. 2, and the values for a and ft were extracted. These values are presented 
in Table 2a) and b) for 20 and 40 GHz, respectively.

Alpha and Beta @ 20GHz

No Tree
F1
F2 
F3
F4

F3+F3
F1..F4

# Trees
0

1

2
4

Alfa
0.996
0.89
0.84 
0.74
0.79
0.63
0.3

Beta
31.3
33.5
35.7 
38.6
37.4
40.6
43

Mean Alfa Mean Beta
0.996

0.815

0.63
0.3

31.3

36.3

40.6
43

Alfa %
100.0%

81.8%

63.3%
30.1%

Beta %
100.0%

116.0%

129.7%
137.4%

Alpha and Beta @ MGHz

No Tree
F1
F2
F3
F4

F3+F3
F1..F4

* Trees
0

1

2
4

Alfa
0.9977
0.924
0.86
0.83
0.88
0.75
0.5

Beta
30.5
31.7
31.6
38.3
34.6

37
39.5

Mean Alfa
0.9977

0.8735

0.75
0.5

Mean Beta
30.6

34.05

37
39.5

Alfa %
100.0%

87.6%

75.2%
50.1%

Beta %
100.0%

111.6%

121.3%
129.5%

a) b) 
Table 2 - a and /3 variation with the number of vegetation volumes.

Plotting the variation of a and ft parameters as a function of the number of vegetation volumes under 
measurement clearly shows that these follow approximately a straight line, as can be seen in Fig. 4 for both 
frequencies.

Nunber of Vegetation Volumes Nimber of Vegetation Volunes

a) b)
Fig. 4 - Re-radiation function a and ft variation for different volumes of vegetation under measurement. 

To test if this variation law is also valid in the outdoor tree, the dRET was used to simulate each one of the full 
size trees, assuming two different scenarios: first the tree was simulated using a single vegetation square cell 
with the complete tree size, and extracted parameter set as obtained;. Secondly, the tree was simulated using 16 
cells of vegetation (1/4 of the tree size) and the scaled parameter set was used in each of the smaller cells. For 
each of the situations the dRET was used to calculate the side scatter strength of the tree. The diagrams of these 
scenarios are presented in Fig. 5. The scaling of the parameters is done assuming the linear behaviour of a and

B, as shown in Table 3.
r — Alpha and Beta Parameters

Free Space dRET CellI""] Tree
f Vegetation dRET Cell

Fig. 5 - Extracted and scaled parameters scenario.

Free S pace
Tree

White Oak

Prunus 
Sargentii

Freq
20GHz 

40GHz

20GHz 

40GHz

Alfa
0.99 

0.91

0.99 

0.91

Beta
3.5° 

8.0"

3.5° 

8.0°

Extracted
Alfa
0.36 

0.62

0.13 

0.43

Beta
10.7° 

20.0°
7.0° 

11.7°

Scaled
Alfa
0.95 

0.89

0.94 

0.87

Beta
4.0° 

8.6°

3.7° 

8.2°

Table 3 - Phase Function parameters for outdoor 
vegetation measurement site.



The parameter variation straight lines for each case are drawn assuming the phase function parameters are 
known for two extreme situations: when no vegetation present and when the complete tree is under 
measurement. In the first case, the phase function parameters are derived from the radiation pattern of the 
receiver antenna, while in the latter a and {} are determined by fitting of measurement at point M3. The scaled 
parameters for the smaller cells must consequently lie in the line that connects these two points. 
The dRET simulation results for the side scattered signal using the extracted and scaled parameters are compared 
in Fig. 6.

RX angle (deg) Rxanji.(deg>

a) b) 
Fig. 6 - Side scattering simulation for White Oak, a), and Prunus Sargentii, b).

The results show a good agreement between the side scatter level obtained with the single vegetation cell and the 
16 smaller cells using the scaled parameters, thus confirming the good behaviour and effectiveness of the 
parameter scaling method and the parameters extraction method presented in section 3. Within the angular 
region of interest, which lies around 90° of receiver angle (in this region the receiver is pointing to the center of 
the tree) the difference between the normal and cell splitting approach was always less than 5.8 dB, reducing to 
only 0.41 dB in some cases.

5. Conclusions
This paper presents a method to extract the dRET parameters from isolated vegetation volumes, using a selected 
measurement procedure described above. A scaling method for phase function parameters estimation allowing 
cell splitting in dRET modelling is also presented. This method was derived from practical measurements 
performed inside an anechoic chamber, and is validated by comparing various simulation results obtained using 
the dRET. The method is based on a validated linear behaviour of phase function parameters as the number of 
distinct vegetation volumes is changed. Although this linear behaviour is evident for the a parameter, further 
investigation is needed to determine if this conduct is valid and can be justifiably assumed for /? under more 
extensive and varied vegetation volume scenarios. The results reported are highly significant for modelling and 
predicting vegetation scatter in inhomogeneous propagation environments.
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Abstract— This paper presents a method to improve extraction 
the Radiative Energy Transfer (RET) theory input parameters 
for application in vegetation attenuation modelling. The input 
parameters for this model, which are extracted from specific 
measurement data, are normally influenced by the radiation 
pattern of the receiver antenna. A new method to improve the 
accuracy of the scattering function parameters obtained from 
measurements is presented. This method is based on the inverse 
convolution, allowing mitigation of the receiver antenna radiation 
pattern effects on the extracted parameters. The method was 
tested with measurements at 20 and 40 GHz using several 
different receiver antennas.

I. INTRODUCTION
Fixed and mobile radio communication networks have 

shown an accelerated growth over the past years, both in 
terms of bandwidth and coverage. This growth has increased 
the need for better coverage and planning tools which have 
enabled radio system planners to obtain accurate predictions 
of the interaction between radiowaves and the surrounding 
environment. In sub-urban and rural environments, several 
types of obstacles may interfere with radiowave propagation, 
consequently degrading the performance of radio communi 
cation systems. Among these, vegetation is highly likely to 
be present in the radio path leading to a situation in which 
the understanding and modelling of radio signals propagating 
through vegetation becomes highly relevant to radio system 
planning.

The Radiative Energy Transfer theory (RET) has been 
reported in the literature [1] [2] as a model leading to more ac 
curate predictions of the signal attenuation in vegetation media 
in the microwave and millimeter wave bands. In [1], this model 
has been extensively compared with measurements over the 1 
to 60 GHz frequency range, leading to the recent adoption of 
ITU-R recommendation for attenuation in vegetation [3].

The RET model relies upon four input parameters, which 
are vegetation dependent and must be extracted from specific 
attenuation and scattering measurements. The radiation pattern 
of the receiver antenna is known to have a major influence on 
measured signal strength levels [2] and consequently on the 
input parameters extracted from the measured data. Although 
various methods to extract these parameters have been reported 
in the literature [1], [4], none of them appears to have 
considered the effects of the radiation pattern of the receiver

antenna on the estimated values of the extracted RET input 
parameters.

In this paper a method to reduce the dependency of the 
scattering function estimated parameter values on the re 
ceiver antenna is presented. The method will be assessed 
with measurements performed in an anechoic chamber using 
an idealised small scale forest formation made up of Ficus 
Benjamina plants.

II. THE RET PROPAGATION MODEL

The RET model, in which parameters are optimised in this 
paper, is described in [2] [5] and relies on the Energy Transfer 
equation (Eq. 1) which describes the variation of the signal 
specific intensity through a medium randomly filled with small 
scatterers:

dl , T ,— = -kj + ks as s I p(s,s')Idw,
4lT

(1)

where / is the specific signal intensity, ke is the extinction 
coefficient, ks is the scattering coefficient and p(s, s') is the 
so called phase or scattering function [5], which describes the 
directional scattering profile of each scatterer.

The phase function is normally modelled as presented in 
Eq. 2 which represents a Gaussian main lobe superimposed to 
an isotropic back scattering level:

/ 2 \ 2 8 , 2 
p(0) = a (-=-) e-(&) +(!-«), (2)

\ Ps j

where the parameter a represents the ratio between the forward 
lobe scattered power and the total scattered power, (3S repre 
sents the beamwidth of the forward lobe of the phase function 
and 6 is the angle subtended between directions s and s'. The 
relation between j3s and the Half Power Beamwidth (HPBW) 
of the phase function is given by Eq. 3.

Various methods to measure the phase function of a forest 
formation have been reported in [4], [6]. In particular, from the 
methods exposed in [6] satisfactory results were obtained for 
the formation presented in Fig. 7. In this method, the receiver 
is placed inside the vegetation medium and rotated around 
its vertical axis. For each angular position of the receiver
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Fig. 1. Phase function measurement through directional spectrum.

antenna, the signal power is measured and recorded, producing 
a directional signal profile which is considered to be similar 
to that of the phase function reported in [1] and [6].

III. PHASE FUNCTION MEASUREMENT
In transport theory, it is assumed the various scattered wave 

trains are uncorrelated in phase and can be added in power 
[2]. The receiver antenna, when placed inside the vegetation 
medium, gathers scattered signal from the surrounding trees 
as shown in Fig. 1. The received signal level can be calculated 
by summing the directional contributions due to the scattered 
signal after conveniently weighted by the radiation pattern of 
the receiver antenna. If the specific scenario presented in Fig. 
1 is taken into account, the received signal level will be given 
by Eq. 4.

PRX(ORX] = K
+ K

GRX (0! - 8RX )

(4)

where PRX is the received directional spectrum, GRX is 
the radiation pattern of the receiving antenna (representing 
the relative directional gain of the antenna) and I(6i) is the 
directional intensity profile which depends only on the veg 
etation medium propagation characteristics (i.e. independent 
of the receiver antenna radiation pattern). Some authors [2], 
[6] suggest that when an homogeneous vegetation volume is 
considered, the specific intensity directional profile, I(6i), can 
be used as an approximation for the RET phase function. 
Using this approximation and recognizing that Eq. 4 represents 
a discrete convolution, the relation between the received direc 
tional spectrum PRX, the effective vegetation phase function 
p(6] and the receiver antenna radiation pattern GRX , can be 
written as (5), where * denotes convolution [5].

PRX (e)=p(8}*GRX (0} (5)

In Eq. 5, both GRX and PRX can be obtained with sufficient 
accuracy. The radiation pattern of the receiver antenna can 
be measured inside an anechoic chamber or calculated from 
simulations whereas the received directional spectrum can be 
measured by placing the receiver antenna inside the vegetation

volume and rotating the receiver antenna over its vertical axis. 
Consequently, the only unknown in Eq. 5 is the scattering 
phase function p(0).

IV. INVERSE CONVOLUTION
In order to retrieve the scattering phase function p(B), 

it is necessary to invert the convolution process shown in 
(5). This is the so-called deconvolution. Although several 
approaches have been presented in the literature to deal with 
the deconvolution process, these rely on the Fourier Transform 
properties of the convolution integral [7]-[9]. These properties 
permit, in certain situations, deconvolution using (6):

where, J?"" 1 represents the inverse Fourier transform and 
GRX and PRX are the Fourier transforms of GRX and PRX , 
respectively. Nevertheless, for Eq. 6 to be solved numerically, 
it is necessary for the Fourier transform coefficients of PRX 
to be different from zero. To overcome likely situation, a more 
straightforward numerical method was found. The new method 
is based on the parameterization of PRX and p and does not 
rely on the Fourier transform.

The effective phase function p and the directional spectrum 
PRX are each modelled as a Gaussian forward scattering lobe 
superimposed on an isotropic scattering level using (2). Con 
sequently, these two functions are each characterised by one 
set of scattering parameters, where ap, /3p characterise the 
phase function p and CHRX , PRX characterise the directional 
spectrum PRX .

The convolution process presented in (5) distorts the phase 
function parameters as the convolution with GRx is per 
formed. To evaluate this distortion, the convolution process 
shown in (5) was simulated repeatedly for many true radiation 
patterns of different receiver antennas over a wide range of 
cup and j3p parameters. Subsequently, the parameter set which 
yielded the best fit with the measured PRX using an RMS error 
criteria was selected by matching the computed PRX with the 
measured directional spectrum. This is the basis of the inverse 
convolution method proposed here.

The a and /3 errors due to the convolution process with a 20 
GHz 15 dBi (33.5° HPBW) horn antenna are presented in Figs. 
2 and 3. It can be seen from Fig. 2 that the convolution error in 
the a parameter is higher for narrow forward scattering phase 
function. In this case, the signal received through the side lobes 
of the antenna becomes comparable to the scattering level 
being measured from the forest, consequently raising the level 
of the measured scattering signal and the a parameter error. 
Figure 3 shows that the receiver antenna cannot discriminate 
between the incoming rays which have angular separations 
close to the antenna beamwidth. It is clear that the accuracy 
on the /3 parameter measurement depends significantly on the 
relation between the beamwidth of the receiver antenna and 
the beamwidth of the phase function: the lowest f3 errors are 
obtained when the receiver antenna beamwidth is relatively 
low (say 3 to 10 times) compared with the beamwidth of the 
phase function to be measured.
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Fig. 2. a error due to the convolution using a 15 dBi horn antenna. Fig. 4. a error due to the convolution using a 20 dBi horn antenna.

30 35 
|3RX (deg)

Fig. 3. j3 error due to the convolution using a 15 dBi hom antenna. Fig. 5. j9 error due to the convolution using a 20 dBi hom antenna.

The analysis of Figs. 4 and 5, which show the scattering 
function parameter error for a 20 GHz 20 dBi (18° of HPBW) 
horn antenna, lead to similar conclusions. The a parameter 
error, which is primarily dependent on the antenna front to 
back ratio, is similar in both antennas. This is acceptable as 
both antennas exhibit front to back signal ratios around 40 dB. 
By comparing Figs. 3 and 5, one can conclude that the 20 dBi 
antenna can more efficiently resolve the angular directions due 
to its lower HPBW, leading to lower /? errors.

It is also evident from Figs. 3 and 5 that the /3 error is 
relatively insensitive to the back scattering level of the forest 
op. This is very convenient because it simplifies the inverse 
convolution process. Once the /3 error is known, it is possible 
to correct the measured (3Rx and hence to obtain the correct 
phase function beamwidth /3F • This value is subsequently used 
to choose the appropriate a correction curve, which allows one 
to find the corrected phase function isotropic level.

Using this relatively simple method it is possible to recover 
the phase function parameters independently of the receiver 
antenna used.

V. MEASUREMENT CONFIGURATION
To test the inverse convolution method, appropriate mea 

surements using an idealised forest setup were performed 
inside an anechoic chamber at 20 and 40 GHz. The idealised

downscaled forest which is shown in Fig. 6, is formed by 1.5 
m height and 30 to 60 cm diameter Ficus Benjamina plants. 
The dimensions of the tree formation and the relative receiver 
and transmitter positions are shown in Fig. 7.

At the transmitter side, a 10 dBi horn antenna was used, 
illuminating all the trees in the air-vegetation interface within 
the half power beamwidth of this antenna. The receiver was 
placed inside the idealised tree formation (Fig. 7) and several 
measurements were performed by rotating the receiver antenna 
in an angular range of ±180°, with 1° of resolution. This 
procedure was repeated at both frequencies using different 
receiver antennas so that different degrees of distortion in the 
measured directional spectrum parameters could be evaluated.

The receiver antennas used during the directional spectrum 
measurements are described in Table I, in terms of half power 
beamwidth and the approximated front to back signal ratio.

VI. OPTIMISATION RESULTS
The (XRX and @RX parameters, obtained from measure 

ments, and their corrected a/ and /3/ parameters are presented 
in Tables II and III, for 20 and 40 GHz, respectively. One can 
observe the distorting effect of the receiver antenna, particu 
larly on (3, i.e.; as the HPBW of the receiver antenna increases, 
the measured finx broadens due to the convolution effect. 
The Standard Deviation values of corrected and measured



TABLE II
SCATTERING PARAMETERS > 20 GHZ.

Fig. 6. Idealised forest setup.
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Fig. 7. Anechoic chamber measurement setup.

parameters are also presented and used to demonstrate the 
effect of GRX on both sets of parameters. Results indicate 
that the corrected a/ and /3f values exhibit less pronounced 
dependence on the measurement receiver antenna patterns. 
This is supported by the relatively low STD values.

VII. CONCLUSION
This paper presents a method to obtain the scattering 

parameters from vegetation media which are independent 
of the receiver antenna used. Unlike other methods which 
rely on the Fourier transform to perform deconvolution, this 
method which is simple to implement, only requires the 
amplitude radiation pattern of the receiver antenna. The inverse 
convolution method shown here, has been developed using 
parameterisation of the scattering (phase) function, which has 
been extensively validated in the literature. The method was 
tested using a relevant set of parameters and validated for an 
idealised downscaled forest placed inside a controlled anechoic 
chamber environment at 20 and 40 GHz. Corrected parameter 
values were evaluated and these show much lower standard

TABLE I
RECEIVER ANTENNAS PARAMETERS AT 20 AND 40 GHz. 

20 GHz 40 GHz
Antenna
lOdBi
15 dBi
20dBi
29 dBi

FB ratio (dB)
27
32
38

NA

HPBW
45.5°
33.5°
18.0°
NA

FB ratio (dB)
30
38
41
31

HPBW
47.0°
32.0°
18.0°
6.6°

Antenna
10 dBi 
15 dBi 
20 dBi

Standard Dev

&RX
0.93 
0.89 
0.82
0.06

PRX
40° 
30° 
16°

12.6°

Ctf
0.92 
0.87 
0.82
0.05

Pf
23.3° 
23.1° 
15.7°
4.3°

TABLE III 
SCATTERING PARAMETERS @ 40 GHz.

PRX (9) P(6)
Antenna
lOdBi
15 dBi
20dBi
29dBi

Standard Dev

aRX
0.96
0.94
0.93
0.84
0.08

PRX36°
27°
15°
8°

14.1°

af
0.90
0.92
0.89
0.97
0.04

Pf
8.8°
17.2°
8.3°
5.9°
4.9°

deviation for different receive antennas. From the results, it 
can be concluded that the corrected scattering function is 
a truer representation than the directly measured measured 
directional spectrum. The encouraging results suggest further 
investigation is needed at other frequencies of interest such as 
10 and 60 GHz. It is also useful to provide further validation in 
a more typical outdoor forest environment. Finally, in utilising 
extracted parameter from both the direct directional spectrum 
measurements and the corrected ones after deconvolution in 
RET based prediction models, and subsequently comparing 
the results with measured transmitted and scattered signal 
levels, further validation of the method presented here can be 
provided.
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Abstract: This paper presents a radiowave propagation model for inhomogeneous forests based on the Radiative Energy 
Transfer theory (RET) model. This model, which is a discretised version of the RET, is able to simulate 
the behaviour of radiowaves inside a forest which contains various types of vegetation and free space gaps. 
The forest is divided into non-overlapping square cells, each one with different propagation characteristics. 
The propagation properties of each cell rely on specific propagation parameters, which are extracted from 
vegetation using an appropriate measurement method which is also described. The model performance is 
assessed through comparison between predicted values and directional spectrum measurements carried out in 
an isolated inhomogeneous forest at 20 and 62.4 GHz. This forest, located in South Wales, is formed by 6 
different species of trees of various sizes and leaf types. The measurements were performed with the trees 
in-leaf.

1 INTRODUCTION

The growth of fixed and mobile radio networks ex 
perienced in the last decades, has led to an increased 
need for cost effective, and enhanced utilisation of the 
available bandwidth and system coverage. This en 
hancement can be accomplished through a more ef 
ficient use of the available radio spectrum. A more 
efficient use of the radio spectrum relies on accurate 
radio planning tools which allow system planners to 
effectively predict the behaviour of their radio com 
munication systems in terms of coverage and interfer 
ence on existing systems.

The radiowaves interact with the obstacles and sur 
rounding environment present in the radio path cre 
ating undesirable effects which need to be accurately 
modelled. From these obstacles, vegetation is very 
likely to be present in sub-urban and rural environ 
ments, causing degradation in the performance of the 
radio systems. To this extent, the understanding of the 
interaction between radiowaves and vegetation media 
is very important.

Various propagation models have been applied to 
vegetation with different degrees of success (Rogers 
et al., 2002). From these, the Radiative Energy Trans 
fer theory (RET) has yielded good results for micro-

and millimeter wave frequencies (Rogers et al., 2002; 
ITU-R, 2005). In (Rogers et al., 2002), results from 
an extensive measurement campaign are used to com 
pare the predictions of the RET with actual measure 
ment data in the 1 to 60 GHz frequency band. This 
work has established a generic model for radiowave 
propagation in vegetated areas which was recently ap 
pended to the ITU-R recommendation in force (ITU- 
R, 2005). Although this model is based on three 
different propagation mechanisms, it is reported that 
the scattered component, which is modelled with the 
RET, is dominant in terms of the received signal level.

The first known application of the RET theory to 
model the radiowave propagation in vegetation me 
dia was reported in (Johnson and Schwering, 1985) 
which is based on the RET modelling presented in 
(Ishimaru, 1997). Both of these RET formulations 
present some approximations which limit the applica 
bility of the model, e.g. the model considers a ho 
mogeneous medium; the medium is not physically 
limited and special geometry conditions must be met. 
The vegetation media is normally inhomogeneous in 
nature as leafs tend to grow more in the periphery of 
the forest due to the increased sunlight exposure. An 
other limitation is that vegetation normally appears in 
limited or isolated groups, and forest volumes are nor-



mally limited by the ground and the top of the vege 
tation.

To overcome the issues presented above, a discre- 
tised version of the RET (dRET) was presented in 
(Didascalou et al., 2000). A development of this 
model as well as a complete assessment was per 
formed in (Fernandes et al., 2005) using an idealised 
scaled-down version of a forest formed by 16 Ficus 
Benjamina plants inside an anechoic chamber at 20 
and 62.4 GHz.

In order to apply the dRET, the vegetation volume 
is divided into non overlapping square cells each one 
presenting distinct propagation characteristics. The 
signal flow in each of the cells is subsequently calcu 
lated using an iterative algorithm which evaluates the 
interactions between the different cells.

In this paper, the dRET formulation is used to sim 
ulated the behaviour of a full scale outdoor forest 
formed by 6 different species of trees. The assess 
ment of the model is performed by comparing the pre 
dicted values with the actual measurement data ob 
tained from outdoor measurements at 10 locations in 
side the test forest.

In section 2, the RET based scattering propagation 
models which are used during this paper as well as the 
differences between the original RET and its discre- 
tised version are presented. The model input propaga 
tion parameters are also described. The site specifics, 
including both the geometry and the tree characteris 
tics, used to validate the proposed model is also pre 
sented. The experimental procedures used to extract 
the vegetation parameters as well as the overall model 
validity in terms of excess attenuation caused by tree 
is also outlined. Section 4 presents and discusses the 
measurement results. Finally in section 5 the conclu 
sions of the paper are presented.

2 THE SCATTERING
PROPAGATION MODELS

2.1 The Radiative Energy Transfer 
(RET)

The RET models vegetation as a homogeneous 
medium randomly filled with similar scatterers, 
which are characterised by the following set of pa 
rameters:
• The Extinction Coefficient or ke . This parameter 

specifies the amount of energy which is lost due to 
absorption and scattering;

• The Scattering Coefficient, ks , which specifies the 
scattered energy;

• The scatter directional profile p(s,s'), known as 
Phase Function (Ishimaru, 1997), with s' and s 
representing the directions of the energy entering 
and emanating from each scatterer, respectively.

The phase function is normally modelled according to 
Eq. 1 (Johnson and Schwering, 1985; Ishimaru, 1997) 
which represents a Gaussian function superimposed 
to an isotropic background level:

(1)

where a is the ratio between the forward lobe power 
and the total power of the phase function, /? represents 
the half power beamwidth of the forward lobe and 7 
is the angle subtended by s and s'.

The RET equation is normally expressed in its dif 
ferential form, presented in Eq. 2.

dl , r ,— = -kj + ks 
as

p(s,s')Idw, (2)

where the left hand side (LHS) describes the spa 
tial variability (i.e. derivative) of intensity over one 
scatterer, while the first term on the right hand side 
(RHS) accounts for the reduction in intensity due to 
the absorption and scattering. The second term on 
the RHS represents the increase of intensity resulting 
from the scattering contributions of surrounding scat 
terers (Johnson and Schwering, 1985). In (Johnson 
and Schwering, 1985), the overall intensity I is di 
vided into two different intensities: the reduced inten 
sity, Iri and the diffuse intensity Id- Iri is the atten 
uated incident intensity whereas Id accounts for the 
contributions from incoherent scattered components 
inside the vegetation medium.

2.2 The dRET formulation

The discrete RET (dRET) was originally proposed by 
(Didascalou et al., 2000), as a method to overcome the 
RET limitations in terms of applicability to isolated 
vegetation volumes. In the dRET modelling, the veg 
etation volume is divided in non-overlapping square 
cells and an iterative algorithm is used to gather all 
the interactions between these primary cells, allowing 
for the computation of the intensity across the entire 
tree formation. This approach of splitting the vege 
tation in discrete elementary volumes, allows one to 
assign different scattering parameters to every cell, 
consequently enabling an inhomogeneous vegetation 
volume to be more accurately represented. This is de 
picted in Fig. 1.

The dRET approach presented in (Fernandes et al., 
2005) and used here, comprises 4 major improve 
ments compared to the algorithm given in (Di 
dascalou et al., 2000). These are summarised as fol 
lows: (i) the improved dRET version yields results



for angles other than those which are integer multi 
ples of 45°; (ii) it accounts for the effect of the receiv 
ing antenna radiation pattern; (iii) the dRET differen 
tial equation is more readily solved, which means that 
piecewise linear approximation is no longer needed, 
so that the algorithm can cover larger cell sizes; and 
(iv) the cell parameters can be defined individually, 
thus allowing one to define inhomogeneous scenarios.

3 EXPERIMENTAL PROCEDURE

An experimental program was designed to evaluate 
the performance of the dRET model in a real outdoor 
environment. This program involved two main tasks: 
the dRET parameter extraction and the evaluation of 
the excess attenuation caused by trees at several loca 
tions inside the test forest.

3.1 Description of the measurement 
site

The measurement site is located in the North-East of 
Cardiff in South Wales. The test forest is an isolated 
group of trees formed by 6 different species. To com 
pletely characterise the test forest, precise locations of 
each tree and the mean canopy diameters were mea 
sured using a theodolite. Using this data, a 2D rep 
resentation of the forest is presented in Fig. 2. The 
transmitter location (TX) and the direction where it 
was pointed in the measurements are also presented. 
The red dots which are labeled Mpx, represent the re 
ceived signal measurement locations. The tree species 
present in the test forest as well as the dimensions of 
the trees are presented in Table 1.

For each of the species, the leaf size parameters 
were measured. These mean sizes are presented in 
Table 2.

Table 1: Tree species of Wyevale Garden Center site.
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Tree Label
Tl
T2
T3
T4
T5
T6
T7
T8
T9
T10
Til
T12
T13
T14
T15
T16
T17
T19
T20
T21
T22
T23
T24
T25
T26
T27

Common Name
Oak
Oleaster
Ornamental Cherry
Oleaster
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

Canopy 
Diameter (m)

11.4
12.1
6.1
14.0
5.2
6.0
6.0
3.0
4.5
6.5
10.0
12.5
5.6
12.0
5.6
10.1
9.6
3.9
8.0
8.3
7.0
6.1
7.2
6.8
6.2
3.9

Tree 
Height (m)

10.9
16.5
3.5
17.7
3.5
3.5
3.5
3.0
8.4
6.4
10.0
15.6
5.5
15.0
2.5
7.2
7.3
8.9
9.6
5.2
7.0
7.8
6.8
13.0
14.3
4.3

3.2 Directional spectrum 
measurements

To evaluate the excess attenuation caused by the vege 
tation, the RX antenna was placed at each of the loca 
tions shown in Fig. 2 and the directional profile of the 
received signal was evaluated. This evaluation was 
performed positioning the receiver antenna at 5.5 m 
high, which represent approximately one half of the 
mean canopy height of the trees which form the test 
forest. At each location, the RX antenna was rotated 
clockwise 360° around its vertical axes (6RX ) in 1°

Figure 1: 2D cell structure.
Figure 2: Scaled drawing of the Wyevale Garden Center test 
site.



Table 2: Tree leaf sizes of Wyevale Garden Center site.

Leaf Size
Common Name
Oak 
Oleaster
Ornamental Cherry 
Silver Birch
Gean
Pecan

Length (cm)
13 
9
10
4
15
9

Width (cm)
8 

0.8
6

2.5
6
3

. ^\) ^^'^ \ '
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Ideal Position

/ \
Approximated 
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Figure 4: Approximated method to measure parameter /3.

incremental steps.
The TX antenna was placed outside the forest in 

the position shown in Fig. 2 at 13m distance from 
the air to vegetation interface. To achieve an almost 
uniform illumination of the interface, very broad 50° 
(10 dBi) half power beamwidth antennas were used at 
both test frequencies. At the receiver side, high gain 
directional antennas were used. At 20 GHz the RX 
antenna was of the lens horn type with 33 dBi and 4° 
of HPBW, while at 62.4 GHz a lens horn antenna with 
36 dBi and 2.8° of HPBW was used.

3.3 Parameter extraction and scaling

The dRET input parameters must be extracted from 
specific measurement data. This data is obtained 
from received signal measurements in specific loca 
tions around the tree as explained in Fig. 3. The dis 
tances di,2,3 were chosen so that 100% of the canopy 
width could be illuminated within the HPBW of the 
TX antenna, and at the same time, the RX antenna 
was placed as close as possible to the tree canopy. 
At each of the 3 measurement locations presented in 
Fig. 3 (labeled Mn ) the receiver antenna was rotated 
around the vertical axes in a ±45° range in 1° steps. 

The extraction of ke was based on the measurement 
of the insertion loss caused by the tree, and conse 
quently relied on measurements Ma and M3 . The ra 
tio between the maximum received powers at these

locations was used to calculate ke using Eq. 3.
2

-Pi
_

d-3
(3)

Figure 3: Parameter extraction measurement setup.

where Pi max and P3 max are the maximum receiver 
powers at positions MI and MS, respectively, and dn 
is the distance between the TX and the nth measure 
ment location in meters.

To extract the phase function parameters a and /3, a 
modified version of the re-radiation indoor measure 
ment procedure (Fernandes et al., 2005) was used. 
This modified version overcomes some of the inac 
curacies reported in (Richter et al., 2002) and is sim 
pler to carry out. The (3 optimisation is based in mea 
surement MS, where the ideal measurement position 
is replaced by a more convenient approximated po 
sition, as explained in Fig. 4. The optimisation of 
a uses the side scatter level of the tree obtained from 
measurement M2 , which is subsequently used to opti 
mise a in Eq. 1. Finally, ks is extracted by modelling 
the tree as a single dRET cell. As there are no in 
teractions involved between cells a simple version of 
the dRET diffuse intensity equation (Fernandes et al., 
2005) is used to optimise ks , providing the measured 
side scatter level.

The parameter extraction was performed for 5 of 
the 6 species present in the test forest. The trees cho 
sen to carry out the parameter extraction were: TI, 
T3 , Tu , 7i2 and Tyj. These were chosen due to their 
location at the border of the forest, thus avoiding the 
possible contamination of measured results caused by 
interference from the other species. The extracted pa 
rameters are presented in Tables 3 and 4 for 20 and 
62.4 GHz respectively. Some parameters were im 
possible to calculate, specially for the larger trees, due 
to the high attenuation of the coherent signal compo 
nent. In these cases average parameter values were 
assigned to the corresponding trees.

To limit the stair case error due to the discretisation 
of the forest, while maintaining a reasonable compu 
tational time, a 2.5 m vegetation cells division was 
used, as depicted in Fig. 1. In order for the phase 
function parameters to remain valid, these have to be



Table 4: Input parameter values extracted from selected 
vegetation blocks at 62.4 GHz.

50 100 150 200 250 300 350 
RX antenna rotation angle (deg)

Figure 5: Measured and predicted signals in MP2 at 20 
GHz.

adapted to the new vegetation volumes by performing 
an appropriate scaling. The scaling method used here 
is explained in (Fernandes et al., 2006), which sug 
gests a linear behaviour of a and /3 with the variation 
of the vegetation volume.

4 MEASUREMENT RESULTS
The assessment of the dRET propagation model re 
sults was performed comparing the predicted results 
with directional spectrum measurements were carried 
out at 10 locations inside the forest according to the 
procedure explained before. The measured excess at 
tenuation can subsequently be compared with the pre 
dictions calculated by the dRET algorithm for the test 
forest depicted in Fig. 2 when modelled with the cell 
structure presented in Fig. 1.

A comparison between the measured received sig 
nal and the predicted signal values obtained at MP-2 
is presented in Figs. 5 and 6, at 20 and 62.4 GHz, 
respectively. In these measurements, which were per 
formed at the air to vegetation interface, the RX sig-

Table 3: Input parameter values extracted from selected 
vegetation blocks at 20 GHz.

Tree 
Label

Ti
T3
Tn
Tl2
Ti7

20 GHz
ke

0.38
0.99
0.75
0.68
0.45

k.
0.28
0.25
NA
NA
NA

a
0.36
0.13
0.05
NA
0.13

P
10.7"7.0°
13.7°
15.9°
19.5°

Tree 
Label

Tin
Tn
Tia
Tir

62.4 GHz
ke

0.31
1.26
0.81
0.51
0.50

k.
0.13
1.02
NA
0.10
0.38

a
0.08
0.07
NA
0.15
0.04

P4.7"
15.5°
12.1°
14.9°
11. 1°

Mean 0.68 TO1 0.09 11.7°

Mean O65

0 50 100 150 200 250 300 350 
RX antenna rotation angle (deg}

Figure 6: Measured and predicted signals in MPz at 62.4 
GHz.

nal level is strongly influenced by the direct path be 
tween the TX and the RX antennas. Hence, the plots 
present a signal shape which is very close to the radi 
ation pattern of the receiver antennas, particularly in 
the angular region around 0° where the RX antenna 
is pointing to the TX. Although a good overall agree 
ment between predicted and measured curves can be 
observed, specially when the RX and TX antennas 
are aligned, a slightly increased error is present in the 
prediction of the signal which is scattered from the 
forest. This may be explained due to some inaccu 
racy in the estimation of ks parameter corresponding 
to the surrounding trees during the parameters extrac 
tion phase.

Figs. 7 and 8, present the results for MP^, which 
is located behind tree number 1. The results for 20 
GHz (Fig. 7) also present a good agreement between 
the measured and the predicted received signal values. 
Nevertheless, there is a tendency to underestimate the 
scattered signal from tree number 1. This effect is 
present in the 220 to 330° angular range and might 
be due to the incorrect estimation of the beamwidth 
of the scattering profile of tree number 1. The un 
derestimation of this parameter will concentrate the
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Figure 7: Measured and predicted signals in MPn at 20 
GHz.
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Figure 9: Measured and predicted signals in MPg at 20 
GHz.
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Figure 8: Measured and predicted signals in MPi at 62.4 
GHz.
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Figure 10: Measured and predicted signals in MPg at 62.4 
GHz.

scattered radiation in the forward scattering region 
(0RX = 340°) leading to the mentioned inaccuracy. 
Around 0Rx = 200° the dRET model predicts a peak 
in the received signal which corresponds to the sig 
nal scattered from tree number 9. The misalignment 
between this peak and the correspondent peak in the 
measured signal is likely to be due to the approxima 
tion in discretisation of the tree position inherent to 
the cell division process.

The 62.4 GHz plot (Fig. 8) presents an absolute er 
ror of 10 to 13 dB in the forward scattering region 
(around 340°). This can be due to some blockage 
which was taken into account in the ke extraction. In 
fact, ke is extracted by measuring the excess atten 
uation caused by the tree, using a radial path which 
is different from the line used to measure the atten 
uation. Attenuation differences between different ra

dial paths of 20 dB have been published in literature 
(Caldeirinha, 2001). This may help to explain this 
discrepancy.

Figure 9 presents the measured and predicted re 
ceived signal values in position MPg at 20 GHz. 
A good correspondence between the two values 
is present in the forward scattering region around 
QRX = 330° ± 70°. In the angular region where the 
RX antenna is pointing away from the test forest, i.e. 
30° < 6RX < 110° the measured signal shows an in 
creased received signal level which appears to be due 
to scattering in the vegetation structures surrounding 
the test forest. These structures, lying outside the 
test forest were not modeled and consequently are not 
taken into account by the dRET modelling thus ex 
plaining why the model seems to be unable to predict 
accurately the signal level within this angular region.



Table 5: Model performance assessment using the RMS er 
ror criterion.

Measurement 
Position
MPi
MP2
MP3
MP4
MP5
MP6
MP7
MPS
MPg
MPW

RMS error (dB)
20 GHz

11.8
10.8
13.9
8.9
12.5
13.5
9.6
18.7
9.0
13.2

62.4 GHz
9.0
9.2
7.8
7.6
16.5
13.5
6.7
11.8
14.5
NA

Mean 12.2 10.7

At 62.4 GHz the signal level in position MPg was 
relatively low and could only be measured for a nar 
row angular region. Outside this region the received 
signal was too close to the receiver noise level, which 
is around -70 dBm, to be measured. The measured 
and predicted values seem to exhibit a level offset 
which seems to be due to a vertical misalignment of 
the RX antenna. This offset generates a larger RMS 
error when compered with the remaining measure 
ment positions.

The overall RMS error for the complete set of mea 
surement performed at 20 and 62.4 GHz is shown in 
Table 5. The RMS error is consistently below 15 dB 
except at a few locations in the forest. The mean over 
all RMS error is 12.2 and 10.7 dB at 20 and 62.4 
GHz, respectively. Although the RMS error values 
are slightly above figures found in other published re 
sults, these can be considered reasonably low. They 
also demonstrate the benefits of dRET modelling, par 
ticularly when considering inhomogeneous media.

5 CONCLUSIONS
This paper presents a model for radiowave propaga 
tion in inhomogeneous vegetation media for micro 
and millimeter waves, which is based on the RET. The 
model relies on 4 vegetation dependent propagation 
parameters and a method to extract and scale these 
parameters is also presented. The input parameters 
are extracted from the different vegetation volumes 
forming the test forest using the proposed method at 
20 and 62.4 GHz. Subsequently these parameters are 
used in the model to generate excess attenuation pre 
dictions at several locations inside the test forest. Fi 
nally, the predicted and measured results are com 
pared using the RMS error criterion. This is shown 
to be consistently below 15 dB. Although this RMS

error value is within the range of other published re 
sults, in some measurement locations the error was 
found to be as high as 18.7 dB. This is thought to 
be due to localised blockages, inaccuracies in the pa 
rameter extraction method and also misalignment of 
the RX antenna during the attenuation measurement 
phase. An improved parameter extraction method is 
thus being investigated to eliminate higher error dis 
crepancies.
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Abstract— This paper presents a radiowave propagation model 
for inhomogeneous forests based on the Radiative Energy Transfer 
theory (RET). This model, which is a discretised version of the 
RET, is able to simulate the behavior of radiowaves inside a 
forest which contains various kinds of vegetation and free space 
gaps. To do this, the forest is divided into square non-overlapping 
cells, each one with different propagation characteristics. The 
propagation properties of each cell rely on specific propagation 
parameters, which are extracted from vegetation using a mea 
surement method which is also described. The model perfor 
mance is assessed through comparison with directional spectrum 
measurements carried out in an isolated inhomogeneous forest 
at 11.2 and 40 GHz.

I. INTRODUCTION
The growth of fixed and mobile radio networks experienced 

in the last decades, has led to an increased need for cost 
effective, and enhanced utilisation of the available bandwidth 
and system coverage. This enhancement must be accomplished 
through a more efficient use of the available radio spectrum.

A more efficient use of the radio spectrum relies on accurate 
radio planning tools which allow system planners to predict 
correctly the behaviour of their radio communication systems 
in terms of coverage and interference on existing systems. 
Radiowaves interact with the obstacles and surrounding envi 
ronment present in the radio path creating undesirable effects 
which need to be accurately modelled. From these obstacles, 
vegetation is very likely to be present in sub-urban and 
rural environments, causing degradation in the performance 
of the radio systems. To this extent, the understanding of the 
interaction between radiowaves and vegetation media is very 
important.

Various propagation models have been applied to vegetation 
with different degrees of success [1]. From these, the Radiative 
Energy Transfer theory (RET) has yielded good results for 
micro and millimeter wave frequencies [1], [2]. In [1], results 
from an extensive measurement campaign are used to compare 
the predictions of the RET with actual measurement data in the 
1 to 60 GHz frequency band. This work established a generic 
model for radiowave propagation in vegetated areas which was 
appended to the ITU-R recommendation in force [2]. Although 
this model is based on three different propagation mechanisms 
it is reported that the scattered component, which is modelled 
with the RET, is dominant in terms of the received signal level.

The first known application of the RET theory to model the 
radiowave propagation in vegetation media was reported in [3] 
which is based on the RET approach presented in [4]. Both of 
these RET formulations present some approximations which 
limit the applicability of the model, e.g.: the model considers 
a homogeneous medium; the medium is not physically limited 
and special geometry conditions must be met. The vegetation 
media is normally inhomogeneous in nature as leafs tend to 
grow more in the periphery of the forest due to the increased 
sunlight exposure. Another limitation is that vegetation nor 
mally appears in limited or isolated groups, and forest space 
is normally limited by the ground and the top of the vegetation.

To overcome the issues presented above, a discretised 
version of the RET (dRET) was presented and assessed in 
[5] using an idealised scaled-down version of a forest formed 
by 16 Ficus Benjamina plants inside an anechoic chamber at 
20 and 62.4 GHz. In this approach, the vegetation volume is 
divided into non overlapping square cells each one presenting 
distinct propagation characteristics. The signal flow in each of 
the cells is subsequently calculated using an iterative algorithm 
which evaluates the interactions between the different cells.

In this paper the dRET formulation is used to simulated 
the behaviour of a full scale outdoor forest formed by 6 
different species of trees. The assessment of the model is 
performed by comparing the predicted values with the actual 
measurement data obtained from outdoor measurements at 10 
different locations inside the test forest.

II. THE SCATTERING PROPAGATION MODELS 
A. The Radiative Energy Transfer theory (RET)

The RET models vegetation as a homogeneous medium 
randomly filled with similar scatterers, which are characterised 
by the following set of parameters:

• The Extinction Coefficient or ke . This parameter speci 
fies the amount of energy which is lost due to absorption 
and scattering;

• The Scattering Coefficient, ks , which specifies the scat 
tered energy;

• The scatter directional profile p(s,s'), known as Phase 
Function [4], with s' and s representing the directions 
of the energy entering and emanating from each scatterer, 
respectively.



The phase function is normally modelled according to Eq. 1 
[3], [4] which represents a Gaussian function superimposed to 
an isotropic background level:

(1)

where a is the ratio between the forward lobe power and the 
total power of the phase function, 0 represents the half power 
beamwidth of the forward lobe and 7 is the angle subtended 
by s and s' .

The RET equation is normally expressed in its differential 
form, presented in Eq. 2.

— = -ke 
as s I p(s,s')Idw,

47T

(2)

where the LHS describes the spatial variability (i.e. derivative) 
of intensity over one scatterer, while the first term on the RHS 
accounts for the reduction in intensity due to the absorption 
and scattering. The second term on the RHS represents the 
increase of intensity resulting from the scattering contributions 
of surrounding scatterers [3]. In [3], the overall intensity I is 
divided into two different intensities: the reduced intensity, Iri 
and the diffuse intensity 1^. Iri is the attenuated incident inten 
sity whereas Id accounts for the contributions from incoherent 
scattered components inside the vegetation medium.

B. The dRET formulation
The discrete RET (dRET) was originally proposed by [6], 

as a method to overcome the RET limitations in terms of 
applicability to isolated vegetation volumes. In the dRET mod 
elling, the vegetation volume is divided in non-overlapping 
square cells and an iterative algorithm is used to gather all 
the interactions between these primary cells, allowing for the 
computation of the intensity across the entire tree formation. 
This approach of splitting the vegetation in discrete elementary 
volumes, allows one to assign different scattering parameters 
to every cell, consequently enabling an inhomogeneous vegeta 
tion volume to be more accurately represented. This is depicted 
in Fig. 1.

The dRET approach presented in [5] and used here, com 
prises 4 major improvements compared to the algorithm given

1 32 33 34 35 36 37 39

| Parcially Occupied Vegetation cell pT| Measurement Posillon

| Vegetation cell | | Free Space Cell

Fig. 1. 2D cell structure.

in [6]. These are summarised as follows: (i) the improved 
dRET version yields results for angles other than those which 
are integer multiples of 45°; (ii) it accounts for the effect 
of the receiving antenna radiation pattern; (iii) the dRET 
differential equation is more readily solved, which means that 
piecewise linear approximation is no longer needed, so that 
the algorithm can cover larger cell sizes; and (iv) the cell 
parameters can be defined individually, thus allowing one to 
define inhomogeneous scenarios.

III. EXPERIMENTAL PROCEDURE
An experimental program was designed to evaluate the 

performance of the dRET model in a real outdoor environment. 
This program involved two main tasks: the dRET parameter 
extraction and the evaluation of the received signal directional 
profile at several locations inside the test forest.

A. Description of the measurement site
The measurement site is located in the North-East of Cardiff 

in South Wales. The test forest is an isolated group of trees 
formed by 6 different species. To completely characterise 
the test forest, precise locations of each tree and the mean 
canopy diameters were measured using a theodolite. Using 
this data, a 2D representation of the forest is presented in 
Fig. 2. The transmitter location (TX) and the direction where 
it was pointed in the measurements are also presented. The 
red dots which are labelled Mpx, represent the received signal 
measurement locations. The tree species present in the test 
forest as well as the dimensions of the trees are presented in 
Table I.

B. Directional spectrum measurements
To evaluate the excess attenuation caused by the vegetation, 

the RX antenna was placed at each of the locations shown 
in Fig. 2 and the directional profile of the received signal 
was evaluated. This evaluation was performed positioning the 
receiver antenna at 5.5 m high, which represent approximately 
one half of the mean canopy height of the trees which 
form the test forest. At each location, the RX antenna was 
rotated clockwise 360° around its vertical axes (GRX) in 1° 
incremental steps.

The TX antenna was placed outside the forest in the position 
shown in Fig. 2 at a 13 m distance from the air to vegetation 
interface. To achieve an almost uniform illumination of the

Fig. 2. Scalled drawing of the Wyevale Garden Center test site.



TABLE I
TREE SPECIES OF THE WYEVALE GARDEN CENTER SITE.

Tree Label
Tl
T2
T3
T4
T5
T6
T7
T8
T9
T10
Til
T12
T13
T14
T15
T16
T17
T19
T20
T21
T22
T23
T24
T25
T26
T27

Canopy 
Common Name Diameter (m)

Oak
Oleaster
Ornamental Cherry
Oleaster
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

11.4
12.1
6.1
14.0
5.2
6.0
6.0
3.0
4.5
6.5
10.0
12.5
5.6
12.0
5.6
10.1
9.6
3.9
8.0
8.3
7.0
6.1
7.2
6.8
6.2
3.9

Tree 
Height (m)

10.9
16.5
3.5
17.7
3.5
3.5
3.5
3.0
8.4
6.4
10.0
15.6
5.5
15.0
2.5
7.2
7.3
8.9
9.6
5.2
7.0
7.8
6.8
13.0
14.3
4.3

interface, relatively broad 50° (10 dBi) half power beamwidth 
antennas were used at both test frequencies. At the receiver 
side, high gain directional antennas were used. At 11.2 GHz 
the RX antenna was a dish with 33 dBi and 3° of HPBW, 
while at 40 GHz a lens horn antenna with 29 dBi and 8° of 
HPBW was used.

C. Parameter extraction and scaling
The dRET input parameters must be extracted from spe 

cific measurement data This data is obtained from received 
signal measurements in specific locations around the tree as 
explained in Fig. 3. The distances ^1,2,3 were chosen so that 
100% of the canopy width could be illuminated within the 
HPBW of the TX antenna, and at the same time, the RX 
antenna was placed as close as possible to the tree canopy. 
At each of the 3 measurement locations presented in Fig. 
3 (labeled Mn) the receiver antenna was rotated around the 
vertical axes in a ±45° range in 1° steps.

The extraction of ke was based on the measurement of the 
insertion loss caused by the tree, and consequently relied on 
measurements MI and M3 . The ratio between the maximum

Fig. 4. Approximated method to measure parameter (I.

received powers at these locations was used to calculate ke 
using Eq. 3.

2

, (3)
•Psmax _ -fce (d3 -<ii) (^

where Pi max and P3 max are the maximum receiver powers 
at positions MI and M%, respectively, and dn is the distance 
between the TX and the nth measurement location in meters.

To extract the phase function parameters a and /3, a modi 
fied version of the re-radiation indoor measurement procedure 
[5] was used. This modified version overcomes some of 
the inaccuracies reported in [7] and is simpler to carry out. 
The p optimisation is based in measurement MS, where the 
ideal measurement position is replaced by a more convenient 
approximated position, as explained in Fig. 4. The optimisation 
of a uses the side scatter level of the tree obtained from 
measurement MZ, which is subsequently used to optimise a in 
Eq. 1. Finally, ks is extracted by modelling the tree as a single 
dRET cell. As there are no interactions involved between cells 
a simple version of the dRET diffuse intensity equation [5] is 
used to optimise ks , providing the measured side scatter level.

The parameter extraction was performed for 5 of the 6 
species present in the test forest. The trees chosen to carry out 
the parameter extraction were: TI, TS, TU, TI% and Ti 7 . These 
were chosen due to their location at the border of the forest, 
thus avoiding the possible contamination of measured results 
caused by interference from the other species. The extracted 
parameters are presented in Table. H Some parameters were 
somehow difficult to extract from the measured data, specially 
for the larger trees, due to the high attenuation of the coherent 
signal component. In these cases average parameter values 
were assigned to the corresponding trees.

To limit the stair case error due to the discretisation of the 
forest, while maintaining a reasonable computational time, a 
2.5 m vegetation cells division was used, as depicted in Fig. 
1. In order for the phase function parameters to remain valid, 
these have to be adapted to the new vegetation volumes by

TABLE II
EXTRACTED RET INPUT PARAMETERS.

Fig. 3. Parameter extraction measurement setup.

Tree 
Label

TI 
T3 
Tn
7-12
Tn

Mean

kz
0.39 
0.93 
0.84 
0.61 
0.61
0.68

11.2
ka

0.19 
0.54
NA 
NA 
NA
0.37

GHz
a

0.05 
0.37 
0.01
NA 
NA
0.14

03.0° 
9.7° 
13.4° 
10.2° 
13.4°
9.9°

k,.
0.35 
0.65 
0.67 
0.44 
0.27
0.48

40
fc s

0.25 
0.19 
NA 
0.29 
0.21
0.24

GHz
a

0.62 
0.43 
0.03 
0.08 
0.07
0.25

012.0° 
6.9° 
10.0° 
11.6° 
6.7°
9.4°



performing an appropriate scaling. The scaling method used 
here is explained in [8], which suggests a linear behaviour of 
a and /3 with the variation of the vegetation volume.

IV. MEASUREMENT RESULTS
To assess the accuracy of the dRET propagation model, 

directional spectrum measurements were performed at 10 
locations inside the forest according to the procedure explained 
before. The measured excess attenuation will be compared 
with the predictions calculated by the dRET algorithm for the 
test forest depicted in Fig. 2 when modelled with the cell 
structure presented in Fig. 1.

A comparison between the measured received signal and 
the predicted signal values obtained at MP% is presented in 
Figs. 5 and 6, at 11.2 and 40 GHz, respectively. In these 
measurements, which were performed at the air to vegetation 
interface, the RX signal level is strongly influenced by the 
direct path between the TX and the RX antennas. Hence, the 
plots present a signal shape which is very close to the radiation 
pattern of the receiver antennas, particularly in the angular 
region around 0° where the RX antenna is pointing to the 
TX. Although a good overall agreement between predicted and 
measured curves can be observed, there is a slight tendency of 
the dRET model to overestimate the back scattered component. 
This may be explained by the overestimation of ks parameter 
corresponding to the surrounding trees during the parameters 
extraction phase.

Figs. 7 and 8, present the results for MP4 , which is located 
behind tree number 1. Good agreement between measured and 
predicted results is also present as yielded by the relatively low 
RMS error (ERMS)- Nevertheless, the 11.2 GHz plot presents 
an absolute error of 10 dB in the forward scattering region 
around 350°. This can be due to some blockage which was not 
taken into account in the ke extraction. In fact, ke is extracted 
by measuring the excess attenuation caused by the tree, using a 
radial path which is different from the line used to measure the 
attenuation. Attenuation differences between different radial 
paths of 20 dB have been published in literature [9]. This 
may help to explain this discrepancy.

The results shown in Fig. 8 at 40 GHz, exhibit a slightly 
larger RMS error when compared with the 11.2 GHz results 
for the same measurement location (Fig. 7). The error appears

45 90 135 180 225 270 315 360 
RX antenna rotation angle (deg)

Fig. 6. Measured and predicted signals in MPz at 40 GHz.

to be higher at two different angular ranges: around 340° when 
the RX antenna is pointing to the transmitter and in the 90 to 
180° range when the receiver antenna is pointing away from 
the test forest. In the first case, the inaccuracy in modelled 
results is probably related to trunk localised blockage, which 
explains the null in the measured received signal at 340°. In 
the second case, the signal is being received through the back 
of the RX antenna and consequently the predicted signal shape 
is influenced by the RX antenna. This shape was verified to be 
consistent with the radiation pattern used in the model, which 
was measured under controlled conditions inside an anechoic 
chamber. The discrepancy might arise from the distortion on 
the radiation pattern of the RX antenna due to its proximity 
to the tree under measurement.

Fig. 9 shows the results obtained for MPg at 11.2 GHz. 
The predicted directional profile follows the overall variations 
of the measured signal with a relatively low RMS error, below 
6 dB. In the dRET model, the phases of the diffuse intensities 
propagating in the medium are considered to be independent, 
and consequently all the intensities are summed independently 
of their phase. Hence, the dRET model is not able to predict 
the fast variations of the measured signal, present in Fig. 9, 
which are due to multipath cancelation of the signal within the 
complex canopy structure. In Fig. 10, although the predicted 
and measured signals present similar behaviour, there is clearly 
a level offset between them, which seems to be due to a 
vertical misalignment of the RX antenna. The measured signal 
is only presented for a limited angular range, corresponding to

90 135 180 225 270 315 360 
RX antenna rotation angle (deg)

Fig. 5. Measured and predicted signals in MP^ at 11.2 GHz.

90 135 180 225 270 315 360 
RX antenna rotation angle (deg)

Fig. 7. Measured and predicted signals in at 11.2 GHz.



TABLE III 

RMS ERRORS BETWEEN MEASURED AND PREDICTED VALUES,

90 135 160 225 270 315 360 
RX antenna rotation angle (deg)

Fig. 8. Measured and predicted signals in MP$ at 40 GHz.

the angles where the received signal was observed to be well 
above the noise floor of the measurement system.

The overall RMS error for the complete set of measurement 
performed at 11.2 and 40 GHz is shown in Table III. The RMS 
error is consistently below 10 dB except at a few locations in 
the forest. The mean overall RMS error is 7.4 and 8.2 dB 
at 11.2 and 40 GHz, respectively. These values, well within 
the range found in other published results, are considered 
reasonably low. They also demonstrate the benefits of dRET 
modelling, particularly when considering inhomogeneous me 
dia.

45 90 135 180 225 270 315 360 
RX antenna rotation angle (deg)

Fig. 9. Measured and predicted signals in MPg at 11.2 GHz.

Measurement 
Position
MPi
MP2
MP3
MP4
MPS
MPe
MP7
MP8
MPg
MPw
Mean

RMS error (dB)
11.2UHZ 40 GHz

3.3 8.9
4.5 8.2
9.0 8.0
5.8 7.2
4.4 5.2
10.1 8.0
5.6 10.6
11.5 7.8
5.5 10.1
14.3 7.6
7.4 8.2

90 135 180 225 270 315 360 
RX antenna rotation angle (deg)

Fig 10. Measured and predicted signals in MPg at 40 GHz.

v. CONCLUSION
This paper presents a model for radiowave propagation in 

inhomogeneous vegetation media for micro and millimeter 
waves, which is based on the RET. The model relies on 4 
vegetation dependent propagation parameters and a method to 
extract and scale these parameters is also presented. The input 
parameters are extracted from the different vegetation volumes 
forming the test forest using the proposed method at 11.2 and 
40 GHz. Subsequently these parameters are used in the model 
to generate excess attenuation predictions at several locations 
inside the test forest. Finally, the predicted and measured 
results are compared using the RMS error criterion. This is 
shown to be consistently below 10 dB. Although this RMS 
error value is within the range of other published results, 
in some measurement locations the error was found to be 
as high as 14.3 dB. This is thought to be due to localised 
blockages and also inaccuracies in the parameter extraction 
method. An improved parameter extraction method is thus 
being investigated to eliminate high error discrepancies.
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Abstract— This paper presents a scattering model, based on 
the Radiative Energy Transfer (RET), adapted to accommodate 
inhomogeneous vegetation volumes. The model is applied to a real 
size test forest, formed from 5 different tree species, randomly 
distributed throughout the test forest. The propagation model 
relies on four input parameters which were extracted from the 
different tree types forming the test forest. In order to evaluate 
the sensitivity of the propagation model to the input parameters, 
results from different parameter sets are analysed. Such analysis 
is performed by comparing the model predictions with actual 
attenuation measurements performed at 11.2 and 40 GHz. Results 
suggest, that instead of extracting the parameters from each 
vegetation specie present in the forest, mean parameters may 
be used, at the expense of a limited of prediction quality 
deterioration.

I. INTRODUCTION
Over the last few decades, mobile and fixed radio com 

munications have become familiar and widespread wireless 
technologies. The frequencies of 3-10 GHz for World Inter 
operability for Microwave Access (WiMAX), 20-40 GHz for 
Broadband Fixed Wireless Access (BFWA) [1], have been 
earmarked for today's and future telecommunication systems. 
Over such a wide frequency range, covering both microwave 
and millimetre wave bands, the planning and design of wire 
less links and networks are both necessary and desirable. To 
the extent that vegetation of all kinds is known to be present 
in urban, sub-urban and rural environments [2] the research 
of propagation models which are capable of representing the 
effect vegetation into the communication systems performance 
is therefore very important.

In [2], the Radiative Energy Transfer (RET) model has 
been extensively compared with measurements over the 1 to 
60 GHz frequency range, leading to the recent adoption of 
ITU-R recommendation for attenuation in vegetation [3]. The 
Radiative Energy Transfer model (RET), as it is presented in 
[2], [4], is only applicable to situations where the propagation 
medium can be considered homogeneous i.e. its average 
propagation characteristics are invariant throughout its volume. 
Nevertheless, in order to model a realistic forest, one must 
consider the different propagation characteristics arising from

the various vegetation volumes forming the forest.
The propagation model based on the Radiative Energy 

Transfer theory as well as its input parameters are described 
in section II. Section 111 introduces a discretised version of 
the RET model, the so called dRET, which accommodates 
inhomogeneous vegetation structures. In section IV, the test 
forest used in the propagation model assessment is presented. 
More so, the the experimental proceedings leading the valida 
tion of the modelling procedures are also shown. Section V is 
concerned with the various measurements results obtained at 
11.2 and 40 GHz and its subsequent analysis. Finally, section 
VI is devoted to the conclusions of this work.

II. THE RET PROPAGATION MODEL

The RET model, described in [4], [6], relies on the Energy 
Transfer equation which describes the variation of the sig 
nal specific intensity throughout a statistically homogeneous 
medium, randomly filled with small scatterers.

The RET models vegetation as a homogeneous medium 
randomly filled with similar scatterers, which are characterised 
by the following set of parameters:

• The Extinction Coefficient or ke . This parameter speci 
fies the amount of energy which is lost due to absorption 
and scattering;

. The Scattering Coefficient, ks , which specifies the scat 
tered energy;

• The scatter directional profile p (§,§'), known as Phase 
Function [6], with §' and I representing the directions 
of the energy entering and emanating from each scatterer, 
respectively.

The phase function is normally modelled according to Eq. 1 
[4], [6] which represents a Gaussian function superimposed to 
an isotropic background level:

P (7) = a - (1)

where a is the ratio between the forward lobe power and the 
total power of the phase function, /3 represents the half power



beamwidth of the forward lobe and 7 is the angle subtended
by s and I'

TABLE I
TREE SPECIES OF THE WYEVALE GARDEN CENTER SITE.

The RET equation, expressed in its differential form is 
presented in (2).

dl
I p(s,s')Idw, (2)

where the left hand side (LHS) describes the spatial variability 
(i.e. derivative) of intensity over one scatterer, while the first 
term on the right hand side (RHS) accounts for the reduction 
in intensity due to the absorption and scattering. The second 
term on the RHS represents the increase of intensity resulting 
from the scattering contributions of surrounding scatterers [4], 
In [4], the overall intensity / is divided into two different 
intensities: the reduced intensity, Iri and the diffuse intensity 
Id . Iri is the attenuated incident intensity whereas Id accounts 
for the contributions from incoherent scattered components 
inside the vegetation medium.

III. THE DISCRETE RET PROPAGATION MODEL

The discrete RET (dRET) was originally proposed by 
[5], as a method to overcome the RET limitations in terms 
of its applicability to isolated vegetation volumes. In the 
dRET modelling, the vegetation volume is divided in non- 
overlapping square cells and an iterative algorithm is used 
to gather all the interactions between these primary cells, 
allowing for the computation of the intensity across the entire 
tree formation. The approach of splitting the vegetation into 
discrete elementary volumes, allows the assignment of differ 
ent scattering parameters to every cell, consequently enabling 
an inhomogeneous vegetation volume to be more accurately 
represented.

The extended dRET approach presented in [7] and used 
here, comprises 4 major improvements compared to the algo 
rithm given in [5]. These are summarised as follows: (i) the 
improved dRET version yields results for angles other than 
those which are integer multiples of 45°; (ii) it accounts for the 
effect of the receiving antenna radiation pattern; (iii) the dRET 
differential equation is more readily solved, which means that 
piecewise linear approximation is no longer needed, so that 
the algorithm can cover larger cell sizes; and (iv) the cell 
parameters can be defined individually, thus allowing one to 
define inhomogeneous scenarios.

IV. EXPERIMENTAL PROCEDURE
An experimental program was designed to evaluate the 

performance of the extended dRET model in a real outdoor 
environment. The simulation of the dRET model was carried 
out using various different sets of propagation parameters in 
order to evaluate the effective sensitivity of the propagation 
model to any parameter variation.

A. Description of the measurement site
The measurement site is located in the North-East of Cardiff 

in South Wales. The test forest is an isolated group of trees 
formed by 6 different species. To completely characterise the

Tree Label
Tl
T2
T3
T4
T5
T6
T7
T8
T9
T10
TH
T12
T13
T14
T15
T16
T17
T19
T20
T21
T22
T23
T24
T25
T26
T27

Canopy 
Common Name Diameter (m)

Oak
Oleaster
Ornamental Cherry
Oleaster
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Ornamental Cherry
Silver Birch
Silver Birch
Silver Birch
Oleaster
Silver Birch
Oleaster
Oak
Oak
Gean
Pecan
Oak
Pecan
Pecan
Oak
Oak
Pecan
Pecan
Pecan

11.4
12.1
6.1
14.0
5.2
6.0
6.0
3.0
4.5
6.5
10.0
12.5
5.6
12.0
5.6
10.1
9.6
3.9
8.0
8.3
7.0
6.1
7.2
6.8
6.2
3.9

Tree 
Height (m)

10.9
16.5
3.5
17.7
3.5
3.5
3.5
3.0
8.4
6.4
10.0
15.6
5.5
15.0
2.5
7.2
7.3
8.9
9.6
5.2
7.0
7.8
6.8
13.0
14.3
4.3

test forest, precise locations of each tree and the mean canopy 
diameters were measured using a theodolite. Based on this 
data, a 2D representation from the test forest is presented in 
Fig. 1. The transmitter location (TX) and the direction where 
it was pointed during the measurements, are both presented. 

The red dots labelled Mpx, represent the received signal 
measurement locations. The tree species forming the test forest 
as well as the dimensions of the various trees are presented in 
Table I.

B. Model parameter extraction
The dRET input parameters were extracted from specific 

measurement data. This data was obtained from received 
signal measurements at specific locations around the tree, as

Fig. 1. Scaled plan of the Wyevale Garden Center test site.



TABLE II 
EXTRACTED RET INPUT PARAMETERS.

Fig. 2. Parameter extraction measurement setup.

Tree 
Label

TI
Ts
TU
Tl2
Tn

Mean

ke
0.39
0.93
0.84
0.61
0.61
0.68

11.2
ka

0.19
0.54

_
-
-

0.37

GHz
a

0.05
0.37
0.01

-
-

0.14

40 GHz
0

3.0°
9.7°
13.4°
10.2°
13.4°
9.9°

/Cg

0.35
0.65
0.67
0.44
0.27
0.48

ka
0.25
0.19

-
0.29
0.21
0.24

a
0.62
0.43
0.03
0.08
0.07
0.25

13
12.0°
6.9°
10.0°
11.6°
6.7°
9.4°

explained in Fig. 2. The distances 1^1,2,3 were chosen so that 
100% of the canopy width could be illuminated within the 
HPBW of the TX antenna, and at the same time, the RX 
antenna was placed as close as possible to the tree canopy. At 
each of the 3 measurement locations presented in Fig. 2 i.e. 
Mn , the receiver antenna was rotated around the vertical axes 
in a ±45° angular range using 1° steps.

The extraction of ke was based on the measurement of the 
insertion loss caused by the tree, hence relying on measure 
ments MI and MS. The ratio between the maximum received 
powers at these locations was used to calculate ke using Eq. 
3.

p, t ^ ^/d,\ 23max _ f,-k,(d3 -di) I "1 \ /o-,
p ~ I 77~ ; ' *• '"l max V "3 /

where Pi max and Psmax are the maximum receiver powers 
at positions MI and MS, respectively, and dn is the distance 
between the TX and the nth measurement location in meters.

To extract the phase function parameters a and /?, a modi 
fied version of the re-radiation indoor measurement procedure 
[7] was used. This modified version overcomes some of the 
inaccuracies reported in [8] and is simpler to carry out. The 
/3 optimisation is performed through the evaluation of the 
beamwidth from measurement M3 [9].

The parameter extraction, outlined above, was performed 
for 5 of the 6 species present in the test forest. The trees 
chosen to carry out the parameter extraction were: TI, TS, 
Tn, Ti2 and T17 . These were chosen due to their location 
at the border of the forest, thus avoiding the possible con 
tamination of measured results caused by interference from 
other species. The extracted parameters are presented in Table. 
H. Some parameters were somehow difficult to extract from 
the measured data due to the high attenuation of the coherent 
signal component, especially for the larger trees. In such cases, 
average parameter values were assigned to the corresponding 
trees.

To limit the stair case error due to the discretisation of the 
forest, while maintaining a reasonable computational time, 2.5 
m vegetation cells were used, as depicted in Fig. 3. For the 
phase function parameters to remain valid, these have to be 
adapted to the new cell sizes by performing an appropriate 
scaling. The scaling method used here is explained in [10], 
which suggests a linear behaviour of a and /? with the variation 
of the vegetation volume.

C. Directional spectrum measurements
The excess attenuation caused by the vegetation, was evalu 

ated by placing the RX antenna at the locations shown in Fig. 
1. At each location, the directional profile from the received 
signal was evaluated. Such evaluation was performed posi 
tioning the receiver antenna at 5.5 m high, which represents 
approximately one half of the mean canopy height of the trees 
present in the test forest. At each location, the RX antenna was 
rotated clockwise 360° around its vertical axes (#.RX) in 1° 
incremental steps.

The TX antenna was placed outside the forest in the position 
shown in Fig. 1 at a 13 m distance from the air to vegetation 
interface. To achieve an almost uniform illumination of the 
interface, relatively broad 50° (10 dBi) half power beamwidth 
antennas were used at both test frequencies. At the receiver 
side, high gain directional antennas were used. At 11.2 GHz 
the RX antenna was a dish with 33 dBi and 3° of HPBW, 
while at 40 GHz a lens horn antenna with 29 dBi and 8° of 
HPBW was used.

V. MEASUREMENT RESULTS
In order to evaluate the sensitivity of the extended dRET 

to the input parameters, a set of simulations was performed 
assuming the propagation characteristics from the various 
species present in the test forest to be identical. The results 
of these simulations were subsequently used to calculate the 
RMS errors between the predictions and the actual measured 
excess attenuation.

Parclally Occupied Vegetation cell 

Vegetation cell

!4 25 26 27 26 29 30 31 32 33 34 35 36 37 36 

fn"| Measurement Position 

| | Free Space Cell

Fig. 3. 2D cell structure characterising the inhomogeneous test forest.
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Fig. 4. Predicted and measured directional spectrum - Mpr @ 40 GHz.

Three different parameter sets were used in the simulations:
1) The vegetation cells were modelled using the parameters 

extracted from the Ornamental Cherry i.e. trees # 3, 5, 
6, 1 and 8;

2) The vegetation was all modelled using an average of 
the parameters from the various species forming the test 
forest;

3) The forest was modelled using the individual parameters 
corresponding to each specie forming the vegetation 
medium.

The simulations were performed at two measurement signal 
frequencies i.e. 11.2 and 40 GHz, leading to the RMS errors 
shown in Table HI. An example of the directional signal 
spectrum measured at location 7 at 40 GHz, as well as the 
predictions obtained with the three different input parameter 
sets is shown in Fig. 4

An analysis from Table HI shows, as expected, that the 
parameter set 3, yields predictions with lower RMS errors 
hence more accurate. This is explained because this parameter 
set is formed by the actual parameters extracted from each 
vegetation specie present in the test forest. Both parameter

TABLE III
RMS ERRORS BETWEEN THE PREDICTIONS AND MEASUREMENTS USING 

THE SENSITIVITY TEST PARAMETER SETS.

RMS errors (dB)
Par. Set 1

Pos
1
2
3
4
5
6
7
8
9
10

11.2
4.36
4.20
9.23
22.3
12.5
15.0
13.2
16.8
17.2
16.0

40
6.98
7.97
7.95
23.0
16.5
22.9
10.5
41.4
19.0
32.3

Par.
11.2
3.78
4.34
9.42
17.6
8.89
13.9
8.47
15.1
11.0
14.4

Set 2
40

7.50
8.61
8.02
13.3
8.80
12.8
5.73
19.9
9.13
11.2

Par. Set 3
11.2
3.6
4.5
9.3
9.6
7.4
13.0
8.0
13.0
7.5
14.1

40
8.1
8.4
8.0
9.4
7.5
11.6
7.5
17.7
6.5
7.2

Mean 13.1

sets 1 and 2, correspond to simplified parameter assignments, 
consequently leading to relatively worst results.

Although the results obtained with parameter set 1, which 
correspond to using the parameters from the Ornamental 
Cherry across the complete forest, produce a significantly 
increased amount of RMS error, the predictions obtained using 
the mean parameter set only decrease the average quality of 
the results by less than 1.7 dB.

VI. CONCLUSIONS
This paper presents a propagation model based on the 

RET which is capable of modelling inhomogeneous limited 
vegetation volumes. The analysis performed aims to evaluate 
the sensitivity of the propagation model to a variation of its 
input parameters. Such evaluation is performed by modelling 
the test forest using different sets of input parameters and 
comparing the predictions with actual measurement received 
signal at several locations inside the test forest. The sets of 
input parameters used consisted in two simplified parameter 
sets and one more complete set. The analysis of prediction 
RMS error from the various parameter sets, suggests that using 
the simplified parameter sets introduced a limited amount of 
error in the corresponding predictions. More so, the parameter 
set based on the mean parameters from the various species 
forming the test forest, produced a mean RMS error only 
exceeding in 1.7 dB the error from the complete parameter 
set. Thus, it is suggested that a simplified input parameter set, 
based on the average of a few trees forming a forest, may be 
used instead of relying on a full parameter set.
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