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ABSTRACT OF THE THESIS

NUMERICAL CALCULATION OF DIFFRACTION COEFFICIENTS

FROM BUILDING EDGES USING FDTD METHOD

by

Weiting Cai

Florida International University, 1999

Miami, Florida

Professor Tadeusz M. Babij, Major Professor

Finite Difference Time Domain (FDTD) Method and software are applied to obtain

diffraction waves from modulated Gaussian plane wave illumination for right angle

wedges and Fast Fourier Transform (FFT) is used to get diffraction coefficients in a

wideband in the illuminated lit region. Theta and Phi polarization in 3-dimensional, TM

and TE polarization in 2-dimensional cases are considered respectively for soft and hard

diffraction coefficients. Results using FDTD method of perfect electric conductor (PEC)

wedge are compared with asymptotic expressions from Uniform Theory of Diffraction

(UTD). Extend the PEC wedges to some homogenous conducting and dielectric building

materials for diffraction coefficients that are not available analytically in practical

conditions.

vi



TABLE OF CONTENTS

CHAPTER PAGE

1. Introduction ...................................................................................... 1
1.1 FDTD Method..............................................................................1
1.2 FDTD Parameters ......................................................................... 3

1.2.1 Cell Size Ad and Time Step At ................................................ 3
1.2.2 Plane Wave Source................................................................5

1.2.2.1 Gaussian Envelop ....................................................... 5
1.2.2.2 Modulated Gaussian Pulse.............................................6

1.2.3 Boundary Condition...............................................................9
1.3 Scattering Application Using FDTD...................................................10

1.3.1 Near Zone - Far Zone Transformation........................................10
1.3.2 Radar Cross Section (RCS)......................................................11
1.3.3 RCS of Perfect Conducting Plate...............................................12

2. Validation of Diffraction Coefficients from Electromagnetic Software............16
2.1 Diffraction Field Calculation ........................................................... 16
2.2 Diffraction Coefficients Validation of PEC Wedge ................................. 17
2.3 Diffraction Coefficients of Building Wedges.........................................17
2.4 Experimental Validation.................................................................18

3. 3-Dimensional Diffraction Coefficient.....................................................19
3.1 Diffraction Phenomenon.................................................................19
3.2 Coordinate System ....................................................................... 20

3.2.1 Edge-fixed Coordinate System.................................................20
3.2.2 Ray-fixed Coordinate System...................................................22

3.3 3-Dimensional Diffraction Coefficient of PEC Wedge..............................23
3.3.1 Asymptotic 3-Dimensional Diffraction Coefficient

of PE C W edge............... ......... ........................................ 24
3.3.2 3-Dimensional Diffraction Coefficient of PEC Wedge

Using FDTD Method.............................................................27
3.3.2.1 Diffraction Coefficients of PEC Wedge

for 0'=150*, #'=700 , 0= 35 ....................................... 32

3.3.2.2 Diffraction Coefficients of PEC Wedge
for 0'=150*, 8'=700, 0 = 40 ....................................... 40

3.3.2.3 Diffraction Coefficients of PEC Wedge
for 0'=150', #'=70 0, 0= 45 ............ . . . . . . . . . . . . . . . . . . . . . .. 41

3.3.2.4 Diffraction Coefficients of PEC Wedge
for 0'=1500, 8'=700, 0 = 50*.......................................42

3.3.2.5 Diffraction Coefficients of PEC Wedge
for 0'=150*, #'=70 0 , 0= 60 ................................... 43

Vii



3.3.2.6 Diffraction Coefficients of PEC Wedge
for O'= 150*, 8'=70', = 700.......................................44

3.3.2.7 Diffraction Coefficients of PEC Wedge
for 0'=150*, #'=70', = 800.......................................45

3.3.2.8 Diffraction Coefficients of PEC Wedge
for 0'=150, p8'=70*, O= 1000.....................................46

3.4 3-Dimensional Diffraction Coefficient of Dielectric Wedges......................49
3.4.1 Diffraction Coefficients of Dielectric Wedge

for 0'=15 0 *, P'=700 , O= 350.................................................49

3.4.1.1 Diffraction Coefficients for Wedge
(E,,6o=100, 100) in 0= 35 .......................................... 49

3.4.1.2 Diffraction Coefficients for Wedge
(e,,o-=12, 0.1) in 0= 35 ............................................ 53

3.4.1.3 Diffraction Coefficients for Wedge
(E,,-=3, 0.01) in 0= 35 ............................................ 56

3.4.2 Diffraction Coefficients of Dielectric Wedge
for O'=150*, 8'=700, 0 = 400.................................................60

3.4.3 Diffraction Coefficients of Dielectric Wedge
for 0#'=150, 8#' =7,0 = 45 ................................................. 61

3.4.4 Diffraction Coefficients of Dielectric Wedge
for O'=150*, #'=70*, 0= 50*.................................................62

3.4.5 Diffraction Coefficients of Dielectric Wedge
for O'=1500, 8'=700 , 0#= 600.................................................63

3.4.6 Diffraction Coefficients of Dielectric Wedge
for O'=150*, 8'=700, = 700.................................................64

3.4.7 Diffraction Coefficients of Dielectric Wedge
for 0'=150*, 8'=700 , O= 80 ................................................. 65

3.4.8 Diffraction Coefficients of Dielectric Wedge
for 0'=1500, 8'=700 , O= 100 ................................................ 66

4. 2-Dimensional Diffraction Coefficient....................................................70
4.1 2-Dimensional Diffraction . .............................................. 70
4.2 2-Dimensional Diffraction Coefficient of PEC Wedge..............................71

4.2.1 Asymptotic 2-Dimensional Diffraction Coefficient of PEC Wedge.......71

4.2.2 2-Dimensional Diffraction Coefficient of PEC Wedge
Using FDTD method...........................................................73
4.2.2.1 Total Fields and Scattered Fields.....................................74
4.2.2.2 2-Dimensional Diffraction Coefficient of PEC Wedge

in Shadow Region III around Incident Shadow Boundary .......75
4.2.2.3 2-Dimensional Diffraction Coefficient of PEC Wedge

in Region II around Incident Shadow Boundary...................79

viii



4.3 2-Dimensional Diffraction Coefficient of Dielectric Wedge..................80

5. Conclusions and Future Work..............................................................85
5.1 Conclusions...............................................................................85
5.2 Future Work..............................................................................86

References ............................................................................................ 87

ix



LIST OF FIGURES

FIGURE PAGE

Figure 1.1 Yee unit cell in dimensions of Ax * Ay * Az ....................................... 2

Figure 1.2 Gaussian pulse..........................................................................5

Figure 1.3 Find the frequency f, for the maximum amplitude in spectrum

(f0 = 850MHz, /1= 32 time steps, At= 27.188ps)................................7

Figure 1.4 Waveform of modulated Gaussian pulse
(f0 = 850MHz, 8= 32 time steps, At= 27.188ps, A=1)..........................7

Figure 1.5 Analog Fourier transform I X (f) I of modulated Gaussian pulse

(fo= 850MHz, 8= 32 time steps, At= 27.188ps, A=1)...........................8

Figure 1.6 DFT I X (f) I of modulated Gaussian pulse
(f0 = 850MHz, 8= 32 time steps, At= 27.188ps, A=1)...........................9

Figure 1.7 Near zone to far zone transformation..............................................10

Figure 1.8 Geometry of the perfect conducting plate scatterer
inside the problem space.............................................................12

Figure 1.9 Far zone backscatter field from perfect conducting plate with normally
incident (from +z direction) Gaussian pulse plane wave by FDTD..........13

Figure 1.10 Far zone backscatter radar cross section from perfect conducting plate
with normally incident Gaussian pulse plane wave.............................13

Figure 1.11 Far zone co-polarized backscatter field for perfect conducting plate with
0 -polarized Gaussian pulse plane wave incident from 0 = 300, 0= 450 by
FDTD..................................................................................14

Figure 1.12 Far zone co-polarized backscatter radar cross section from perfect
conducting plate.................................................................14

Figure 1.13 Far zone cross-polarized backscatter field for perfect conducting plate with
0 -polarized Gaussian pulse plane wave incident from 0 = 30 , 0= 450 by
FD T D ---.. ---............. -.. -... -.-..................................................15

x



Figure 1.14 Far zone cross-polarized backscatter radar cross section from perfect
conducting plate.................................................................15

Figure 3.1 Diffraction around buildings........................................................19

Figure 3.2 Shadow regions and boundaries caused by diffraction..........................20

Figure 3.3 Edge-fixed coordinate system......................................................21

Figure 3.4 3-Dimensional diffraction cone.....................................................21

Figure 3.5 Ray-fixed coordinate system........................................................22

Figure 3.6 Geometry of the structure inside problem space to get diffraction coefficients
from O'=150*, 8'= 70* plane wave incidence.................................29

Figure 3.7 Scattered Fields Consideration from side view and top view..................30

Figure 3.8 Geometry of structure and problem space to get the diffraction coefficient for
0'=150*, #'= 70* and 0= 35 in R = 1.06m...................................32

Figure 3.9 9 -polarized incident modulated Gaussian plane wave inside the problem
space from #f, = 210* 0 , =1100 (fo= 850MHz, pulse width = 32 time
steps, At= 27.188ps, A =1V/m )....................................................32

Figure 3.10 Spectrum of the 9 -polarized incident modulated Gaussian plane wave... .33

Figure 3.11 Scattered field Ex at receiver from 9-polarized plane wave incident
on PEC wedge for 0= 350.................................................... 33

Figure 3.12 Scattered field Ey at receiver from 9 -polarized plane wave incident
on PEC wedge for 0= 350.........................................................34

Figure 3.13 Scattered field Ez at receiver from 9 -polarized plane wave incident
on PEC wedge for 0#= 350.........................................................34

Figure 3.14 Scattered field at receiver from 9 -polarized plane wave incident
on PEC wedge for 0= 350 ...... ............................ .................... 35

Figure 3.15 Extract the diffraction field from 9 -polarized plane wave incident
on PEC wedge for 0 = 350 using time-gating...................................35

xi



Figure 3.16 Spectrum of the diffraction field 9 -polarized plane wave incident

on PEC wedge for 0= 350.........................................................36

Figure 3.17 Comparison of soft diffraction coefficient D, from PEC wedge

for 0 = 35* by asymptotic and FDTD.............................................36

Figure 3.18 Scattered field Ex at receiver from 0 -polarized plane wave incident

on PEC wedge for 0= 35 ......................................................... 37

Figure 3.19 Scattered field Ey at receiver from 0 -polarized plane wave incident

on PEC wedge for 0#= 35 ......................................................... 37

Figure 3.20 Scattered field at receiver from 0 -polarized plane wave incident

on PEC wedge for 0#= 350................................................... . 38

Figure 3.21 Extract the diffraction field from 0 -polarized plane wave incident

on PEC wedge for 0= 350 using time-gating...................................38

Figure 3.22 Spectrum of the diffraction field 0 -polarized plane wave incident

on PEC w edge for 0 = 35 ......................................................... 39

Figure 3.23 Comparison of hard diffraction coefficient Dh from PEC wedge

for 0#= 350 by asymptotic and FDTD.............................................39

Figure 3.24 Geometry of structure and problem space to get the diffraction coefficient
for O'=1500 , 8'=70* and 0= 40 in R = 1.06m.............................40

Figure 3.25 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (#8'= 70*, O'=150 , 0=400) by asymptotic and FDTD.............40

Figure 3.26 Geometry of structure and problem space to get the diffraction coefficient
for O'=150*, 8'=70* and 0= 45 in R = 1.06m.............................41

Figure 3.27 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (,#'=70 , O'=150*, 0=45 ) by asymptotic and FDTD.............41

Figure 3.28 Geometry of structure and problem space to get the diffraction coefficient
for O'=1500, 8'=70 and 0=50 in R = 1.06m..............................42

xii



Figure 3.29 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (#8'=70 , O'= 150*, 0)=50*) by asymptotic and FDTD.............42

Figure 3.30 Geometry of structure and problem space to get the diffraction coefficient
for O'=150 ', #'=70* and 0= 60 * in R = 1.06m..............................43

Figure 3.31 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (/'=70 , O'=150*, 0#=60*) by asymptotic and FDTD.............43

Figure 3.32 Geometry of structure and problem space to get the diffraction coefficient
for O'=150', 8'=70 and 0=70 R = in 1.06m.............................44

Figure 3.33 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (,5'= 70 , O!'=150 , 0 =70*) by asymptotic and FDTD.............44

Figure 3.34 Geometry of structure and problem space to get the diffraction coefficient
for O'=150*, 8'=70 and 0=80 in R = 1.06...............................45

Figure 3.35 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (,5#'=70*, O'=150*, 0#=80*) by asymptotic and FDTD.............45

Figure 3.36 Geometry of structure and problem space to get the diffraction coefficient
for O'=150*, 8'= 70* and 0= 100 in R = 1.06m............................46

Figure 3.37 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (#8'=70*, O'= 150', 0 =100 ) by asymptotic and FDTD............46

Figure 3.38 Comparison of soft and hard diffraction coefficients at 850MHz
to different directions for PEC wedge at 1.06m (/5'= 70 , O'= 1500) by
asymptotic and FDTD..............................................................48

Figure 3.39 Comparison of soft and hard diffraction coefficients at 1.7GHz
to different directions for PEC wedge at 1.06m (/5'= 70, O'= 1500) by
asymptotic and FDTD...............................................................48

Figure 3.40 Diffraction field from 9 -polarized plane wave incident on wedge
(E,, 6 =100, 100) for 0= 350 using time-gating.................................50

Figure 3.41 Spectrum of the diffraction field from 9 -polarized plane wave incident
on wedge (E,, 6 =100, 100) for 0= 35 ................ . . . . . . . . . . . . . . . . . . . . . . . . . .50

xiii



Figure 3.42 Soft diffraction coefficient of wedge (E,,o 6=100, 100) for 0= 350 using

FDTD ................................................................................. 51

Figure 3.43 Diffraction field from 0 -polarized plane wave incident on wedge

(E,, =100, 100) for 0#= 350 using time-gating.................................51

Figure 3.44 Spectrum of the diffraction field from 0 -polarized plane wave incident

on wedge (E,, 6 =100, 100) for 0#= 35 .......................................... 52

Figure 3.45 Hard diffraction coefficient of wedge (E,, 0 =100, 100)

for 0#= 350 using FDTD............................................................52

Figure 3.46 Diffraction field from 9 -polarized plane wave incident on wedge
(E,, 6 =12, 0.1) for 0 = 350 using time-gating...................................53

Figure 3.47 Spectrum of the diffraction field from 9 -polarized plane wave incident
on wedge (E,,6=12, 0.1) for 0= 35 ............................................ 53

Figure 3.48 Soft diffraction coefficient of wedge (E,, a =12, 0.1)

for 0#= 350 using FDTD ........................................................... 54

Figure 3.49 Diffraction field from 0 -polarized plane wave incident on wedge
(E,, 6 =12, 0.1) for 0 = 350 using time-gating...................................54

Figure 3.50 Spectrum of the diffraction field from 0 -polarized plane wave incident
on wedge (E,,0=12, 0.1) for 0#= 35 ............................................ 55

Figure 3.51 Hard diffraction coefficient of wedge (E,, 0 =12, 0.1) for 0 = 350
using FDTD..........................................................................55

Figure 3.52 Diffraction field from 9 -polarized plane wave incident on wedge
(E,, o =3, 0.01) for 0= 350 using time-gating...................................56

Figure 3.53 Spectrum of the diffraction field from 9 -polarized plane wave incident
on wedge (e,, a =3, 0.01) for 0= 35 ............................................. 56

Figure 3.54 Soft diffraction coefficient of wedge (E,, o=3, 0.01) for 0= 350
using FDTD..........................................................................57

xiv



Figure 3.55 Diffraction field from 0 -polarized plane wave incident on wedge

(E,, o =3, 0.01) for 0= 350 using time-gating...................................57

Figure 3.56 Spectrum of the diffraction field from 0 -polarized plane wave incident

on wedge (E,, 6 =3, 0.01) for 0 = 35O..................................... 58

Figure 3.57 Hard diffraction coefficient of wedge (E,, 0 =3, 0.01) for 0#= 350
using FDTD..........................................................................58

Figure 3.58 3-Dimensional soft diffraction coefficient for four wedge types
for O= 35*................................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .59

Figure 3.59 3-Dimensional hard diffraction coefficient for four wedge types
for O= 35*............................................................................59

Figure 3.60 3-Dimensional soft diffraction coefficient for four wedge types
for 0 = 40 *............................................................................60

Figure 3.61 3-Dimensional hard diffraction coefficient for four wedge types
for 0 = 40* . ....... ... .................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

Figure 3.62 3-Dimensional soft diffraction coefficient for four wedge types
for 0 = 45 -........... ....... ........ .......................................... 6 1

Figure 3.63 3-Dimensional hard diffraction coefficient for four wedge types
for 0=45*............................................................................61

Figure 3.64 3-Dimensional soft diffraction coefficient for four wedge types
for = 50 ................................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

Figure 3.65 3-Dimensional hard diffraction coefficient for four wedge types
for O= 50 ............................................................................ 62

Figure 3.66 3-Dimensional soft diffraction coefficient for four wedge types
for O = 60 ............ . -......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

Figure 3.67 3-Dimensional hard diffraction coefficient for four wedge types
for O = 60*- - - - - -- - - - --. . . . . . . . . ..... ................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

Figure 3.68 3-Dimensional soft diffraction coefficient for four wedge types
for 0 = 70*-------------.. . . . . . . . . . . . . . . .  ............... . . . . . . . . . . . . . . . . . . . . . . . . . . .64

xv



Figure 3.69 3-Dimensional hard diffraction coefficient for four wedge types
for O= 70*................................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .64

Figure 3.70 3-Dimensional soft diffraction coefficient for four wedge types
for O = 80 *............................................................................65

Figure 3.71 3-Dimensional soft diffraction coefficient for four wedge types
fo r 0 = 8 0 *................................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .65

Figure 3.72 3-Dimensional soft diffraction coefficient for four wedge types
for O= 100 ........................................................................... 66

Figure 3.73 3-Dimensional soft diffraction coefficient for four wedge types
for O= 1000...........................................................................66

Figure 3.74 Comparison of soft diffraction coefficients at 850MHz to different
directions for four wedge types at 1.06m (,#'= 700, O'= 150') by
asymptotic and FDTD...............................................................68

Figure 3.75 Comparison of soft diffraction coefficients at 1.7GHz to
different directions for four wedge types at 1.06m (,#'= 700, O'= 1500)
by asymptotic and FDTD...........................................................68

Figure 3.76 Comparison of hard diffraction coefficients at 850MHz to different
directions for four wedge types at 1.06m (#'= 700, O'= 1500) by
asymptotic and FDTD...............................................................69

Figure 3.77 Comparison of hard diffraction coefficients at 1.7GHz to different
directions for four wedge types at 1.06m (#B'= 700, O'= 1500) by
asymptotic and FDTD...............................................................69

Figure 4.1 2-Dimensional diffraction disk......................................................70

Figure 4.2 TM and TE polarization in 2-dimensional diffraction...........................70

Figure 4.3 Asymptotic soft and hard diffraction coefficients at 850MHz all around
the wedge in 0.8m from 800 incidence.............................................72

Figure 4.4 Geometry of structure and problem space to get 2-dimensional diffraction
coefficient for O'= 800 and 0= 2630 in R = 0.8m...............................75

Figure 4.5 Diffraction field in TM polarization for O'= 800, 0 = 2630 in R = 0.8m....75

xvi



Figure 4.6 Spectrum of the diffraction field in TM polarization
for O'= 800 , 0 = 263* in R = 0.8m ................................................. 76

Figure 4.7 2-Dimensional soft diffraction coefficient of PEC wedge
for O '= 80 , 0 = 263* in R= 0.8m .................................................. 76

Figure 4.8 Diffraction field in TE polarization for O'= 80 , 0 = 2630 in R = 0.8m.....77

Figure 4.9 Spectrum of the diffraction field in TE polarization
for O'= 800 , 0 = 263* in R = 0.8m ................................................. 77

Figure 4.10 2-Dimensional hard diffraction coefficient of PEC wedge for O'= 800,

0 = 263 in R = 0.8m ............................................................... 78

Figure 4.11 Geometry of structure and problem space to get 2-dimensional diffraction
coefficient for O'= 800 and 0 = 2570 in R = 0.8m..............................79

Figure 4.12 2-Dimensional soft and hard diffraction coefficients of PEC wedge
for O'=800, 0 =257* in R =0.8m...............................................79

Figure 4.13 Diffraction field in TM polarization for O'= 800, 0 = 263 in R = 0.8m for
wedge (e,,6 =12, 0.1) .... -.-................................... .................... 80

Figure 4.14 Spectrum of the diffraction field from TM polarization for O'= 800,

0#= 2630 in R =0.8m for wedge (E,,0=12, 0.1)...............................81

Figure 4.15 2-Dimensional soft diffraction coefficient for O'= 800, 0 = 2630
in R = 0.8m for wedge (e,,6 =12, 0.1)...........................................81

Figure 4.16 Diffraction field in TE polarization for O'= 80 , 0 = 263 in R = 0.8m
for wedge (e,, 6 =12, 0.1)...................................................... 82

Figure 4.17 Spectrum of the diffraction field from TE polarization for O'= 800,

0= 2630 in R = 0.8m for wedge (E,, 6 =12, 0.1)...............................82

Figure 4.18 2-Dimensional hard diffraction coefficient for O'= 800, 0 = 2630
in R = 0.8m for wedge (e,,6 =12, 0.1)...........................................83

Figure 4.19 2-Dimensional soft diffraction coefficient for O'= 800, 0 = 2630
in R = 0.8m for wedges of PEC, (e,, 6 =100, 100) and (E,, u =12, 0.1).....83

xvii



Figure 4.20 2-Dimensional hard diffraction coefficient for O'= 80*, 0 = 263*
in R = 0.8m for wedges of PEC, (Er,=100,100) and (e,.,,=12, 0.1)......84

xviii



Chapter 1

Introduction

Finite Difference Time Domain (FDTD) Method is a time domain technique for

the solution of applications in electromagnetics. Using a signal pulse as the source, wide

frequency information can be extracted from the FDTD calculation after Fourier

Transform. This is extremely useful when resonant frequencies are not known exactly or

a broadband result is desired.

1.1 FDTD Method

Maxwell equations in linear isotropic medium govern the electrical and magnetic

fields in the propagation of electromagnetic waves:

dH

VxE VxH-6E (1.2)

In FDTD Cartesian coordinate system the curl operation can be expressed by

derivatives for E and H fields respectively.

dEY -d 1  (1.3)

V x E , = (dE - - ) (1.)dy dx

dE dE -
Sx E =( d- dy)z (1.5)
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dH dH - (
VxH =( Z _) (_.6dy d

VxH,= (dHdH)y (1.7)

VxHZ =H ( - )z (1.8)

Finite difference is applied for space and time derivatives which makes the calculations

implemented on a computer. The whole FDTD problem space is quantized by the unit

Yee cell in the rectangular volume containing interest physical structures [1].

x = iAx

y = joy

z = koz

z E,

EZ H,

Ex

(i,j1,k)e E4L.- y

x

Figure 1.1 Yee unit cell in dimensions of Ax * Ay * Az

The time domain is also discretized by time steps

t = nAt

The electric and magnetic fields on the Yee cells are represented by space and time

increments.
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H(x, y, z, t) -> H 2(i, j,k)

After all discrete operations, central difference approximations for space and time

df f(x+Ax/2,t)-f(x-Ax/2,t)

dx Ax

df f(x,t+At/2)-f(x,t-At/2)

d t At

are used for E and H fields respectively in Maxwell equations.

At the beginning of the calculation all fields and sources within the problem space

are zero. The six field components Ex and H, in every cell are updated time step by

time step in terms of the incident field, the initial value from last time step and the

adjacent scattered fields around it. Because of the half cell length interleaved by the E

and H fields the equations are processed in leap-frog manner: the E field is solved at a

given instant in time, then the H field is solved at the next instant in time.

1.2 FDTD Parameters

The FDTD calculation parameters are defined by the desired object and the

frequencies of interest [2].

1.2.1 Cell Size Ad and Time Step At

The choice of cell size Ad (Ax,Ay,Az) and time step At is desired by reasons of

accuracy and algorithm stability respectively.
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Ad should be small enough to ensure the accuracy of the computed spatial

derivatives of the electromagnetic fields and to permit resolution of the principal surface

or volumetric details of the structure modeled. It's required that Ad be less than -- of
10

the smallest wavelength corresponding to the highest frequency of interest. For problems

containing dielectric materials, the wavelength is shorter and the cell size Ad needs to be

smaller than that if only free space and perfect conductors were considered.

To maintain stability, waves can not propagate more than one cell per time step.

The Courant limit of time step size At for stability is [2,3]

At < (19
1 1 1

( 

VAx)2 + (Ay)2 + ((z)2

When the equality holds, the discretized wave can approximate the actual wave

propagation very closely. In most situations, more accurate results will not be obtained by

using smaller time step At [2]. If Ax = Ay = Az = Ad, the maximum time step in free

space with velocity of propagation v as the speed of light c is

Ad
At =

The highest valid frequency fmax and the smallest wavelength AM are

A m 10 -Ad 10, -At
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The total number of time steps T is estimated at lease for fields to get fully

interaction with the object after total propagation time T At is passed.

1.2.2 Plane Wave Source

Plane wave source begins outside the problem space and propagates through it.

The incident angle (0,9) according to scattering convention are taken as the angle the

incident wave comes from and not the angle of the propagation vector.

1.2.2.1 Gaussian Envelop

Gaussian envelop pulse f (t) = Ae-"

f (t)

A -------------------

0 fiAt 2#At t

Figure 1.2 Gaussian pulse

The span of the Gaussian pulse is 0 to 2#lAt. a is the attenuation factor. Pulse width #

is the number of time steps between the truncation value (e-' 6A in FDTD) and the

amplitude A at the center.

a(#At) 2= 16
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1.2.2.2 Modulated Gaussian Pulse

Modulated Gaussian Pulse is sinusoid at frequency fo with Gaussian Envelope

Ae-a 2 and time delay #OAt

f(t) = Aea(t1') 2 sin[2z7fo(t -,At)]

Assume the spectrum of the modulated Gaussian pulse is X (f )

I X(f) 1=1 ft[Ae-a 2 sin(2frfo t )] I

** 2  (ej 21rfor _e-2f fot=1 Ae-"' .e-j2 rf'dt
2]

-' 2

A 7 2(f-fof2 - (f+fo)f
= - [e a -e " ] (1.10)

The frequency f, corresponding to the maximum value in I X(f) I will be higher

than the modulated frequency fo.

d[IX(f)\]=0

df

4;r2
.fof

e a (fc-fo)= f+fA

4r2 fe 2f
e a =1+ (1.11)

fC -fo

If the modulated frequency fo= 850MHz, 8= 32 time steps, At= 2 7.188ps,

16
a= =2.1138x10 9

(#At) 2
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Find fc
25

i

472 f0 1
20 ____ e

............................. I

15 - -f

10-

00 0.5 1 1.5 2
Frequency(GHz)

Figure 1.3 Find the frequency fc for the maximum amplitude in spectrum

(f0 = 850MHz, 8= 32 time steps, At= 27.188ps)

The common value fc in left and right side (1.11) is about 1.2GHz. So the

modulated Gaussian pulse at modulated frequency of 850MHz will have about the same

level of energy at the left side 850MHz and the right side 1.7GHz.

Modulated Gaussian Pulse

0.8 -

0.6-

0.4 -

/
-0.42--

E\ 
/

-0.8 -\

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time(ns)

Figure 1.4 Waveform of modulated Gaussian pulse with Gaussian envelop
(f 0 = 850MHz, 8= 32 time steps, At= 27.188ps, A=1)
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From (1.10) to get the analog Fourier transform I X(f) I

x 10____0

1.6 1
1.4 ------- --- --- ----------.----- r------

S. -------..- ------ -------
0 .6--- -- - -...- - - - - - - - - - - - - - - - -- - - - - - - - -- - -

0 __ __
0.4 - -------- --------- - - - -- - ------ - - ----.

0. 2____ -- -- -- - -- -- - - - -------.. _...... - -----.

0

0 1 2 3 4 5
Frequency(GHz)

Figure 1.5 Analog Fourier transform I X (f) I of modulated Gaussian pulse
(f0 = 850MHz, #= 32 time steps, At= 27.188ps, A=1)

Because of the differencing characteristic all following spectrums are from Discrete

Fourier Transform (DFT) X (f) or Fast Fourier Transform (FFT). The difference

between analog and discrete Fourier Transform is a constant.

X(f)=At-X(f)

At is the sample interval as time step in FDTD.
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Spectrum of modulated gaussian pulse
6

5 ......---I - ---.--.---.-......... --.-.--...-.

4 -- - -.--..--- -. ----- - .. ...*..'**-*** - -..-... -

N I I

3 _- _. __ . ...... __.... .. ... _...-_"- ......____... _...._._... _....

I I

0
0 1 2 3 4 5

Frequence(GHz)

Figure 1.6 DFT I X (f) I of modulated Gaussian pulse

(fo= 850MHz, 6= 32 time steps, At= 27.188ps, A=1)

1.2.3 Boundary Condition

The absorbing boundary condition (ABC) simulates the effect of free space

beyond the boundary of the problem space with minimum reflection. The default

boundary condition in FDTD is a second-order stabilized radiation boundary. It could

work well when the scattered fields illuminate the outer boundary normally but not so

well as the incident angle moves away from normal and even worse for the scattered

fields around the corners of the problem space. The minimum free space between the

structure and outer boundary is 10 cells, although 15 of more are sometimes required for

accurate results.
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1.3 Scattering Application Using FDTD

Far field Radar Cross Section (RCS) response of scatterer is determined by near

zone to far zone transformation of equivalent scattering fields obtained in near zone

inside FDTD problem space [4,5].

1.3.1 Near Zone - Far Zone Transformation

Compute the near zone vector potentials on a closed six-sided rectangular surface

which is inside the problem space and fully surrounding the arbitrary-shaped scatterer

id 2
W(t)= { J (t+(r' r)/c-R/c)ds'} (1.12)

4ffRc at ,

1 d--
U(t)= 4Rc { Mr (t+(r'- r) / c-R c)ds'} (1.13)

S

-- ---------- r V-----I__

No Sources

Scatterer Zero Fields

Problem Space Problem Space

Figure 1.7 Near zone to far zone transformation

J, (t)= n x H(t), M, (t) = -n x E(t) are the time domain electric and magnetic scattered

surface currents from all cell face contributions on the closed surface S'. n is the surface

normal unit. R is the distance to the far zone point. r is the vector to the source point of
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integration on S'. r is the unit vector to the far zone point. The factor - is dropped
R

when showing the transient radiation pattern.

Obtain W and Us in Cartesian coordinate and transfer to spherical system

W, and U,, respectively for far zone angle (6,0)

W = W cos6 cos o+ W cos8 sin o - W sinG (1.14)

W = -W sin 0+ W, cos0 (1.15)

Far zone electric fields E0 and E. are obtained by

E, = -17W - Um (1.16)

E0 = -rW+ UB (1.17)

zJ is the impedance of free space.

1.3.2 Radar Cross Section (RCS)

Far field radar cross section 0 defines the power gain from the scatterer. In 3-

dimensional geometry,

i I fft(Escattered )12
-o =im 4R Ift(Eincident )12 (1.18)

1 1
From (1.12) to (1.17) the distance factor - in E field makes 2 in power and R will be

RR

suppressed in RCS expression of equation (1.18).
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1.3.3 RCS of Perfect Conducting Plate

Far zone backscatter fields and wideband RCS of perfect conducting plate by

plane wave illumination for different incident and scattering angles with co-polarization

and cross-polarization are considered [6].

Cell size Ad= lcm, time step At= 19.2ps, problem space is 60 x 60 x 40 cells,

perfect conducting plate is 29 x 29 x 1 cells located 9 cells above and parallel to the x-y

plane. Incident plane wave is Gaussian pulse with 1kV/m amplitude, pulse width '8 = 64

time steps. Use the default Liao absorption boundary condition.

z

40 ?

-my

x 60

Figure 1.8 Geometry of the perfect conducting plate scatterer
inside the problem space
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(1) Backscatter for normal incidence form +z direction ( 0 = 0 , 0 = 0 )

Phi polarized, Phi=O Theta=O degrees
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Figure 1.9 Far zone backscatter field from perfect conducting plate with normally

incident (from +z direction) Gaussian pulse plane wave by FDTD

Phi polarized, Phi=O Theta=O degrees
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Figure 1.10 Far zone backscatter radar cross section from perfect conducting plate with

normally incident Gaussian pulse plane wave
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(2) Backscatter for oblique incidence (# = 300, 9= 450)

Phi polarized, Phi=30 Theta=45 degrees
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Figure 1.11 Far zone co-polarized backscatter field for perfect conducting plate with 0 -
polarized Gaussian pulse plane wave incident from 0 = 300, 9= 450 by FDTD

Phi polarized, Phi=30 Theta=45 degrees
0 T

E

-10 - - -CO-40 ---

o

-50

0.-0 .... [Reference 6]

-70 __[This VOrk

2 1
I I

-0
-801 _____ S ___

0 0.5 1 1.5 2
Frequency(GHz)

Figure 1.12 Far zone co-polarized backscatter radar cross section from perfect
conducting plate
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Phi polarized, Phi=30 Theta=45 degrees
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Figure 1.13 Far zone cross-polarized backscatter field for perfect conducting plate with

0 -polarized Gaussian pulse plane wave incident from 0#= 30 , e = 45 by FDTD
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Chapter 2

Validation of Diffraction Coefficients from Electromagnetic Software

FDTD method applies numerical approach to compute scattering and radiation

fields inside the problem space. Use computer simulation to model the object shape and

define the parameters for research of interest.

2.1 Diffraction Field Calculation

The object will generate propagation waves depending on the medium inside and

around it. Corners and edges of the structure can create diffraction; Faces of the objects

and absorbing boundary of the problem space would create multiple reflection and

refraction.

Diffraction is important for communications between building canyons in urban

wireless environment. Different incident and diffraction directions could happen in 3-

dimensional and 2-dimensional diffraction. These data are useful for desire of terminal

and channel facilities.

To get diffraction coefficients from building wedges like roofs or edges, we can

obtain time domain diffraction fields through FDTD method. All possible waves will

reach the receiver after the short modulated Gaussian pulse illumination containing wide

frequency band information. Preliminary calculation is needed to confirm a long enough

time range that only the concerned wedge diffraction field exists. Other scattered fields

are desired outside the gating time to protect the diffraction field.
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2.2 Diffraction Coefficients Validation of PEC Wedge

Extract the diffraction field from the whole time domain calculation and use fast

Fourier transform for both incident and diffraction pulses we have the frequency domain

diffraction coefficients in wideband. Although diffraction is polarization sensitive same

structure and processing are applied for the cross polarization components. We can

compose the receiving fields from the cross-polarized directions according to the

diffraction coefficients if the characteristic of the incident field is known.

Uniform Theory of Diffraction is the analytical solution to validate the diffraction

coefficients of PEC wedge from FDTD method. It's the uniform expression for any

diffraction angles around the wedge without singularity problem.

2.3 Diffraction Coefficients of Building Wedges

The agreements of analytical and numerical methods of PEC wedges are the

foundation to extend the calculations for building material wedges by using FDTD

method which is not available from asymptotic expressions. Although the building height

and length are large scale, if the desire of the structure inside FDTD computing space can

separate the diffraction fields with high accuracy from corner diffraction at the ends of

the wedge and other possible scattering fields it doesn't need to model the real building

wedge geometry. This study deals primarily in diffraction in the illuminated region.

Buildings are made of conductor and dielectric materials. Permittivity and

conductivity for the building structural composition medium are variable parameters in

FDTD calculation.
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2.4 Experimental Validation

Experimental measurement is another method to validate the diffraction

coefficients of the measured wedge type. The receiving field is measured in real

condition so that the diffraction coefficients would be more practical and accurate.
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Chapter 3

3-Dimensional Diffraction Coefficient

3.1 Diffraction Phenomenon

In wireless communication environment, signal is propagating under the

shadowing of the buildings because of diffraction phenomenon that acts as an important

component in the urban communication mechanism [12].

Incident plane wave/A

Building 1 Building 2

Receiver

Figure 3.1 Diffraction around buildings

Diffraction is caused by the discontinuities of the surface or wedge where the

incident electromagnetic wave met. It can be explained by the Huygen's principle:

Each point on a primary wavefront can be considered to be a point source for the

production of secondary wavelets and that these wavelets combine to produce a new

wavefront in the direction of propagation.

Although the received signal strength decreases as the receiver moves into the shadowed

region without line of sight, only the diffracted fields will exist and usually have

sufficient strength to produce a useful signal. This study primarily considers the

illuminated region [14].
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Incident Plane Wave

ONfV~oaP~d,- "RSB

ISB

Figure 3.2 Shadow regions and boundaries caused by diffraction

The region illuminated by the incident field is referred to as the incident lit region,

otherwise is the incident shadow region which are separated by the Incident Shadow

Boundary (ISB). The reflected lit region and reflected shadow region are separated by the

Reflection Shadow Boundary (RSB). The diffraction fields are located around the wedge

in all regions.

E'+ E' + Ed Region I

E' = E' + Ed Region II

Ed Region III

E' is the total field, E' is the incident field, E' is the reflection field and Ed is the

diffraction field.

3.2 Coordinate System

3.2.1 Edge-fixed Coordinate System

Assume a plane wave is obliquely incident on a wedge,
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Figure 3.3 Edge-fixed coordinate system

e is the vector tangential to the wedge, s' is the direction vector of the incident plane

wave, #' is the angle between the source ray and the wedge, Q is the diffraction point on

the wedge , s is the diffracted ray vector to the receiver, #3 is the angle between the

diffracted ray and the wedge. The edge and the incident wave form the incident edge-

fixed plane. The edge and the diffraction wave form the diffraction edge-fixed plane.

Keller's law of edge diffraction shows: A diffracted ray and the corresponding

incident ray make equal angles with the edge at the point of diffraction, provided that

they are in the same medium. They lie on the opposite sides of the plane normal to the

edge at the point of diffraction.

Figure 3.4 3-Dimensional diffraction cone
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This law states that #=#', one incident ray will result in an infinite number of diffracted

rays lying on the cone around the wedge. In the case of plane wave oblique incidence on

the straight wedge, the diffracted rays will propagate along the parallel cones with the

wedge as their common axis.

3.2.2 Ray-fixed Coordinate System

Based on the edge-fixed coordinate system (e,s,s') we have ray-fixed coordinate

system (#,#',#,0') which makes the diffraction coefficients simplify to two scalars: soft

diffraction coefficient DS and hard diffraction coefficient Dh .

Figure 3.5 Ray-fixed coordinate system
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s' represents the propagation direction of the incident wave which is resolved into two

orthogonal polarized components #6' in the incident plane and 0' normal to the incident

plane. s represents the propagation direction of the diffraction wave which is resolved

into two orthogonal polarized components # in the diffraction plane and 0 normal to

the diffraction plane. 0' and 0 are the angles between the surface of the wedge to the

incident plane and diffraction plane respectively.

#'= O' x s'

# = x s

The incident and diffraction fields can be resolved into two orthogonal components from

the above definition

E' = E#' + E'0' (3.1)

Ed = E,3+ E; (3.2)

3.3 3-Dimensional Diffraction Coefficient of PEC Wedge

Uniform Theory of Diffraction (UTD) has accurate solution for diffraction

coefficients of PEC wedge without singularity problems but it's difficult to extend the

analysis for wedge composed of dielectric and imperfect conductor like building

materials. Numerical approach for diffraction coefficients using FDTD method is applied

for PEC wedge first. The agreement to the asymptotic expressions for PEC wedge is the

foundation to calculate diffraction coefficients of dielectric wedges.
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3.3.1 Asymptotic 3-Dimensional Diffraction Coefficient of PEC Wedge

The 3-dimensional diffraction coefficients of PEC wedge can be expressed by a 2

x 2 matrix using ray-fixed coordinate system.

Ed = E' -D -A(s) -e-'s (3.3)

D is the dyadic diffraction coefficient

D=-#3'-- D, -#'-# -Dh (3.4)

E' is the incident wave at the wedge, Ed is the diffraction wave at the receiving point, k

is the wavenumber of the medium, s is the distance from the diffraction point on the

wedge to the receiving point, A(s) is the spreading factor

A(s)= (3.5)
s(s+p)

p is the edge caustic distance. For straight wedge and plane wave incidence, p -* oo,

A(s) = - (3.6)
s

E,#+ E = (E ,#'+ E,), -(-3'-#3D, -0'-bD) - e- (3.7)

From the correspondent quantities in # and 0,

Ed = -DEi , e-k (3.8)

E = -DhE - e-4' (3.9)

24 _ . e-'' (3.10)
Ed 0 -Dh EO' s
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D, and Dh are scalar soft diffraction coefficient and hard diffraction coefficient when

soft and hard boundary conditions are used. D, is related to the parallel component on

the edge-fixed diffraction plane which is / polarized, while Dh is related to the normal

component to the edge-fixed diffraction plane which is 0 polarized.

Asymptotic diffraction coefficients of PEC wedge to make total fields continuous

at the incident and reflection boundaries are [7,8]

D 2 -e -j=i4 {cot[ +(0-01)]F[kL'a+(+-#')]
2n sin / 2n

+cot[ 2 ]F[kLa-(0- 0')]
2n

nI + (#+# ')

-cot[ ]F[kL'a+(0+O')]
2n

+cot 2n ]F(#+a#') +q5)

-cot[ 2n ]F[kL'"a-(#+0')]} (3.11)

2n
D+= cot[ +(0+0)]F[kL'a+(0 - ')]

2n

+cot[ it-( )]F[kL'a- (0 +0')] } (3.12)
2n
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Because plane wave incidence will have cylindrical wavefront for all diffraction rays

from straight wedge, distance parameters will be reduced to

= '= L'" = s- sin2 fi

2n+N* -Y
Associated function a (y) = 2cos 2 ( ) (3.13)

2

The interior angle of wedge a = (2- n) -r and the exterior angle is n'r. Use right angle

wedge to simulate general building wedges like the edges and roofs, apply a= 900,

3
n=-.

2

N is the integer which is most closely satisfied

2nNV - y = ir (3.14)

0 q' ,0 0 2,- r 0yp +' 3

r
0 y<-

2r (3.15)
1 Y>2-

If
2

N~= 0 -- 2 y< (3.16)
2 2

5;r
1 y2 2

0' -r N+ =0

and when 0 = 2;r- 0' N+ =1

n O' N- =0
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Transition function F(x) = 2ijxfe' e-dt (3.17)

1 1
2 jde' 2' [ 2- C(V) - j(2 - S(am))] x < 100

F(x)= 2 ..) <0 (3.18)
__3 _5_ 75

2x 4x2 8x3 16x4 x 100

c(x) = f cos(t2)dt (3.19)

s(x) = jifsin(t2)dt (3.20)

If the characteristic of the incident wave is known, we can have the # and 0 polarized

fields by D, and Dh using above equations and composite them for the diffraction

electric field at the receiving end according to the ray-fixed coordinate. The quantity

relationship between # and 0 polarization is usually changed so that the polarization

property of the diffraction ray will be different from the incident ray.

3.3.2 3-Dimensional Diffraction Coefficient of PEC Wedge Using FDTD Method

Diffraction coefficient can be found numerically by using FDTD method from

equations (2.3) and (2.6) for PEC wedge in frequency domain [10].

D = fft(E) -e"k" (3.21)
fft(E')

Illuminate the wedge with short pulse. Sample the fields at the observation point

according to the distance and direction and extract the diffraction wave from all other

field responses using time-gating. The Fourier transform gives the diffraction coefficient

over a wide range of frequency band.
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To find the diffraction coefficients including frequency components at 850MHz

and 1.7GHz in 1.06m distance around the wedge for oblique incidence of #'= 700,

0'=150 to right angle PEC wedge, define cell size Ax = Ay = Az = Ad = 1.41cm. The

valid frequency band will be fma = 2.12GHz although it will be more accurate at

850MHz (- = 25) than at 1.7GHz ( =12.5). The diffraction angles are 350, 400,
Ad Ad

450, 500, 600, 700, 800 and 1000 around the wedge [9].

We have known that the modulated Gaussian pulse plane wave at modulated

frequency fo = 850MHz with time step At = 27.188ps and pulse width 8 = 32 time steps

will have high enough energy at both 850MHz and 1.7GHz. In case of soft diffraction

coefficient D,, only field strength of diffraction ray at ~# direction and incident ray at

i' direction are concerned. In case of hard diffraction coefficient Dh, only field strength

of diffraction ray at 0 direction and incident ray at 0' direction are concerned. Let the

incident plane wave in #' or 0' polarization for D, or D respectively. If the wedge is

set parallel to the z-axis, #' and 0' in ray-fixed coordinate system will be parallel or

opposite to 9 or 0 polarization definition in spherical system so that it will be

convenient to specify the polarization of the incident plane wave.
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Figure 3.6 Geometry of the structure inside problem space to get diffraction coefficients
from 0'= 1500, 8'= 70 plane wave incidence

The cell numbers of the problem space are X, Y and Z, the cell numbers of the wedge

structure are x, y and z. PEC right angle wedge BC is formed by surface planes BCDE

and ABCW. Q is the point of diffraction on the wedge BC. Incident ray SQ is on the

incident plane BKHC. Observation point R and diffraction ray QR are on the diffraction

plane BMNC. 0' = Z HCD = 1500 is the incident angle between the incident plane

BKHC and wedge surface plane BCDE. #' = SQC = 700 is the angle between the

incident ray SQ and the wedge BC.

Ofdtd = 2100

Bfdtd =110

are direction of the incident plane wave S defined in FDTD.
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0 = / NCD = 350, 400, 450, 50, 600, 700, 800, 1000 is the diffraction angle between the

diffraction plane BMNC and wedge surface plane BCDE. # = Z RQB = 700 is the angle

between the diffraction ray QR and the wedge BC. Observation point R is in the distance

of IRQI = 1.06 m from the diffraction point Q. Absorbing boundary is Liao.

z
A F

y
E

R
Scattprer z

S C x

x

y Scatterer

Y

Ci x

Figure 3.7 Scattered Fields Consideration from side view and top view

The diffraction from wedge BC is the desired pulse, but there are other pulses to the

observation point R. (1) To separate the diffraction from wedge ED, x could not be small.

(2) To separate the diffraction from wedge AW or multiple diffraction from wedge AW

and BC (for some diffraction angles), y needs to be large enough. (3) To separate the
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diffraction from corner B and C, the height between BR and CR should be large enough.

Because the incident wave is from low to high R is not set in the middle of z but a little

higher to let top and bottom diffraction waves get to R almost at the same time. Based on

the ray solution from UTD, if the wedge diffraction field is separate from the corner

diffraction at the end of the wedge, the height of the structure is not necessary to be as the

whole building. (4) To avoid reflections from the walls parallel to ABCW and BCDE and

corner close to wedge BC of the absorbing boundary, put more enough free space

between the structure and the boundary for attenuation, time separation and better

absorption of boundary reflection. Other diffraction or reflection waves from corners,

wedges and surfaces of the structure and the boundary will come behind the above

waves. Satisfying these will take much memory, so every dimension of the structure and

problem space needs to be assigned reasonable. After making all other scattered fields

behind, the first pulse access to the receiver R will be the diffraction field from the

desired wedge BC.

Above are 3-dimensional views of the problem space and the structure. The

following geometry figures are all of top views for simplicity to show the cell numbers

inside and around the structure. 10 cells free space from the top and bottom surface of the

structure to the boundary are common for all 2-dimensional figures. Each geometry is

used for both soft and hard diffraction coefficients only the polarization of the fields is

different.
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3.3.2.1 Diffraction Coefficients of PEC Wedge for 0'=150 , 8'=70 , 0= 350

1) Soft Diffraction Coefficient D, for 0 = 350

X= 153 10

Y = 125 40

Z=280 125 35 58 50 10

x = 108

y =40 1500 4

z =260 R

R (93, 35, 186) x

153

Figure 3.8 Geometry of structure and problem space to get the diffraction coefficient for
O'=150 , #'=70* and 0= 35 in R=1.06m

Incident modulated gaussian pulse(Theta polarized)
0.5

0.4-

0.3-

0.2

> 0.1

00

- -0.1

-0.2

-0.3-

-0.4

-0.5
0 2 4 6 8 10

Ti me(ns)

Figure 3.9 0 -polarized incident modulated Gaussian plane wave

inside the problem space from #4 dtd = 2100 Og, =1100

(f0 = 850MHz, pulse width 8l= 32 time steps, At= 27.188ps, A=1 V/m)
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Spectrum of incident modulated gaussian pulse(Theta polarized)

4~~ ---.---- -- - - *---..-...--..--- -- - - - -

' -

Iii

011
0 1 2 3 4 5

Frequence(GHz)

Figure 3.10 Spectrum of the 6 -polarized incident modulated Gaussian plane wave

Save time domain waveforms E., E,, and EZ at the observation point R.

Scattered field Ex
0.08

0.06-

0.04-

> 0.02

0

Ca -0.02
U.)

-0.04

-0.06-

5 10 15 20
Time(ns)

Figure 3.11 Scattered field Ex at receiver from 6 -polarized plane wave

incident on PEC wedge for 0 = 350
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Scattered field Ey
0.06

0.04-

E 0.02-

0
V D

-0.02

-0.04-

-0.06
5 10 15 20

Time(ns)

Figure 3.12 Scattered field Ey at receiver from 6 -polarized plane wave
incident on PEC wedge for 0 = 350

Scattered field Ez

0.25-

0.2-

0.15

E0.1

v 0.05

0
2-0.05

-0.1

-0.15-

-0.2-

-0.25-

5 10 15 20
Time(ns)

Figure 3.13 Scattered field Ez at receiver from 6 -polarized plane wave

incident on PEC wedge for 0 = 35*

34



Use coordinate transformation from Cartesian to spherical system [13]

E, = Ex cos a cos o+ Ev cos sin O - E sin 6 (3.22)

Scattered field Etheta

0.25-

0.2-

0.15-

0.1
n 0.05

v 0
(0

-0.05

o -0.1

-0.15

-0.2-

-0.25-

5 10 15 20
Time(ns)

Figure 3.14 Scattered field at receiver from 9 -polarized plane wave
incident on PEC wedge for 0 = 350

Use time-gating to get the first pulse as the desired diffraction field from the wedge.

Gated diffraction field ETheta

0.25-

0.2-

0.15-

p0.1

v 0.05

V 0

-0.05

-0.1

-0.15

-0.2-

-0.25-

5 10 15 20
Time(ns)

Figure 3.15 Extract the diffraction field from 9-polarized plane wave incident on PEC

wedge for 0 = 350 using time-gating
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Spectrum of diffraction field
3 r

2.5

I E2i

- 1.5
EE

1 _ .. _ ._ _ _ . . _

I II

0.5

0
0 1 2 3 4 5

Frequence(GHz)

Figure 3.16 Spectrum of the diffraction field from 9 -polarized plane wave
incident on PEC wedge for 0 = 350

Apply equation (2.21) for each frequency to get the diffraction coefficients.

Diffraction coefficient(Ds) for phi=35 degrees
1-.

..... Ds(A$ymptotic of
0 .9 - - - - - - - - - - - - - - - - - - - - - -

equation 3.11)

0.8 ----.----- --. -..--- Ds(FDTD)_..

0.8

0.

0.

0 0.5 1 1.5 2
Frequency(GHz)

Figure 3.17 Comparison of soft diffraction coefficient D, from PEG wedge for #b= 350

by asymptotic and FDTD
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2) Hard Diffraction Coefficient Dh for 0= 350

Set the incident modulated Gaussian pulse plane wave in 0 polarization. The time

domain waveform and spectrum will be same as the 6-polarized pulse. Save scattered

fields Ex and Ey at the observation point R for hard diffraction coefficient Dh.

Scattered field Ex
0.15

0.1

, 0.05

a

a 0
0

a)

(0-0.05-

-0.1

5 10 15 20
Time(ns)

Figure 3.18 Scattered field Ex at receiver from 0 -polarized plane wave

incident on PEC wedge for 0 = 350

Scattered field Ey
0.15

0.1

0.05
v
a)
v 0

0

a)

0 -0.05

-0.1

5 10 15 20
Time(ns)

Figure 3.19 Scattered field Ey at receiver from 0 -polarized plane wave

incident on PEC wedge for 0 = 350
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Use coordinate transformation

E, = -E, sin 0+ E cos 0 (3.23)

Scattered field Ephi
0.2

0.15-

0.1

> 0.05-

0
0

C -0.05
0

-0.1

-0.15-

-0.2
5 10 15 20

Time(ns)

Figure 3.20 Scattered field at receiver from 0 -polarized plane wave

incident on PEC wedge for 0 = 350

Gated diffraction field EPhi
0.2

0.15-

0.1

> 0.05
v

- 0
0)

-0.05
Ul)

-0.1-

-0.15-

-0.2
5 10 15 20

ime(ns)

Figure 3.21 Extract the diffraction field from 0 -polarized plane wave incident on PEC

wedge for 0 = 350 using time-gating
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Spectrum of diffration field
2.5

.----- ------------ -------- -
m j

I ' I!~E 1

0. 1- --------- - ----------

0.5

0
0 1 2 3 4 5

Frequence(GHz)

Figure 3.22 Spectrum of the diffraction field from 0 -polarized plane wave

incident on PEC wedge for 0 = 350

Diffraction coefficient(Dh) for phi=35 degrees

...... Dh(Asymptotic of

elquation 3.12)

0.5 -- -Dh-F TD)....-- - - - --

0.45 ----20.45 ------

0

o .2 -- - - - - -- - - -

0!

0.2
0 05 1 15 2

Frequency(GHz)

Figure 3.23 Comparison of hard diffraction coefficient Dh from PEC wedge for 0 = 350

by asymptotic and FDTD
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3.3.2.2 Diffraction Coefficients of PEC Wedge for 0'=150", 8'=70", 0= 400

Y

X= 149 10

Y = 130 0

Z=300 130 40 54 45 10

x =99

y = 40 150 45

z = 280 R
35

R (94, 35, 210)
O 149 > x

Figure 3.24 Geometry of structure and problem space to get the diffraction coefficient
for O'=150 , #'=700 and 0= 40 in R=1.06m

Diffraction coefficient for phi=40 degrees
0 .8 -- - -- - -- - -- - - -_.-...._.._.._._-- -. _-._..-- - - - - _._-- -

_._Ds(Asymptotic equation 3.11)

0.7... . ... _. -___.. Ds(FDTD)........
.Dh(Asymptotic equation 3.12)

Dh(FDTD)
0.6 --- - - - --.-.--.-.-.--.--.- -

0.5---- --- -- - --

~0.3 --

0.2

S0.4 1

-----------------

0.3

00 0.5 1 1.5 2
Frequency(GHz)

Figure 3.25 Comparison of soft and hard diffraction coefficients for PEC wedge at

1.06m (/'= 70 , '= 150 , 0 =400) by asymptotic and FDTD
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3.3.2.3 Diffraction Coefficients of PEC Wedge for 0'=1500, 8'=700, 0= 450

y"

X = 143 10

Y= 138 4

Z = 300 138 40 50 43- 10

x = 93 45

y = 43 1500 50

z = 280 I
I R 35

R (90, 35, 210) R35

O 143 x

Figure 3.26 Geometry of structure and problem space to get the diffraction coefficient
for O'=150 , #'= 70 and 0= 45 in R=1.06m

Diffraction coefficient for phi=45 degrees
0.8 -.....- ---- -:-- --...........- .......

_._. Ds(Asyrnptotic equation 3.11)

0.7 -------------- __-Ds(FDT)--..........

....... Dh(Asymptotic'equation 3.12)'

0.

0 0.5 1 1.5 2
Frequency(GHz)

Figure 3.27 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (fl'=70 , #'= 1500, #=45o) by asymptotic and FDTD
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3.3.2.4 Diffraction Coefficients of PEC Wedge for 0'=150, 8'=70, 0= 50

10
X= 138 4= 45
Y = 144

Z 300 144 40 45 43 10
Z=3

x = 88 504
150 54

y = 45

z =280 R
35

R (85, 35, 210)
O138 ,________ x

Figure 3.28 Geometry of structure and problem space to get the diffraction coefficient
for O'=150, 8'=70 and 0= 50 in R=1.06m

Diffraction coefficient for phi=50 degrees
0.7

_._. Ds(Asymptotic equation 3.11)

06 -1- - -DsFDTD
.Dh(Asymptotic equation 3.12)
:Dh(FDTD)

0 0.4 ------.- -.-
0t

0

0.1...........-.*..._.......____.

0 05 1 15 2
Freq ue ncy(G Hz)

Figure 3.29 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (/J'=700 , #'= 150*, #b=50 ) by asymptotic and FDTD
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3.3.2.5 Diffraction Coefficients of PEC Wedge for 0'=1501, /i'=70 , 0= 600

Y0

X= 138

Y = 154

Z=30154 <-50 -+35 43 10 <
Z=300

x = 78 6 R

y = 48

z = 280 R

R (85, 35, 210) ,
138 x

Figure 3.30 Geometry of structure and problem space to get the diffraction coefficient
for O'=150 , #'=70 and 0= 60 in R=1.06m

Diffraction coefficient for phi=60 degrees

_._. Ds(Asymptotic equation 3.11)

0.6 --.--------- .. -.. --.-.... D s(E ID.)

Dh(Asymptotic equation 3.12)

t.4 - - --------..--..-

0
0 05 1 15 2

Frequency(GHz)

Figure 3.31 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m ( '= 700, '=1500, #=600) by asymptotic and FDTD
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3.3.2.6 Diffraction Coefficients of PEC Wedge for 0 =150", 8'=70", 0 = 70

10

X = 136

Y = 163
Z=30163 e-50 -++4 :: 52--- 10 <

Z=300

x = 76 150 700 66

y = 52

z=280 R

R (74, 35, 210) 35

138 , x

Figure 3.32 Geometry of structure and problem space to get the diffraction coefficient
for O'=150 , 8'= 70 and 0= 70 in R=1.06m

Diffraction coefficient for phi=70 degrees
0 .6 - - - ---- - ---- ---r --- - ---_--.---_.-- - ----.- ------.r------- -.-_- -_--.... .--

.__Ds(Asymptotic equation 3.11)
Ds(FDTD) .

........ Dh(Asymptoticequation 3.12)
_ _ Dh(FDTD)

>0.4 ---.--- ------ . -*-.-.-. - ----....

0

0 . . -_ _.._ _.. : ... .. ....__ ... ..... ..... ..... _ _. ... . .f. ._. . ._ _.._._.__.;

.1 0.

0. 1 I "Ii.--4

0
0 0.5 1 1.5 2

Frequency(GHz)

Figure 3.33 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (/3'= 70  '=150 , 0=700) by asymptotic and FDTD
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3.3.2.7 Diffraction Coefficients of PEC Wedge for 0'=150, ' '=70, 0= 80

10

X = 134
I 56

Y = 170 12

Z = 300 170 60 52 10

Z=300
x =64 09

1500 69

y=56i

z = 280
35

R (72, 35, 210)
134 x

Figure 3.34 Geometry of structure and problem space to get the diffraction coefficient
for O'=150, #'=70 and 0= 80 in R=1.06m

Diffraction coefficient for phi=80 degrees
~~~~~. .. ........ ...-.....-.-...__.._.Y-. .. _.....-_..... ... __.

Ds(Asymptotic equation 3.11)

0.5 . _ -.--.. --.- ---. ___ D s(FD.I D) .

Dh(Asyrnptotic equation 3.12)

~0.4 - - - .-- ....-.--- Dh(EDTD)L

03

0 0.5 1 1.5 2
Frequency(GHz)

Figure 3.35 Comparison of soft and hard diffraction coefficients for PEC wedge at
1 .06m (#3'= 700, q#'= 1500, # =800) by asymptotic and FDTD
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3.3.2.8 Diffraction Coefficients of PEC Wedge for 0'=1501, #'=70 , 0= 1000

y

10
X = 146

Y = 160 
51

160 64 - >10 <
Z= 300 _ 60 12

x = 64
00

y = 58 1500 69

z=280 R
23

R (60, 23, 210) 23

146 x

Figure 3.36 Geometry of structure and problem space to get the diffraction coefficient
for O'=150 , #'=70 and 0= 100 in R=1.06m

Diffraction coefficient for phi=100 degrees
0.5---

0. . Ds(Asymptotic equation 3.11)
0 .4 5 - - - - - - - - - - - - i - - - -

_ Ds(FDTD)
0.4 -- ---. Dh(Asymptotic equation 3.12)

0 0.35 --- -- ---- - -F -

I I

S0.3 ----- -- - -

0.35

0

iF 0.2-

0 .1 _ __ _._____.......

0 0.5 1 1.5 2
Frequency(GHz)

Figure 3.37 Comparison of soft and hard diffraction coefficients for PEC wedge at
1.06m (,3'=70 , #'=1500, 0=100) by asymptotic and FDTD
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Some mismatches are at the low and high frequencies.

" The asymptotic diffraction coefficients are more accurate in far field region. If d > A

is the far zone condition, for d =1.06m is f >283MHz. Also the incident modulated

Gaussian pulse doesn't have strong spectral content at lower frequencies to illuminate

the wedge.

* At high frequencies the accuracy for calculation is lower. The diffraction coefficients

at 850MHz are closer to the asymptotic than at 1.7GHz. To get the same level of

answer at 1.7GHz as at 850MHz the memory depending on the number of cells

should be doubled which could be not practical. Although the diffraction coefficients

at 1.7GHz have lower accuracy the data are still close to analytical results and valid in

FDTD frequency response.

Pick up the diffraction coefficients at frequencies most close to 850MHz and

1.7GHz while the frequency resolution Af is defined by time step At and the total

number of time steps T as

Af = 1 (3.24)

Connect the soft diffraction coefficients D, and hard diffraction coefficients Dh

respectively and compare with asymptotic for PEC wedge.
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Diffraction coefficients for different diffraction directions at 850MHz
0.6 T

S x.......x Asyrnpfotic
* + +FDTD

0 .5 - - - - - - - - - - - - - - - - -... _ ... «._ ._

0.5
CD I ___ e_ _

0.3 Dh....._.

! I I
~0.2

6 i " .. Ds

0.1 D

0
30 40 50 60 70 80 90 100 110

Diffraction angle(degrees)

Figure 3.38 Comparison of soft and hard diffraction coefficients at 850MHz to different
directions for PEC wedge at 1.06m (/3'= 700, O'= 1500) by asymptotic and FDTD

Diffraction coefficients for different diffraction directions at 1.7GHz

x.......x Asymp tic
'+ -FDTD

0.5

aQ4
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C 0.3
0

S0.2 ..........._.._

0.1 . . . D.
I I :Dh

0
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Diffraction angle(degrees)

Figure 3.39 Comparison of soft and hard diffraction coefficients at 1.7GHz to different
directions for PEC wedge at 1.06m (/3'= 700, O'= 1500) by asymptotic and FDTD
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3.4 3-Dimensional Diffraction Coefficient of Dielectric Wedges

Based on the agreement of diffraction coefficients for PEC wedge obtained using

FDTD method and the asymptotic equations, we can extend the wedges with practical

dielectric materials for diffraction coefficients that are not available analytically.

Diffraction is not scattering propagation inside the scatterer, the cell size is not

concerned to be smaller than in the free space for dielectric structure although the

wavelength of dielectric is shorter. And for above geometry of PEC wedges it takes much

time for the fields caused by internal propagation of the dielectric object to the

observation point. Use the same cell size and geometry as the PEC structures and change

the material properties (e,, u) to building components which depends on the

compositions

1. (100, 100)

2. (12, 0.1)

3. (3, 0.01)

E = EoE, is the permittivity of the medium with EO = 8.85x 10- 2 F/m. o is the

conductivity of the medium.

3.4.1 Diffraction Coefficients of Dielectric Wedge for 0'=150, 8'=70 , 0= 350

3.4.1.1 Diffraction Coefficients for Wedge (E,, u =100, 100) in 0 = 350

1) Soft Diffraction Coefficients DS for Wedge (E,, or =100, 100) in 0 = 350
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Gated diffraction field ETheta
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Figure 3.40 Diffraction field from 6 -polarized plane wave incident on wedge
(er, 6 =100, 100) for 0= 350 using time-gating

Spectrum of diffraction field
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Figure 3.41 Spectrum of the diffraction field from 9 -polarized plane wave
incident on wedge (e,, =100, 100) for 0#= 35*
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Diffraction Coefficient(Ds) for phi=35 degrees(permittivity=100, conductivity=100)

0.5

0.6---- --------- -- --------
E

0.45 ----- --------------- --

0.55__ ----____ I

00 0.5 1 1.5 2
Frequency(GHz)

Figure 3.42 Soft diffraction coefficient of wedge (er,,o-= 100, 100)

for b= 350 using FDTD

2) Hard Diffraction Coefficients Dh for Wedge (e,,o-=100, 100) in #~= 350

Gated diffraction field EPhi
0.2

0.15--

0.1 --

E

> 0.05--

Q

0)

-0.05 -

-0.1

-0.15 -

0.25 10 15 20
ime(ns)

Figure 3.43 Diffraction field from c-polarized plane wave incident on wedge

(E,,-= 100, 100) for #= 350 using time-gating
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Spectrum of diffraction field
2.5

i i

E
< 1 1

0.5 -

0
0 1 2 3 4 5

Frequency(GHz)

Figure 3.44 Spectrum of the diffraction field from 0 -polarized plane wave

incident on wedge (E,, a =100, 100) for 0= 350

Diffraction Coefficient(Dh) for phi=35 degrees(permittivity=100, conductivity=100)
0.5

Ii

0.45 -

0.4

'a 0.35 --- - - _ .. ..,----
E I
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0.2
0 0.5 1 1.5 2

Frequency(GHz)

Figure 3.45 Hard diffraction coefficient of wedge (e,,a =100, 100)

for 0#= 35* using FDTD
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3.4.1.3 Diffraction Coefficients for Wedge (E,, o =12, 0.1) in 0 = 350

1) Soft Diffraction Coefficients D, for Wedge (E,, o =12, 0.1) in 0 = 350

Gated diffraction field ETheta
0.2

0.15-

0.1-

> 0.05
m

0

C -0.05
0

U)

-0.1

-0.15-

-0.2
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Time(ns)

Figure 3.46 Diffraction field from 6-polarized plane wave incident on wedge
(Er, O =12, 0.1) for 0b= 350 using time-gating

Spectrum of diffraction field
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E
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E I
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Figure 3.47 Spectrum of the diffraction field from 6 -polarized plane wave
incident on wedge (Cr, U =12, 0.1) for = 35*
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Diffraction Coefficient(Ds) for phi=35 degrees(permittivity=1 2, conductivity=0.1)

0.7 -- - -- - - -

0. ------- ------- --------- ----- 

0 ..-3 ---------------------------- -------._ ._.. __ _. _. ..._ ._.. ._ .___ _.._ __ _. _. ..

0.2 - - - - ------ _..._------- ------- ..__.__.__._ ...... .. ...._._.....

Frequency(GHz)
Figure 3.48 Soft diffraction coefficient of wedge (Cr,, =12, 0.1)

for #b= 350 using FDTD

2) Hard Diffraction Coefficients Dh for Wedge (12, 0.1) in #b= 350

Gated diffraction field EPhi
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Figure 3.49 Diffraction field from c -polarized plane wave incident on wedge
(E,,J =12, 0.1) for = 35* using time-gating
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Spectrum of diffraction field
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Figure 3.50 Spectrum of the diffraction field from 0 -polarized plane wave

incident on wedge (E,,6 =12, 0.1) for 0= 35

Diffraction Coefficient(Dh) for phi=35 degrees(permittivity=12, conducti\4ty=0.1)
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Figure 3.51 Hard diffraction coefficient of wedge (e6 =12, 0.1)

for 0 = 35 using FDTD
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3.4.1.2 Diffraction Coefficients for Wedge (Er, 6 =3, 0.01) in 0 = 350

1) Soft Diffraction Coefficients D, for Wedge (Er, or =3, 0.01) in 0 = 350

Gated diffraction field ETheta
0.15
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- 0.05

0

-0.05C,)
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Figure 3.52 Diffraction field from 9 -polarized plane wave incident on wedge
(Er, =3, 0.01) for 0#= 350 using time-gating

Spectrum of diffraction field
1.5

I I
I I

1_---- -------------------------------------. -. --

0
0 1 2 3 4 5

Frequency(GHz)

Figure 3.53 Spectrum of the diffraction field from 9 -polarized plane wave
incident on wedge (e,, 6 =3, 0.01) for 0= 350
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Diffraction Coefficient(Ds) for phi=35 degrees(permittivity=3, conductivity=0.01)
0.4

0.35

I I
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0.2 --- '---------------- ------------ --
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Figure 3.54 Soft diffraction coefficient of wedge (e,, o =3, 0.01)

for 0 = 350 using FDTD

2) Hard Diffraction Coefficients Dh for Wedge (3, 0.01) in 0 = 35*

Gated diffraction field EPhi
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Figure 3.55 Diffraction field from 0 -polarized plane wave incident on wedge

(C,,J =3, 0.01) for 0 = 350 using time-gating

57



Spectrum of diffraction field
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Figure 3.56 Spectrum of the diffraction field from 0 -polarized plane wave

incident on wedge (.Cr, U =3, 0.01) for 0 = 350

Diffraction Coefficient(Dh) for phi=35 degrees(permittivity=3, conductivity=0.01)
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Figure 3.57 Hard diffraction coefficient of wedge (Er, a =3, 0.01)

for 0 = 350 using FDTD
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Compare soft and hard diffraction coefficients D, and D of the four wedge materials.

Diffraction coefficient(Ds) for phi=35 degrees
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Figure 3.58 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 350
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Figure 3.59 3-Dimensional hard diffraction coefficient for four wedge types for 0 = 350

59



3.4.2 Diffraction Coefficients of Dielectric Wedge for 0'=150*, 8'=70 , 0= 400

Diffraction coefficient(Ds) for phi=40 degrees
0.8

(PermittiNity,conductivity)
0 K....PEC

0 .7 - - - - - - - -- __ ___ _ ._ ._ _ _.._- - --- - - - -- __....._.. .. . - - - - - --........... _......

I ...... (100,;100)

0.6 . --..--- .- - . .
- - - (3, 0.01)

0

o -I--

I I

0.2... . .4 .......... . . .

----------- --- ----------------- --01--------........-.-.

0 0.5 1 1.5 2
Frequency(GHz)

Figure 3.60 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 400
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3.4.3 Diffraction Coefficients of Dielectric Wedge for 0'=150, 8'=70, 0 = 450

Diffraction coefficient(Ds) for phi=45 degrees
0.7

0 1 (Permittisityconductivity)
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Figure 3.62 3-Dimensional soft diffraction coefficient for four wedge types for # = 450
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Figure 3.63 3-Dimensional hard diffraction coefficient for four wedge types for 0 = 450
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3.4.4 Diffraction Coefficients of Dielectric Wedge for 0'=150o, 8'=70o, 0 = 500

Diffraction coefficient(Ds) for phi=50 degrees
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Figure 3.64 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 500
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Figure 3.65 3-Dimensional hard diffraction coefficient for four wedge types for 0 = 500
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3.4.5 Diffraction Coefficients of Dielectric Wedge for 0'=150', 8'=70o, 0 = 60*

Diffraction coefficient(Ds) for phi=60 degrees
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Figure 3.66 3-Dimensional soft diffraction coefficient for four wedge types for #b= 600
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Figure 3.67 3-Dimensional hard diffraction coefficient for four wedge types for 0 = 600
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3.4.6 Diffraction Coefficients of Dielectric Wedge for 0'=150*, 8'=70', 0 = 700

Diffraction coefficient(Ds) for phi=70 degrees
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Figure 3.68 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 700

Diffraction coefficient(Dh) for phi=70 degrees
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Figure 3.69 3-Dimensional hard diffraction coefficient for four wedge types for 0 = 700
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3.4.7 Diffraction Coefficients of Dielectric Wedge for 0'=150o, #'=70 , 0 = 800

Diffraction coefficient(Ds) for phi=80 degrees
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Figure 3.70 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 80
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Figure 3.71 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 800
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3.4.8 Diffraction Coefficients of Dielectric Wedge for 0'=150 , p'=70*, 0= 1000

Diffraction coefficient(Ds) for phi=100 degrees
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Figure 3.72 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 1000

Diffraction coefficient(Dh) for phi=100 degrees
0.25

(Permitvity,conductivity)
I_ PE(

0.2 ... (------------....------.-..- ......0 .. -.--

-.-.- (12, 0.1)
--- (3, 001)

LF 0 .1 5 ..-- -... ----------...- --_..««. ..----.............-....-.... -.

0

0 _ _ _ t

0 0.5 1 1.5 2
Frequency(GHz)

Figure 3.73 3-Dimensional soft diffraction coefficient for four wedge types for 0 = 1000
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Table 3.1 Soft diffraction coefficients in 1.06m of diffraction angles
for four wedge types (#B'=700, O'=150)

Theta Polarization (D, )
Diffraction 850 MHz 1.7GHz

Angle 0 PEC (100,100) (12,0.1) (3,0.01) PEC (100,100) (12,0.1) (3,0.01)

350 0.5183 0.5153 0.3700 0.2292 0.4734 0.4660 0.3913 0.2270
400 0.4387 0.4361 0.3056 0.1833 0.3721 0.3663 0.3014 0.1685
450 0.3750 0.3731 0.2552 0.1479 0.2987 0.2945 0.2383 0.1278
500 0.3252 0.3231 0.2154 0.1203 0.2477 0.2437 0.1942 0.0991
600 0.2587 0.2569 0.1622 0.0849 0.1869 0.1838 0.1412 0.0664
700 0.2168 0.2152 0.1290 0.0636 0.1518 0.1492 0.1114 0.0485
800 0.1893 0.1878 0.1072 0.0500 0.1307 0.1285 0.0934 0.0380
1000 0.1613 0.1593 0.0848 0.0362 0.1111 0.1079 0.0759 0.0278

Table 3.2 Hard diffraction coefficients in 1.06m of diffraction angles
for four wedge types (#B'=70 , O'= 1500)

Phi Polarization (Dh)

Diffraction 850 MHz 1.7GHz
Angle 0 PEC (100,100) (12,0.1) (3,0.01) PEC (100,100) (12,0.1) (3,0.01)

350 0.3816 0.3783 0.1409 0.0148 0.3695 0.3617 0.2124 0.0413
40 0.3041 0.3012 0.1169 0.0171 0.2690 0.2638 0.1590 0.0306
450 0.2463 0.2440 0.0986 0.0181 0.2026 0.1988 0.1228 0.0248

500 0.2025 0.2006 0.0845 0.0191 0.1580 0.1550 0.0982 0.0215
600 0.1475 0.1463 0.0665 0.0203 0.1085 0.1066 0.0706 0.0182

700 0.1159 0.1149 0.0559 0.0208 0.0832 0.0817 0.0561 0.0170

800 0.0965 0.0957 0.0496 0.0210 0.0687 0.0675 0.0480 0.0164

1000 0.0790 0.0784 0.0446 0.0218 0.0565 0.0555 0.0411 0.0167

For wedge (E,, 0 = 100, 100) in frequency band 0.1-2GHz

COE = (0.1-2)x10 9x co x100 = 0.56-11.1« = 100

is classified as a conductor and behaves similar to the PEC from above results.

For wedge (e,, 6 = 12, 0.1), ae = 0.067~1.33

and for wedge (,, 6 = 3, 0.01), we = 0.017~0.33

are classified as quasiconductor when E - and as dielectric when we >>a .
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We draw the following figures to compare the data from tables 3.1 and 3.2.

Diffraction coefficient(Ds) at 850MHz
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Figure 3.74 Comparison of soft diffraction coefficients at 850MHz to different
directions for four wedge types at 1.06m (#J'= 700, O'= 1500) by asymptotic and FDTD
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Figure 3.75 Comparison of soft diffraction coefficients at 1.7GHz to different directions
for four wedge types at 1.06m (/3'= 700, O'= 1500) by asymptotic and FDTD
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Diffraction coefficient(Dh) at 850MHz
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Figure 3.76 Comparison of hard diffraction coefficients at 850MHz to different

directions for four wedge types at 1.06m (/#'= 700, O'= 1500) by asymptotic and FDTD
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Figure 3.77 Comparison of hard diffraction coefficients at 1.7GHz to different

directions for four wedge types at 1.06m (/#'= 700, O'= 1500) by asymptotic and FDTD
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Chapter 4

2-Dimensional Diffraction Coefficient

4.1 2-Dimensional Diffraction

2-Dimensional diffraction is when the incident ray is perpendicular to the wedge

and geometry is invariant along the wedge dimension. The diffraction cone becomes a

disk and lies only on the normal plane to the wedge. It's simulated here using 3-D FDTD

code by setting #' =# - .
2

S,

Figure 4.1 2-Dimensional diffraction disk

We can just focus on this plane containing incident ray and all diffraction rays as

the x-y plane and set the wedge as the z axis.

TM

y TE 0'

Scatterer

x-y

, x

Figure 4.2 TM and TE polarization in 2-dimensional diffraction
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Using the ray-fixed coordinate system in 3-dimensional, ' and ,3 are in the z

direction and referred to as the TM polarization. 0' and 0 on the x-y plane, normal to

the incident and diffracted ray respectively, are referred to as the TE polarization. D, is

the soft diffraction coefficient for the # polarization in 3-dimensional and TM

polarization for 2-dimensional diffraction. Dh is the hard diffraction coefficient for the

0 polarization in 3-dimensional and TE polarization for 2-dimensional diffraction.

4.2 2-Dimensional Diffraction Coefficient of PEC Wedge

Numerical and analytical approaches can be compared with each other to validate

the FDTD calculated diffraction coefficients of PEC wedge.

4.2.1 Asymptotic 2-Dimensional Diffraction Coefficient of PEC Wedge

Because of 3 = 900, sin # = 1, distance parameters L = s, s sin2 8 = s. The soft

and hard diffraction coefficients become to

D = {cot[ ]F[ksa+(0 - 0')]
2n 2; k 2n

+cot[ ]F[ ksa-(0 - ')]
2n

-cot[ ]F[ksa+ (#+#')]
2n

-cot[ ]F[ksa-(0+0')]} (4.1)
2n
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Dh = {cot[ ]F[ksa+(# - 0')]
2n 2 nk 2n

+cot[ 2n ]F[ksa (0 -+')]

+cot [ + ] F [ksa(0+- ')]
2n

+cot[ ]F[ksa-(0+ 0')]} (4.2)
2n

Diffraction coefficients around the wedge
1 - - -- - - -- - - - ----.------- ___... .... __._

Dh
o #b= 257 ~ ~ ~~ ~ ~ ~

...... Ds
0.8 * 0 = 2630 -

0.7 - ----

____ 0. I I

. - --- - - - - - :-

0. -- -

0
0 50 100 150 200 250 300

Diffraction angle(degrees)

Figure 4.3 Asymptotic soft and hard diffraction coefficients at 850MHz all around the
wedge in R = 0.8m from O'=80* incidence

In the TM polarization case, diffraction coefficient D, approaches to 0 as the angle tends

to the surfaces of the wedge. This is because the tangential electric fields must be 0 on the

surface of the conducting wedge. The electrical fields normal to the surface for the TE

polarization components are not zero.
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4.2.2 2-Dimensional Diffraction Coefficient of PEC Wedge Using FDTD method

The diffraction coefficient in shadow region is of practical interest for diffraction

phenomenon. The incident plane wave is 800 from the surface of the wedge. Find the soft

and hard diffraction coefficients at 2630 and 2570 around the shadow boundary of 260 as

in Figure 4.3 for 2-dimensional normal incidence.

Ojdd =1000

Ojdtd = 900

The 3-dimensional FDTD software simulates the 2-D scatterer case inside the

problem space as the practical object and helps to get time domain waveforms. To create

a preliminary structure all possible coming fields and the time for them to arrive at the

receiver need to be considered. To save memory and time, it could be possible to make

some scattered fields next to the diffraction pulse reach the receiver at almost the same

time which are not concentrated outside time-gating range.

Ad 1
Define cell size Ax= Ay = Az = Ad = 1.41cm for -= at 1.7GHz, time step

A 12.5

At= 27.188ps. Incident Gaussian plane wave has modulated frequency fo= 850MHz,

pulse width # = 32 time steps lasting 1.74ns, amplitude A=1V/m. The observation point

R is 0.8m distance from the point of diffraction Q.

73



4.2.2.1 Total Fields and Scattered Fields

In the whole problem space of FDTD using scattered field formulation, the

electrical and magnetic fields are

E = E'"'" - Eincident + Escattered (4.8)

H = Htotal H incident + H scattered (49)

The total field is the scattered field added to the incident field. In the scatterer the

scattered fields are subject to the Maxwell equations for the specified medium while

outside the scatterer they satisfy the free space Maxwell equations. The incident fields

always propagate in free space throughout the problem space even passing through the

scatterer [2].

In incident shadow region behind the structure there is no incident field, the total

fields at the receiver will be the scattered fields. But equations (4.8) and (4.9) make the

total fields different from the scattered fields by the incident field. In incident lit region

there is incident field, the difference between the total fields and scattered fields is true.

So in the incident shadow region the total field is real scattered field. In incident lit region

the scattered field is the real scattered field in FDTD calculation.

For the above example, sample total electrical fields at 2630 diffraction angle and

sample scattered fields at 2570 for 800 incidence.
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4.2.2.2 2-Dimensional Diffraction Coefficient of PEC Wedge in Shadow Region III
around Incident Shadow Boundary

The 2-D case is simulated using FDTD 3-dimensional code.

Y

X = 142 15 80

Y= 116 80 2630

Z = 220 116 56 70

x = 80
+15

y =86 30 R

z = 200 7 40

R (102, 45, 110) , 5
C 142 x

Figure 4.4 Geometry of structure and problem space to get 2-dimensional diffraction
coefficient for O'=80 and 0= 2630 in R = 0.8m

1) 2-Dimensional Soft Diffraction Coefficient D, for O'= 80 , 0 = 2630

Gated diffraction field ETheta
0.15

0.1

E 0.05

a
a 0

n -0.05 -

-0.1

0 5 10 15
Time(ns)

Figure 4.5 Diffraction field in TM polarization for O'= 800, 0 = 2630 in R = 0.8m
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Spectrum of diffraction field
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Figure 4.6 Spectrum of the diffraction field in TM polarization
for #'=80 0 , #b=263* in R=O.8m

Diffraction coefficient(Ds) for phi=263 degrees
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Figure 4.7 2-Dimensional soft diffraction coefficient of PEC wedge for '=800,

O = 2630  in R = 0.8m
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2) 2-Dimensional Hard Diffraction Coefficient Dh for O'= 80 , 0= 263*

Gated diffraction field EPhi

0.2-
E

a)

a)
0

-0.2

0 5 10 15
Time(ns)

Figure 4.8 Diffraction field in TE polarization for O'= 80*, 0 = 2630 in R = 0.8m
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Figure 4.9 Spectrum of the diffraction field in TE polarization

for O'=80, 0#=263 in R =0.8m
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Diffraction coefficient(Dh) for phi=263 degrees

.... Dh(Asymptotic equation 4.2)

__Dh(FDTD) f

0.9 - --
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0.40

0.6

0 .5 .................. ... <
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0 0.5 1 1.5 2
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Figure 4.10 2-Dimensional hard diffraction coefficient of PEC wedge
for O'=80 , 0=263* in R =0.8m

The quantization error exits in terms of the angle of the observation point and the

distance from the wedge. When the diffraction angle is close to the wedge surface or the

distance is close to the point of diffraction on the wedge, two cells in the neighbor would

have differences about the angle and distance value. When the observation point is

around the shadow boundaries little diffraction angle difference would make the

diffraction coefficients changed rapidly. Define smaller cell size can improve this error.
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4.2.2.3 2-Dimensional Diffraction Coefficient of PEC Wedge in Region II around
Incident Shadow Boundary

X = 148 15 80

Y= 116 257

Z = 220 116 55 13

x = 80
15+

y =486 0

z = 200

R (108, 46, 110)
O : 148 0 x

Figure 4.11 Geometry of structure and problem space to get 2-dimensional diffraction
coefficient for O'= 80 and 0 = 2570 in R = 0.8m
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Figure 4.12 2-Dimensional soft and hard diffraction coefficients of PEC wedge

for O'= 800, 0= 257 in R = 0.8m
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4.3 2-Dimensional Diffraction Coefficient of Dielectric Wedge

From the geometry of figure 4.6 to get diffraction coefficients at 0 = 2630 in 0.8m

from 800 incidence, the internal scattering fields won't reach the receiver for wedge

material (E,,o=12, 0.1) and the attenuation constant is very large for structure material

(Cr, =100, 100) as a conductor. The geometry is not changed to get diffraction

coefficients at the receiver for these types of wedges. Sample total electrical fields in this

incident shadow region.

1) 2-Dimensional Soft Diffraction Coefficient of Wedge (Er,, =12, 0.1) at O'= 800,

0= 2630

Gated diffraction field ETheta
0.15

0.1

E 0.05

-0.1-

0 5 10 15

Time(ns)

Figure 4.13 Diffraction field in TM polarization for O'= 80 , 0= 263* in R = 0.8m for

wedge (E,., 6 =12, 0.1)
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Spectrum of diffraction field
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Figure 4.14 Spectrum of the diffraction field from TM polarization
for !'=80*, #=263* inR= .8mforwedge (e =12,0.1)

Diffraction Coefficient(Ds) for incident phi=263 degrees(permittivity=1 2, conductivity=O.1)
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Figure 4.15 2-Dimensional soft diffraction coefficient for '=800, t= 263

in R = 0.8m for wedge (eE, =12, 0.1)
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2) 2-Dimensional Hard Diffraction Coefficient of Wedge (E,, o =12, 0.1) at O'= 800,
0= 2630

Gated diffraction field EPhi
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Figure 4.16 Diffraction field in TE polarization for O'=80, 0 = 263* in R = 0.8m for

wedge (er,a =12, 0.1)
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Figure 4.17 Spectrum of the diffraction field from TB polarization

for '= 800, b= 263* in R = 0.8m for wedge (er,, =12, 0.1)
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Diffraction Coefficient(Dh) for incident phi=263 degrees(permittivity=12, conductivity=0.1)
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Figure 4.18 2-Dimensional hard diffraction coefficient for O'= 800, 0 = 2630

in R = 0.8m for wedge (E,, T =12, 0.1)

Compare the soft and hard diffraction coefficients with PEC, conductor and dielectric

wedges.

Diffraction coefficient(Ds) for phi=263 degrees
0.4 r

(Permittkiity,conductivity)

0.35 ___PFG
(100,100)

0.3 t

0.2

.YO.15 -~ ~

, 0 .1 5 ~~._ . ... .. _. 3 __ -~ ._..~_ ._ ~~_
00.0

0 0.5 1 1.5 2
Frequency(GHz)

Figure 4.19 2-Dimensional soft diffraction coefficient for O'= 800, P = 2630

in R = 0.8m for wedges of PEC, (E,, 6 =100, 100) and (E,, =12, 0.1)
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Diffraction coefficient(Dh) for phi=263 degrees
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Figure 4.20 2-Dimensional hard diffraction coefficient for O'= 800, 0 = 2630

in R = 0.8m for wedges of PEC, (Er,.,a =100,100) and (Er, =12, 0.1)
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Numerical calculations of diffraction coefficients using FDTD method are

presented for PEC, conductor and dielectric right angle wedges.

Geometries of PEC structure and problem space are shown for 3-dimensional and

2-dimensional diffraction. The purpose of the geometry is to get a far field equivalent

diffraction pulse from the wedge separated from all other scattered fields. When using

Fourier transform the results of soft and hard diffraction coefficients in wide frequency

band are close to the analytical solutions from Uniform Theory of Diffraction illustrated

by above cases.

Results presented here are primarily limited to diffraction in the lit region. Based

on the agreements of using FDTD method to the asymptotic expressions for PEC wedges,

applying the same structures and extending the wedge properties (Er, -) to some types of

conductor and dielectric materials for diffraction coefficients of building wedges will

have quite feasibility. Data for different wedge types are collected particularly at

frequencies of 850MHz and 1.7GHz used in wireless communication applications.
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5.2 Future Work

Experimental measurement can obtain accurate time domain diffraction fields to

validate diffraction coefficients of PEC wedge with asymptotic using good conductors.

The dielectric diffraction coefficients using FDTD method without analytical comparison

could be validated by measurements.
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