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ABSTRACT

The three dimensional (3-D) uniform geometrical theory of diffraction (UTD)
solution in this dissertation is developed from the exact 3-D Green's functions to predict
the electromagnetic wave (EM) scattered from a 3-D smooth curved impedance surface.
Unlike the original UTD solution for a perfectly electric conductor (PEC) curved surface,
the proposed exact solution of the 3-D Green's functions and the proposed 3-D UTD
solution are constructed from the impedance surface boundary condition (IBC) of the
impedance cylinder problem. Moreover, the modified 3-D UTD solution is also
developed to predict the EM wave scattered from the impedance cylinder. The proposed
modified 3-D UTD solution is based on heuristically modifying the original 3-D UTD
solution for the corresponding smooth convex PEC scattering problem. The Pekeris-
integral function or called Fock-type integral function in the 3-D UTD PEC solution is
replaced by the two dimensional (2-D) impedance Fock-type integral function.
Surprisingly, it is found that the 3-D UTD solution based on the exact closed form
solution of the 3-D Green's functions can be reduced into the modified 3-D UTD

solution.
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In contrast to the PEC case in which the PEC Fock-type integral function can be
approximated using large/small argument approximation and tabulation technique, the
Fock-type integral function for the impedance case must be numerically computed. The
results from the modified 3-D UTD solution show good agreement with the independent
solution from commercial software.

The application of the proposed 3-D UTD solution is also demonstrated. In this
dissertation, the proposed theoretical path-loss prediction procedure and the measured
results of the EM wave propagation in an orchard environment are presented. The path-
loss prediction of the pre-harvesting WSN system in a durian (Durio zibethinus Murray)
orchard is chosen to be an example of this study. The proposed 3-D UTD scattering
solution for a curved impedance surface is employed for theoretical path-loss prediction.
The orchard scenario is modeled using a canonical geometries of the UTD method, such
as a dielectric flat surface and a cylindrical structures with an impedance surface to
respectively represent the ground and trees. Moreover, since the wireless sensor node is
attached to the outside peel of a hanging durian fruit, the fruit partially acts as a wireless
sensor node (i.e. source). Therefore, to obtain greater accuracy in the source radiation
pattern, the Gaussian beam (GB) expansion via the complex source point (CSP)
technique is used for source modeling. The path loss prediction from the proposed
numerical procedure and the measured results are in good agreement. The proposed
numerical procedure to predict the path loss from actual scenario of the orchard is also
useful for network planning, such as the pre-harvesting WSN system and other orchard

scenarios.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Objective

Wireless Sensor Network (WSN) basically consists of the distributed sensor
nodes and the communication nodes which aims to detect some important data [1] such
as temperature, humidity, pressure and pollutant conditions in an environmental detection
systems. Moreover, sound, vibration and motion detection of the security system and also
in military applications, the WSN is increasingly employed. The WSN topologies are
shown in Fig. 1.1. The sensor nodes in the sensing areas transfer the detected data to the
monitor station via the sensor nodes itself and/or the communication/routing nodes.
Recently, the WSN is increasingly used in forest environment applications. For example,
the real-time forest fire detection, the humidity detection and the water level detection
systems are presented in [2] and [3]. The pre-harvesting systems in the orchard is
presented in [4]. The drawing of the interested orchard problems are shown in Figure 1.2.
The WSN for the wind turbine farm [5] and in the oil tanks farm are shown in Fig. 1.3(a)
and (b) respectively, is applied in the security system to monitor status of the turbines and
the oil tanks. The communication routes of the WSN are depended on the communication
protocol. In the network planning procedure, the proper locations of both sensor and
communication nodes are depended upon the signal strength at each setup location. In
practice, the network planning step requires a knowledge of the channel characteristic,
namely, the field strength everywhere in the communication area. Generally, the field

strength in the sensing area or called the path-loss can be predicted using:

¢ Empirical models for predicting the path-loss are constructed from measurement
path-loss data in real environments [6]-[10],
¢ Numerical methods such as finite difference time domain (FDTD), finite integral

technique (FIT) [11], Method of Moments (MoM), and other,
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Chapter 3 presents an analysis of three dimensional (3-D) EM wave scattered
from an impedance cylinder. The subsections consist of the derivation details of the exact
solution based on 3-D Green's functions, the asymptotic and the UTD solution of EM

wave scattered from an impedance cylinder. The development of the z-polarized electric

current source J, and the magnetic current source M, excitations (i.e. along axis of the

cylinder) are focused.

Chapter 4 presents the heuristic development of the modified 3-D uniform
geometrical theory of diffraction (UTD) scattering solution for an impedance cylinder.
The concept of heuristically modified 3-D UTD solution will be described. In the detail
of this chapter, the classical 3-D UTD solution for EM wave scattered from perfectly
electric conductor (PEC) cylinder will be summarized. The modified 3-D UTD solution,
the accuracy and limitation of the modified 3-D UTD solution will be illustrated.

Chapter S presents the application of the proposed 3-D UTD solution. The path-
loss of wave propagation prediction in an orchard of the WSN system using the proposed
3-D UTD solution is also demonstrated. The path-loss prediction procedure is constructed
by using the proposed 3-D UTD solution. Source (i.e. antenna is attached on durian fruit),
ground and tree bark modeling will be deeply described. In the last subsection, the
advantages and the limitation of the path-loss prediction procedure will be concluded.

Chapter 6 the conclusion of this dissertation and the remark for future work will
be discussed.

It should be noted that in this work all fields are assumed with ¢/@' time

dependence and suppressed throughout.



CHAPTER 2

PATH-LOSS PREDICTION AND
ELECTROMAGNETIC (EM) WAVE SCATTERED
FROM AN IMPEDANCE CYLINDER

2.1 Introduction

In chapter 1, the objectives and the motivation of this dissertation are mentioned.
In this chapter, the literature reviews of the path-loss predictions including the advantage
and the disadvantage of those methods will be summarized. Especially, the theoretical
development of the classical UTD solutions for EM wave scattered from a perfectly
electric conductor (PEC) and an impedance cylinder of the previous works will be

summarized in this chapter.

2.2 Brief of the Path-loss Prediction Methods

The demand for wireless communication systems, such as the mobile phone
systems and Wireless Sensor Network (WSN), have been continuously increasing due to
their wireless connection advantages [1]-[S]. For the network planning, every
WSN/mobile phone applications require its specific propagation channel characteristic.

Methods are used to predict the path-loss are as follows:

2.2.1 Empirical Models
Empirical models for predicting the path-loss are constructed by using a
measurement path-loss data in an actual environment (i.e. data collection). For instance,
the classical Okumura-Hata and COST 231 models are used for a mobile phone
application in a large communication area with very high transmitting antennas and tall
obstacles in the line-of-sight path and other [6]-[7]. In the forest environment such as
COST 235, Weissberger models are used [8]-[10]. In table 1, the several empirical

models are summarized.



Table 1. Summary of the several empirical models [6]-[10]

Models

Constrains

Scenarios

Frequency :150 to 1920 MHz
Mobile antenna height: 1 to
10 meters

In city with not many

Okumura-Hata :

e Base station antenna height: Z?&:tlsfgng
model for Urban 30 to 1000 meters was constructed from
Areas e Not many tall blocking the data of Tokyo

structures Japan

e Link distance: 1 kmto 100 ’

km

e Frequency: 1.5 to 2.0 GHz

e Mobile Antenna Height: 1 up
COST 231-Hata- to 10m .

In city

Model

Base station Antenna Height:
30m to 200m

Link Distance: 1 to 20 km

Ground reflection

Two-ray e Frequency: no specific such as concrete,
e Without blocking structures grass or general
grounds
COST 235 e Frequency: 9.6 to 57.6 GHz Forest
o Link Distance: <200 meters
. e Frequency: 0.230 to 95 GHz Foliage. vegetation or
Weissberger e Depth of Foliage: up to 400 f ge, veg
orest
meters
ITU-R (ITU
Vegetation e Frequency: 0.3 to 3.0 GHz Foliage, vegetation or
e Link Distance: <400 meters forest
Model)
e Frequency: 1 to 100 GHz
Chen and Kuo

Link Distance: 10 to 100
meters

Forest environment

However, most of the empirical models are dependent upon scenarios. For

instance, the two-ray model is valid for use in the case of strong reflection from the

ground, and the Weissberger model can be used in the forest setting to predict the path

loss of wave propagation. Besides, Chen and Kua propose a model using

vertical/horizontal polarizations for a forest. In such WSN applications, the transmitted

power of WSN systems is very low, thus the coverage area being relatively small. The




transmitting antennas are located a few meters above the ground and the geometries of
the environment such as buildings and ground have strong effects on the receiving power
at the receiving points. As such, the wave propagation prediction requires a more
accurate method to predict the signal strength in its respective scenario.

An efficient method for the wave propagation prediction is the high frequency
method such the uniform geometrical theory of diffraction (UTD) [6],[7], [12]-[35] (i.e.,
analytical solution) while numerical methods are less efficient or unsuited to the
propagation problems because the computation domain of the latter is very large in
comparison with the electrical wavelength. In addition, the UTD method provides the
physical insight that allows one to quantitatively and separately study the effects of field
types at the observation point, while numerical methods require more efforts to extract
the propagation mechanisms such as that presented in [11]. Unlike the empirical model,
the analytical solution does not require any measured path-loss data to construct the path-
loss model of each scenario. Only the actual geometries such as the positions, the
diameters of a trees/oil tanks/wind turbine, and properties of the ground are required in

the analytical procedure.

2.2.2 Numerical Methods

Generally, the numerical methods are unsuited to solve the large scattering
problems, for instance, the Finite Difference Time Domain (FDTD), Finite Integral
Technique (FIT) [11], Method of Moments (MoM), and others. The main issue is a
computer resource and a computational time. The numerical methods require
dramatically large memory (RAM) and high performance CPU such as a server computer
machine. It is difficult to solve by using the general personal computer (PC). Moreover,
the numerical methods do not provide the physical insight into the results. The effect of

each field components cannot be studied separately.

2.2.3 High Frequency Techniques
The high frequency technique (i.e. deterministic or analytical models) such as the
uniform geometrical theory of diffraction (UTD) is useful in the EM field prediction of

the propagation problems [12]-[35]. Those solutions are based on the ray approximation
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technique. The UTD method can analyze the EM fields everywhere in the considered
area. The actual environment can be modeled using the canonical shapes, and then the
path-loss can be predicted using the UTD solution. Unlike the summation of the eigen
functions of the classical exact closed-form solutions [32]-[35], the UTD provides high
accuracy at moderate to high frequency when the summation of the eigen functions is
unsuited (very poorly convergent) as explained in [19]. The UTD solutions for the EM
wave scattered from wedge, corner and vertex are usually employed to calculate the field
strength in the radio wave propagation prediction of the mobile phone/wireless LAN
systems [6], [7], [12]-[14]. The buildings are mapped into the UTD models, and the ray
tracing is essentially used to find the ray paths. Moreover, the curved surface problems
require the specific UTD solutions. The 2-D UTD solution for PEC curved surface was
presented in [17] and 3-D case was presented in [18]. The UTD solution for EM wave
scattered from curved surface is widely used in many propagation problems such as the
UTD solution for multiple rounded surfaces to model the roof top of the building by the
curved PEC surface that is proposed in [14]. In addition, a conducting cylinder for
modeling human body presence in indoor propagation channel is presented in [15]. The
path loss prediction in Durian orchard by using the UTD is presented in [16] under the
assumption that the Durian trees are the PEC cylinders. However, the PEC surface model
is efficiently used for only the case of strong reflection and diffraction from the obstacle
such as building, wall and ground which are usually made from concrete or metal.
Therefore, to model a trees, short-grass ground, and soil ground in the orchard scenario,
the radio wave propagation prediction models require the UTD solutions with an

impedance surface instead of the PEC surface.

2.3 Historical Development of the UTD Solution for EM Wave Scattered from an
Impedance Cylinder

The classical 2-D UTD scattering solution for a PEC curved surface was
presented in [17]. The 2-D UTD scattering solution for the impedance curved surface was
presented in [25]-[27] using the same manner of the classical 2-D UTD solution [17].
However, the 2-D UTD solution for the impedance curved surface does not support in 3-

D scenario. The 3-D UTD solution for the PEC curved surface was presented in [18]. The
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solution was constructed from the 2-D solution [17] with different spreading factors,
incident ray, reflected ray and diffracted ray terms. The solution contains:
¢ Lit zone (Line-of-sight)
o Incident field at observation point.
o Reflected field.
o Diffracted fields from two sides of the cylinder.
The reflected field contains the incident field at the surface multiplied by reflection
coefficient and reflected ray term. The diffracted field contains the incident field at the
diffraction point multiply by the transmission coefficient and diffracted ray term.
e Shadow zone
o The diffracted field contains the incident field at the diffraction point

multiplied by the transmission coefficient and diffracted ray term.

The classical 2-D UTD scattering solution for a PEC curved surface [17] and the
classical 2-D UTD scattering solution for the impedance curved surface [25]-[27], the
solutions are constructed from the summation of Bessel and Hankel functions of the
classical eigen solution with plane wave excitation. The Watson transformation [17] is
employed to change the summation to the integrals, and then the steepest decent path
(SDP) method is employed to asymptotically evaluate the integrals. Finally, the 2-D
Fock-type integral functions are remained in the diffraction coefficient. For the PEC case,
the remaining term of PEC Fock-type integral function can be computed by using the
large/small approximation and interpolation in some regions. Conversely, the 2-D
impedance Fock-type integral function requires the numerical integration. A numerical
scheme to compute the 2-D impedance Fock-type integral function was proposed in [36]
by deforming the new contour of the integral together with the Fourier quadrature

numerical integration.

2.4 Summary

According to the previous section, the disadvantages of the empirical models for
predicting 'the path loss of the WSN system are mentioned. Moreover, the classical 3-D
UTD PEC and 2-D impedance surface solutions do not support the 3-D impedance
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curved surface. Thus, in this dissertation, the 3-D UTD solution for EM wave scattered
from impedance curved surface are developed. The alternative Green' function
representation is employed to develop the 3-D UTD solution. The alternative Green'
function representation can be found in Appendix A. The alternative Green's function
representation was presented in [21]. The deep details of the alternative Green's function
representation can be found in [22]. The exact solution of wave equation can be written
as the double integrals of the characteristic Green's function of each direction. Unlike the
classical UTD development, the proposed UTD development does not require the
Watson's transform. Also, the magnetic and electric point current sources are employed
instead of the plane wave illumination. The theoretical development and procedures in
this dissertation are as follows:

e Develop the exact solutions to predict EM wave scattered from an impedance

cylinder for both electric J, and ‘magnetic M, point current sources. The

alternative Green's function representation together with the impedance boundary
condition (IBC) are used to construct the exact solutions.

e Develop the asymptotic solutions to predict EM wave scattered from an
impedance cylinder using the asymptotic approximation. The steepest decent path
(SDP) method together with the large argument approximation of the Bessel and
Hankel functions are employed.

e The transformation between the cylindrical and ray coordinate system is
employed to construct the 3-D UTD solution for EM wave scattered from an

impedance cylinder.

Finally, the path-loss prediction procedure for WSN (for short range
communication and low transmitting and receiving antenna heights) in orchard and other

forest environments using the proposed 3-D UTD solution will be constructed.
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CHAPTER3
AN ANALYSIS OF THREE DIMENSIONAL (3-D)

ELECTROMAGNETIC (EM) WAVE SCATTERED
FROM AN IMPEDANCE CYLINDER

3.1 Introduction

In this chapter, the derivations of the three dimensional (3-D) exact, asymptotic
and UTD solutions for the EM wave scattered from an impedance cylinder are deeply
explained. In Section 3.2, the exact solutions of the wave equations are constructed using
the Green's function technique. Using the impedance boundary condition (IBC) at the
surface of the scatterer, the closed form exact 3-D solution is simply achieved. However,
the closed-form exact solution cannot be computed directly because the solution itself is
too complicated. Therefore, the asymptotic approximation techniques in Section 3.3 are
employed to transform the exact solution to the asymptotic solution (i.e. ray solution).
The calculation of EM field by using the asymptotic solution is less complicated than the
exact solution. Surprisingly, the asymptotic solution can be converted into the classical
UTD format but it is different in the Fock-type integral function. Unlike the PEC Fock-
type integral function of the classical UTD format, the new 3-D impedance Fock-type
integral function consists of many important terms inside the integral. The details of the
new 3-D impedance Fock-type integral function will be explained in Section 3.4 of this

chapter.

3.2 Exact Solution for EM Wave Scattered from an Impedance Cylinder

The problem of the electromagnetic wave (EM) scattered from an impedance
cylinder is illustrated in Fig. 3.1. The electric current J, and the magnetic current M, are
located at the source position as shown in Fig. 3.1(a). The P’ and P denote the source

and the observation locations. The p and o' denote the radial distances from the axis of

the cylinder to the observation and source points, respectively. The ¢ and ¢’ denote the
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In the cylindrical coordinate system, the scalar potential functions 4, and M,

satisfy the inhomogeneous scalar wave equations [21], [22] and [34] as
(V?+ 1) 4 =—pJ, (3.1a)
and
(V2 + ) FMe =g, M, . (3.1b)

In case of the electric current source excitation (J,) and without magnetic source
excitation in the considered region, let consider J, 20 and M, =0. Equation (3.1) can

be written as
A J
(V2 +k2)[szz ] - {”"0 z] . (3.2)

The magnetic current source (M,) without electric current source excitation in the

considered region, let M, #0 and J,=0. Equation (3.1) can be written as

2 2 AzMz - 0
(V+k )[F,“'} LoMz]' (3.3)

From Equations (3.2) and (3.3), the solutions of the differential equation can be
determined using the 3-D Green's function technique. The 3-D Green's functions satisfy

the same differential equations of Equations (3.2) and (3.3).

For J,#0 and M, =0, the inhomogeneous and homogeneous differential

equations can be written as

(3.4)

P ’ __6(p_p’) g ot
(Vukz){G ,_(R/R)}= =568 |
G™ (RIR')

0

For M, #0 and J, =0, the inhomogeneous and homogeneous differential equations can

be written as
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u 0
G*%"(R/R)
V2 4k = -0 , 35
(v )|:GF*"'(R/R’)} —(x—p;ﬁlé(qf-qf')&(z—z’) -3

where (o~ p"), 6(¢—¢') and &(z—z") denote the Dirac delta functions. The Dirac delta
function is used to represent the source behavior which can be found in Appendix A.

Let's consider
(J,,M,)=6(1?—R")=§(—”;—’-’—)6<¢—¢')5<z—z'> (3.6)

and substituting Equation (3.4) into (3.2) and (3.5) into (3.3), respectively. The relation

between point current sources, the 3-D Green's functions and potential functions [22], are

as follows
A =, J G (R/ R). (3.7a)
Fl=,J,G% (RIR) ' (3.7b)
AY: =y M,G*" (R R') (3.7¢)
and
FM: =g M .G (RIR) (3.7d)

where p, p', ¢, ¢', Z and Z' denote the radial distance, angle and height of the

observation and source locations, respectively. The separation of variable technique is
employed to determine the solutions. The details of derivation are shown in Appendix A.
The 3-D Green's function for EM wave propagation considering in ¢ direction [22] can

be written in the integral forms as

G (R Ry= oz [ [ M0 IO (GE N (o, gl k) vak, - (38)
[of

2 4
4x &G,
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Those 3-D Green's functions in Equation (3.7) consist of the radial Green's

s, FleM

functions G::"M “(p,p',v,k,,k,) which are called the spectral amplitudes of the
spectral integrals, Green's function in z-domain G, (z,2") and angular Green's function

G‘ (¢,4") . The radial Green's function for Equation (3.4)-(3.6) can be written in the form

G& jz C’
e |= —(—) J,(e,p)+| 4 \HP(k,p) [HP (k,p,), (3.92)
g |” 2 c
and the remaining terms can be written as
GF;" CJ, )
A4 O

The parameters k, and k, denote the wave number for wave propagation in radial
direction ( p-directed) and z direction ( z -directed), respectively. The free-space wave
number in the propagation direction can be written as k* = kf, +k? . The coefficients CJ,
Cr, Cizand C¥+ are determined by enforcing the impedance boundary condition (IBC)

on the total field at the surface of the impedance cylinder p=a. The IBC of the

impedance cylinder is defined by

AxAXE=-Z Aix H (3.10a)

or
Bel_g |7 3.10b
Ez — s H¢ . ( )

The electric and magnetic fields are related with the surface impedance Z, . From vector

potential theory, the relation between EM-fields and vector potentials are defined as

E=—joA-— V(VA)-LvxF (.11a)
QUE &

76473
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and

fi=—joF——L— V(VF)+ VxA. (3.11b)
woUE y7,

From Equation (3.11), using the relations between vector potentials and fields, the

Green's function transformation in Equation (3.8), the potential functions can be rewritten

as
r A;" (—a;, -]
M, M,
AZJ _ 1 . J‘ J‘ e—jlz, (z-—z')e-jv(¢"¢') azj dvdkz (3 . 12)
F 4r* 2 &, Vil
R d

where o', &, £ and f* denote the spectral amplitudes of the potential functions.
Using the transformation in Equation (3.12), E, =—Z H, can be written in term of radial
potential functions as

Jjvk 74

1
L (a)=——8,(f)+ L=k (f) (3.13a)
WOUEP £ wUE
and E, = Z H, can be written as
JZ vk,

J Z,
- k;(az)+————8p(az):
wUE Y7,

£). (3.13b)
0

Substituting Equations (3.8) and (3.9) into Equations (3.12) and cooperating with

Equation (3.13), the unknown coefficients in the radial Green's functions can be simply

obtained. For the current J, , the coefficients C; and C;: are defined as

o [Re RO -CHO k)], (k,a)]
T [R@R(A-(OEP ) |

(3.14)



and

j sz ZO

ct -
Bia | Ry (MR, (W) - (OHP (k,0)) |

For the current M, the coefficients C4-and Cy" are defined as

-jvk,Z,™ ,
ci = —— HP (k,p')

wea | R, (MR, (M)~ (P (k)]

and

o __[ReAOR W) -CPHP k), (k)]
T [RWRGH- (O ®) |

where

, Ak
Ry(A)= (HS” (k,a) = j =2 H? (k,,a>),

R‘ | g& -A—lkp @)
s (A7)=| H, (k,,a)—JTHV (k,a) |,

, Ak
R,(A)= (J v (k,a)—J k” J, (k,,a)) ;

-1

R, (AT =(Jv' (k,a)-Jj A% Jv(k,,a)} ,

k

and C= —Vk—‘ .
k]cpa

HEZ) (kpp') *
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(3.15)

(3.16)

(3.17)

(3.182)

(3.18b)

(3.18¢)

(3.18d)

(3.18¢)

The A denotes the normalized surface impedance to the intrinsic impedance of

free space (ie. A=z /z). J,(k,a) and J,/(k,a)denote the Bessel function and its
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derivative with respect to the argument. H{(k,a) and H® (k,a) denote the second kind

Hankel function and its derivative with respect to the argument ( ) The radial

ok a)
scalar potential functions can be written as a” =uJ,G%, fr=gJG7,

aM =y M,G5" and fM =¢,M,G5". From vector potential in Equation (3.11), the

electric and magnetic fields can be written as

E ___f__a__(_a_(ﬂj_l 14F) H =_Li(@)+l 14,
? wue dp\ oz elp 8¢ ) P wusop\ oz ulp 8¢ )’
J 0(o4,)), 1[aF) J 9 (oF))_1{o4,)
E=-—1_2 TRLY LS00 R A A - ,
wuep 0\ 0z e\ op wuep 09\ 0Oz H Op
j @ j o
E, =~jod, ———— and H, =~ -t
JO% oue 622( ) 2 =IO wue 0z )

Using the transformation in Equation (3.12), the properties of —% =-—jk, and —a% =—jv are

employed. The radial components or spectral amplitudes of electric and magnetic fields

can be written as

| —Jk—
e:pr _ J ap p a;’l'Ml 3 19
M el wev o || frM |’ (3-19)
’ £ k= U |
p op
3]
~kv joL0 —
e;,,M, _ j z J #p ap a;"'M'
P 5 Fhe, (3.19b)
¢ HEP\ _ jwep — —k,v :
op

and

Iz M : J..M,
[Z’,,_M,}—fw(ki)[;‘,m]- (3.19¢)
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The electric and magnetic fields can be calculated from two potential functions a;*:
and f’+*: of both electric and magnetic current sources. All EM field components can

be written as

-jk o -ouv
E’M ) ) N 5 e My
A s [ [ ememrgmen ] =L PP % Lavdk,, (3.20a)
HM: | ag? oue| woev ., O || fM
 Co LA R
N - p a
[ [ el
J, My ) o P) J. M,
B L [ [emengpun) =if P P vk, (3.20b)
H‘erx 4n ié wuUE -ja){-:-i —sz ftx.M:
. L” e )

and

M, . Jp M.
[E,J M }= 1 J- J‘ o~ ele=1) = -4 {l(kj)[a }}dvdk,. (3.20c)

z
M 2 Jo M,
HF": | 4x” & é, QuE A

3.3 Asymptotic Solution for EM Wave Scattered from an Impedance Cylinder

An asymptotic solution of the EM wave scattered from impedance cylinder can be
constructed from large argument approximation of the Bessel and Hankel functions and
also from ray path transformations. Fig. 3.2 illustrates the source/observation locations,
ray path and ray parameters. Here s, and s, denote the 3-D incident and diffracted ray
paths, respectively. The ¢, denotes the 3-D surface diffracted ray path. The Q, and Q,
denote incident and diffracted field points on the surface, respectively. To transform the
3-D ray path into the 2-D ray path, the s =35, cos(e,), s™ =s5,cos(a,) and ¢ =t, cos(e,)
are usually employed to construct the asymptotic solution. The drawing of 2-D ray path,
ray parameters and its transformation are shown in Fig. 3.3. From Equations (3.14) to

(3.17), the coefficients of the potential functions consist of the Bessel and Hankel

functions with argument k,a where p—a.
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R, (A= ;1,—:—;]7_”—(%(1) + jmA™ cos(ar)w, (7)) (3.21b)
R,(A)= ——21—-—(V’(‘r) + jm A cos(@)V (7)) (3.21¢)
m*Jr
-1 1 ! . -1
R,(A™)=- p— (V'(x)+ jm A~ cos(@)V (v)) (3.21d)
and C =(sin(a)). (3.21¢)

The approximate closed-form of two Debye approximations of the Hankel

functions at the observation and source points respectively are employed as

2 —~J(k 5" cos{ay)~(k cos{ec)a+mT)yy ~ =)
H® (kcos(a)p) = e 4 3.22a
o (keos(@)p) \/ﬂkcos(a)s” cos(a,) ( )
H® (kcos(a)p') 2 g e keI 3 001
wkcos(a)s' cos(a,)
The asymptotic forms for the derivative of Hankel function are written as
0 H'(,z) k cos a) ) —j(k s~(kcos(@)a+m,r)y+ =
( (kcos(a)p )=Hf,2)'(kcos(a)p)z 2 itethens@aimey 2l (3.23a)
a(kp p) ﬂkps
O H® (kcos(a) p) —J(k s~k cos(@)a+myr)p+
(HP (kcos(a)p ) “k, 2 -t amar) (3.23b)
op mk,s
or can be written as
O(H® (kcos(a)p)
( ) = _jka;EZ) (kcos(a)p),{.\ymplollc * (3’230)

op

In the scattering problem, the observation and source distances are very large
comparing to the wavelength. Let p—> , k, =ksin(a), k, =kcos(e), the Equation

(3.20) can be simplified as
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E, __1 J‘ J‘ oI ) = P4-4) =) —k* sin(a) cos(a) =0 a avdk (3.24a)
H,| 4n* ¢ wpe =0 —k* sin(ar)cos(a) || v

E | ' =0 Z,k* cos(@) |

(] — I (z-2) - peig-¢) | S 2 a,

=— e _ ‘ dvdk 3.24b
[ ] an (J;CA: e P _ K cos(a) =0 [f J . ( )

z

and

EZ
H

z

1 - jk (2-2") - v(g-#" "'j a,
]—_- yp= 5[5,[ R X CSRIC ”{Z);;(kz c052(a))[f ]}dvdkz. (3.24¢)

z

It is observed that in Equation (2.24), the EM fields satisfy TEM wave radiation of

E ~-Z,H, and E, ~Z,H, in principal direction with & =0 (measured from horizontal

line), E, ~ 0 and H, ~0, respectively.

Generally, the integrals in the EM field equations consist of the incident field and

scattered field terms. The first term of J, (k,p )H® (k,p,) in Equation (3.9a) of potential

functions 4" and F dueto J, and M, excitations respectively represents the incident

C .
wave. The second terms L‘; }HE”(kpngf” (k,p,) of Equation (3.9a) and the first term

F

"l
l:g[l ]HSZ’ (k,p,) of Equation (3.9b) represent the scattered wave.
A
The steepest decent path (SDP) method is generally employed to evaluate the
integrals in the scattered field terms of Equation (3.24). The SDP in the Appendix B is

defined as

Ik) = [ F@¥™@da -2

N )F(a, Yek/ @) (3.25a)
sop 0 s

with f(a,)=0 and f"(a,)#0. Using the SDP together with the ray transformation as

shown in Fig. 3.3, the asymptotic solution can be achieved.
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3.3.1 J, Source Excitation

Using large approximation of the observation point distance p—>o. The
spectral amplitudes of the EM fields (ie. e,, 4,, ¢, and A,) can be obtained from two

spectral amplitudes of e, and A, . The relations can be written as

€ | _ e,
B |77, (3.26)
and
& |__ 1 Z,h,
|ih¢j| "~ cos(a) [—e, / ZJ ' (3.27)

The asymptotic E;* in shadow zone is achieved as

E]: ar 223 1 + cos*(a)
4
(3.28)
2 e’ 5L - Ry
X e i d Jksy =k (sq+1y)
k x {J.( T:|\/ \/(s,,+s +¢ ) ¢
The asymptotic H;* in shadow zone is achieved as
H: =k cos*(a)
4r
(3.29)

2 e s L\ - ks -
X Kt s oSy = (s +1y)
\/— {J.( ) }\/s,,s, \/(s,, +5; +¢ ) ¢

The 1% term in the Equations (3.28), (3.30) and (3.33) can be recognized as the incident

wave from the source. The other field components can be written as



. Ik,
4r

tan(cr) (1” ) + sin(er) cos(ex)

7. 1 1
xm. =S — J‘( X )e-lff dr | |— o8 g I atia)
k x 5.5, \ (s, +5,+1y)

T

Iy
v
I
~ ‘x

—Jk { - sin{(x) cos(«x)
7

7o't 1 1
xm, |~ XJ: e'/f’d-[ — _—e‘fk"l e'/‘(-'d +y)
k \/; [I( F ) 55 V (s, +5,+¢,)

T

2] { cos(a)
4

v
=7

wm |28 (a2 )e*eds 1 1 o~ g s +ta)
k x F 548V (sy+5,+1,)

r

ty
-

H_,: _ i _ (1:1 )
4 cos(ax)

x ,,,F [(x2)e*rdr LS S Sy Sy TR
k : 548 \ (s, +5,+1,)

3.3.2 M, Source Excitation

-cos(x)

-

Jr

The asymptotic £ in shadow zone is achieved as

EM: =ﬂ

: 4z

7e’s 1 1
xm. = —— XM Yo g | e [l g g sas)
\/; J;[!( 4 ) 5,5, V (s, +5,+1,)

cos’*(a)

The asymptotic A+ in shadow zone is achieved as

26

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)



27

' 4xz,

XM !ffdr —!kn -!'f(nﬂ.:)
\/7 Jr [ ii \/(sd +5,+ )

The first term (1%) in the Equations (3.25), (3.37) and (3.38) can be recognized as the

H™: = —Jk l 1" +cos*(a)
(3.35)

incident wave from source. All field components can be written as

EY: = -j—k—{ sin(a) cos(ar)
4
, (3.36)

—j.’_
,2 e 4
0 JY ip— XM e # dr e—jk.\‘, ~JE(3,+1y)
k Jr {J:( 4 ) sds, (sd+s,+t)

4rZ,

\/Ee_j% g srge | [ 1
xmy =S| [(xM:)e —_
" k \/;l'_ '!.( " )e : \/sdsl (sd+sl+td)e

HY: = Jk sin(af)[ iy +cos(a)
cos(x)
R (3.37)

R PR

- k s
Byl = el L + cos(@)
cos(a)

(3.38)

e 1 1
mil=S_— XM’ e—j{rdT _c e—jks,e-jk(:,,ﬂd)
k \/_7; [!( F ) sy, \ (s, +s,+1,)

and

ik
H) = J [ cos()

4rxZ,

774 1 1
xm, | = XM: e‘f{"dr e"l'k-'le"/k(-"u +Hy)
\/; \/;t'_ [‘[( 4 ) sy5 V(g +5,+1,)

The new integrands for the integral of Fock-type integral functions are defined as

(3.39)




[ X 0X, (A ~(Xe) w0
| X.NX, @A) = (Xow () |

J jmcos(a)sin(a)
X7 = . = |5
[£. 6N EA) - (Xeom@) |

M = - Jjmcos(@)sin(a)
C [ EaxEa) - (ew@) ]

PR EACY S ACINEC ARNGILO]

(X MX (A - (XD

where
X, (z,8) =(w;(z) + jmAcos’ (@)w, (7)),
X, (A" =(w, (5) " cos? (@),
X, (e, ) =(V'@) + jmAcos’(@)V(r)),
X, (@, A =(V'(x) + jmA™ cos* (a)V (7)),
and

X, =mcos(a)sin(a) .
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(3.402)

(3.40b)

(3.40c)

(3.40d)

(3.41a)

(3.41b)

(3.41c)

(3.41d)

(34le)

Note that, the Equations 3.24, 3.26 and 3.27 restrict only to the far field

approximation of the scattering problem.
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3.4 Uniform Geometrical Theory of Diffraction (UTD) Solution for an Impedance
Cylinder

3.4.1 Ray Transformation

To obtain the unit vector of the UTD method, the ray transformations between the

cylindrical coordinate (p,¢, z) and the ray ﬁxgd coordinate system (.s",é‘i’,él’l") are

employed. The ray coordinate in lit zone consists of §'*,é/"and &". And §" =& xé"

L

where § denotes the wave propagation direction. The ¢ and é&;" denote the unit

vectors of parallel and perpendicular components of incident and reflection unit vectors,

refer to the planes of incident and reflection wave, respectively. The ray coordinate in

~

shadow zone consists of §,4 ,and b,. §“=5b,xA,where § denotes the wave

propagation direction. The l;l n, and 1;2 n,denote the unit vectors of incident and

diffraction, respectively. The details of derivation of the ray fixed coordinate system are
presented [30] and in Appendix D. The summary of the ray transformations is concluded

in this section. Generally, the diffracted field can be written as

E! = pE! + §E! + 5B =, B¢ +b,E! (3.42a)
where
E! = —sin( ,H)Ef + cos( ,H)E;’ (3.43)
and
E; =sin())E? —cos(S)cos(b), )E: —sin(f)cos(6, )EZ . (3.44)

The B denotes the angle between p and 7,. The ¢ denotes the incident angle

from z-axis. Using large approximation of the observation point distance p — oo, thus the

= % , the electric fields can be written as

E! = —E:, (3.45)
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the 3-D UTD solution can be obtained. Moreover, the completed 3-D UTD solution for lit
and shadow regions are constructed using the same procedure of [17] and [18]. The total
field is continuous at the shadow boundary (SB). The final solutions are concluded

below.

3.4.2 J, Current Excitation

For the shadow zone, the UTD solution can be written as

i i h =20 ) (BB
B =E' b =—— (E(Ql) b.)
] (3.51)
_j_
2| e® d N o k(s +14)
] z 1~ F(XY |+ X7 /— ’—
m(Ql)m(QZ)\/-;li2\/;§d[ ( )]+ ©¢ )} dn, sd(sd+p;l)e
d__d.A__ijO =i y
BY =E'-hy ==~ (E Q) bl)
(3.52)
2050, a4y 4T J2y - JE(s? +1)
xfm@l)m(Qz)\/; BN o ,fsd(sd o~
-— ~ ;i —jk',
Q)b = E(Q)=sin(8) (3.33)
For the lit zone, the UTD solution can be written as
—jkZ, / ol Af
E\(P)== "\ E(P)+(E'@)-8)
(3.54)

_.j_
—4 et n2| e L ST L ol ol .
X— |—e ——|1-F(X") |+ X ¢ |, | —F L2 gt
£t 2J;§L[ ] ¢ (A +s.)p; +5,)
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_jkzo
¥4

—4 _; ",l n ro.r s
x\/;e j(:)/Z[X’J"@L)]\/(pr_l_fl)f;r+s )e—/(,)

where F(X?*") is the Fresnel function of the shadow and the lit zone, respectively. The 3-

E,(P)= (E'(©Qn)-¢))

(3.55)

D Fock-type integral functions are defined as

T

_

Xty = % j (X7 )e* " dr (3.56)
-5

Xty =4— [(x7)e”# " dz . (3.57)

V7 3

It is observed that the incident field E,(Q,) at point O, creates both E; and E!.
Note that E; is the coupling field or called cross polarization. The coupling fields vanish
for the principal plane of the 2-D case (i.e. normal incident with & =0). Moreover, in the

case of PEC surface with A =0, the coupling fields also disappeared (i.e. EX =0).
3.4.3 M, Current Excitation

For the shadow zone, the UTD solution can be written as

(3.58)

X m(Q,)m(Q2)\/%|:,{’:‘z(é:d)] ’3;71 ,S (Spipd)e—/k(s,,u,,)
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E =% = —JkZ, (E'(Q.)'ﬁx)

4
. (3.59)
“_ Z e’ _ d oM, ¢ pd _‘_1_77_1 ,0;] ~Jk(sq+y)
\/m(Ql)m(Qz)\/; o [1-Fx") ]+ X ) / dﬂz,/—sd G
< (3.60)

H'(Q)-b = Hy(Q)=E}(Q))/ Z, = =sin(8") 7

It is clear that Equation (3.60), the E; and E/ can be obtained from M, current

excitation. The E/(Q) from H'(Q))-5, creates both E/ and E?. And E{ denotes the

cross polarization. For the lit zone, the UTD solution can be written as

r Al "'kZo ol ~j
EJ_(P)zE-eJ_=—"27 (E (QR)'e")

(3.61)
A AV o, PLP: L Iks,)
x\/;e [*re )]\/<p,’+s,><p;+s,>°
kZo i Fald Aj
E(P)=E(P)-é, = E/(P)+(E'(Qy)-4)
p , (3.62)
4 -fefm| et L M, J PP ~JEGs,)
x— |—e 1-F(X +X e/t
\[g: bRl ] rer ery
where the 3-D Fock-type integral functions are defined as
~ _j_
Rhe gty == 7! (X4)e#  dr (3.63)
(3.64)

o
Rt gty =2~ 7 ()
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The new integrands for the integrals of Fock-type integral functions are defined as

[ XM, @A = (X) WV ()]
Xle=Lo : (3.652)
[ X.@ WX, (A - (Xm @)’ ]

Jjmcos(a)sin(a)

X =|- - (3.65b)
T [H e @A - (Ko@) ]

XM = Jjmcos(a)sin(a) (3.65¢)

_[Xw(‘r,A)Xw(‘r,A“)—(Xch(T))z]

o [ @A @R - (X @V @) ]

[ ENEEA - (Xom@)' ] (650
where
X, (@A) =(w,(0) + jmAcos’ @)wy (7)), (3.662)
X, (@0, A") =(wy(2) + jmA™ cos” (@)wy (7)), (3.66b)
X, (5,0 =(V'(@) + jmAcos’ (@) (1)), (3.66¢)
X, (z,A™) =(V'(2)+ jmA™ cos* @)V (7)), (3.66d)
X, =mcos(c)sin(c) . (3.66¢)

Importantly, the new 3-D impedance Fock-type integral functions reduce to the 2-

D impedance Fock-type integral functions [25] and [26] if the  — 0, thus

X = V'(t)+ imA7'V (7)

= 3.67
4 wy(t)+ ij"wz(‘r) ( 2)

Xk =0 (3.67b)
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XY =0 (3.67¢)
M - V'(t) + jmAV(t) ' (3.67d)
T W)+ jmAwy(r)

Moreover, the new 3-D impedance Fock-type integral functions reduce to PEC

Fock-type integral functions [18] with Z, =0 or A=0, and can be written as

xi = Y@ (3.684)
w,(7)
[ A
P R — ) 3.68b
[wz(f)wz(r)]i' ( )
i A
PG L — 3.68
i [wz(r)wm]] (3.68¢)
x4 =@ (3.68d)
wy(7)

sin(a) _ cos(8")
cos(a)  sin(6")

where T, = is the torsion factor of ray twist around the surface of the

cylinder. The T, was introduced in [18].
m(Q)t kp
&= m(Q)=| —*

X' =2kI" cos?(0"), X = w
2m(Q)

. . 1 2sin“(6
0y =8,p3 =s,+t, and p] =| — #
s, acos(6")
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L . 5,8 5,8
where L' =s, and L’ =s, for the plane wave incidence and L" = [/ = ¢

in
s+, s, +5,

the cases of cylindrical and spherical wave incidence, respectively. The s, denotes the

incident ray path at the reflection point. Some parameters are defined in [18].

3.5 Numerical Results

¢ New 3-D Impedance Fock-type Integral Functions X w5 (&)

Using the procedure in Appendix C, Equations (3.56) and (3.64) can be computed

numerically. For example, let A =,0.3 and a=34, the example of the numerical results
is shown in Fig. 3.5.

l T T
4 +  2-D Fock function
\ New 3-D Fock function: a=0
08 ™ |- New 3-D Fock function: a=30° ]
"""""" New 3-D Fock function: a=60°
3 0.6
=
=
&h
[\
S 04
0.2
0
-3

(a) Magnitude of X’ (&) function
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150} + 2-D Fock function I
New 3-D Fock function: a=0

1(0/0] S S New 3-D Fock function: a=30° ]

"""""" New 3-D Fock function: a=60°||

50f

Phase (degree)
(=]

-100}

-1 50‘ A .‘.'.,....

-3 -2 -1 0 1 2 3

(b) Phase of X7 (&) function

Figure3.5  Comparison of the numerical results of X7 (&) function and classical 2-D
impedance Fock-type function where argument £ =X and plotted without the singular
—-1/2X factor (—1/2.X suppressed).

e New 3-D Impedance Fock-type Integral Functions X*:(¢)

For example, let A= ;0.3 and a=34, the example of the numerical results is

shown in Fig. 3.6.

0.8
[}
o 0.61
£
=)
=Y 2 s O
T R
sS04 .
« 2.DFock function | e
02l New 3-D Fock function: =0
I R New 3-D Fock function: a=30°
"""""" New 3-D Fock function: a=60°
O 1 A 1 L 1
23 2 -1 0 1 2 3

X

(a) Magnitude of X¥:(£) function
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1501 ]

100

h
(=

Phase (degree)
(=]

-50r = 2-D Fock function
New 3-D Fock function: o=0

-100t o
N New 3-D Fock function: a=30
-150¢ | T New 3-D Fock function: a=60° 1
-3 -2 -1 0 1 2 3

X
(b) Phase of £¥:(¢) function

Figure 3.6  Comparison of the numerical results of X*:(¢) function and classical 2-D
impedance Fock-type function where argument ¢ =X and plotted without the singular
—1/2X factor (—1/2X suppressed).

Figures 3.5 and 3.6 illustrate the effect of the & angle on the X (&)and X¥: (¢)
functions compared with the classical 2-D impedance Fock-type integral function. The
X% (&)and XM (&) functions are very important in the 3-D case. Meanwhile, the X 7 (&)
and X*:(¢) functions are vanished or very small when & —> 0.

Figures 3.7 to 3.9 illustrate the total field results in case of J, source with
g,=2.1, 4 and 6, respectively. The case study of a =24 and p’'=51, calculated fields
are plotted as a function of ¢. The comparison results between the proposed 3-D UTD

solution and the reference solution (CST) are in good agreement with various thickness d.



—3-DUTD
=== Reference

(@) =90", d =0.021

3-D UTD
= === Reference

180

(c) 6=90", d =0.084 (d) 6=60", d =0.084

Figure 3.7  Comparison of the total field from J, source:g, =2.1, a=24
p'=5A. The fields are plotted as a function of ¢.
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and
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150

3-D UTD
=== Reference = ===== Reference

(2) 8=90°", d =0.024 (b) 0=60", d =0.024

150

180 3-DUTD
=== Reference

(©) =90, d =0.084 d) 9=60

Q,
fl

e
o
o0
=

Figure 3.8  Comparison of the total field from J, source:e, =4, a=24 and p'=54.

The fields are plotted as a function of ¢.



41

ol ‘l'f' e
1o

\
\
~

150

- 180 — 3-DUD
~m=== Reference =—=—= Reference

(a) 6=90", d =0.024 (b) 8=60", d =0.024

150

3-DUTD
—=esew Reference

180

= === Reference

(c) 8=90", d =0.084 (d) =60, d =0.084

Figure 3.9  Comparison of the total field from J, source:s, =6, a=24 and p'=54.
The fields are plotted as a function of ¢.

The computational time is shown in Table 2. For example, 360 field points around
the cylinder are calculated by using the proposed 3-D UTD solution. The computational
time of the proposed 3-D UTD solution is less than the CST Microwave Studio program.
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Table 2. Computational time of the 3-D UTD solution.

CPU Intel Core i7, 3.1 GHz with 24 GB of RAM

_ ' CST Microwave Studio Proposed 3-D UTD solution
Case: a=2A, p' =54, p ;
ase ao » P (FIT method) (360 field points and ray tracing
6 =60", and d=0.08A (360 field points) procedure is included)
g, =2.1 (Teflon) 21 minutes, 46 seconds 102 seconds
£, =6 5 hours, 33 minutes 121 seconds
3.6 Summary

In this chapter, the achieved analytical solutions for the EM wave scattered from

an impedance cylinder are as follows.

e The three dimensional (3-D) exact solutions are based on Green's functions for

the EM wave scattered from an impedance cylinder with axial electric J, and
magnetic M, current sources.

e The asymptotic solution (rays solution) for the EM wave scattered from an
impedance cylinder. The complexity of the 3-D exact solution is reduced by using
the asymptotic approximation.

e The 3-D UTD solution for the EM wave scattered from an impedance cylinder is

achieved.

The asymptotic solutions are converted into the classical UTD format by using the
ray transformation. The achieved new 3-D impedance Fock-type integral functions
recover the 2-D impedance Fock-type integral functions in cases of normal incident

a — 0, and recover the PEC Fock-type integral functions when the surface impedance

Z -0 (i.e. A=0). Itis found that the 3-D Fock-type integral functions of X} =0 and
X7 =0 for the 2-D impedance curved surface case. It is clearly evident that the coupling

fields vanish for the normal incident (i.e. 2-D case) case and without coupling field terms

for the PEC surface case.
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CHAPTER 4

MODIFIED UTD SOLUTION FOR THE CONVEX
IMPEDANCE CYLINDER SURFACE AND ITS
ACCURACY OF THE SOLUTION

4.1 Introduction

The modified UTD solution for impedance cylinder was proposed in [28]. The
solution is obtained by modifying the classical three dimensional (3-D) UTD solution for
PEC surface cylinder [18]. Under the assumption of low transmitting and receiving
antenna heights, the impedance Fock-type integral functions of the two dimensional (2-
D) case are used instead of the PEC Fock-type integral functions of the classical UTD
solution. The modified 3-D UTD solution can be accurately used to calculate the
electromagnetic (EM) fields comparing with the results from the CST Microwave Studio
program (based on finite integral technique (FIT)). It is observed that in chapter 3, the
new 3-D Fock-type integral functions in the proposed 3-D UTD solution (based on
Green's functions) reduce to the 2-D impedance Fock-type integral function in case of
a = 0. The complexity of the proposed 3-D UTD solution can be reduced by using the
modified 3-D UTD.

This chapter explains the idea how to develop the modified 3-D UTD solution for
the EM wave scattered from an impedance cylinder. Also, the accuracy and its limitation

of the modified 3-D UTD scattering solution for impedance cylinder will be illustrated.
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Figure 4.1 shows a canonical UTD cylinder problem where a radius of the

cylindrical geometry is defined as a, and the source ( p',¢’,z"') and observation position
at ( p,¢,2) are not located close to the cylinder surface. The total field (TE* or TM?) at

the observation point P includes the direct illumination from the incident geometrical
optics ray field %, (P) which can be a plane wave, cylindrical or spherical wave, plus the
reflected wave field u,(P) in the lit region. Only the diffracted field u,(P) remains in

the shadow region. The field at the observation point P in the lit region (i.e. line-of-sight)

can be written in the form
- _ - 5 —Jjks,
4, (P)=u(P)+u(Q;) R ,4,e . @.1)

uy, (P) and u,(Q,) denote the incident field at the observation point and the reflected

field at the reflection point (Q,), respectively. The A4, denotes the reflected ray
spreading factor which must depend on the incident wave types and surface geometry.

The R denotes the generalized reflection coefficients of the curved surface which is

related to the acoustic soft (&) and hard (R,) functions. The R, and R, functions are

written as
—4 2 gt R i
R, =~ g_Le 2 YN (1-F(kLa))+ P, (&%) ¢ 4.2)
where
R=R&& +REE (4.3)
and
. -j(xi4) = 3 .
P (&= ¢ I 940, e 7dr. 4.4)

o L 0w(n)
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The subscript s and 4 refer to soft and hard polarization of the incident fields.

Q =1 for the soft case and 0 = ai for hard case, respectively. The generalized reflection
T

coefficients R, consists of the Fresnel’s type function F(kLa) and the Pekeris-integral
function IA’S,,, (£") or called Fock-type integrals function. In the case of the PEC cylinder

surface, the function F(kLa) and 13:,;, (£) are simply computed by using the large and

small argument approximations and also via tabulated values for intermediate range of
the arguments. But this scheme is not valid for an impedance surface case. Thus, it is

necessary to use a numerical integration procedure to evaluate the Pekeris-integral
functions IA’s‘h(‘fL,qs,,,) for the impedance case. The computation of this integral is
explained later in the next section.

When the observation point moves to the shadow zone, only the diffracted field
u,(P) is remained. The diffracted field launches from the surface of the canonical

cylinder at point {J, to subsequently reach the observation point P. The #,(P)in [18] can

be written in the form

ks,

i, (P)=(0,) T,e ’ (4.5)

The #,(Q,) denotes the incident field at the initial diffraction point Q,. The generalized
diffraction coefficient ( T ) in [18] can be written in the form

~Jjnl4

Th= —\/m(Ql)m(Qz)\/%e"’ ‘ {224 NP (1-F(kLa@))+P,, (5")} , (4.6)

where
T=Thb +T R @.7)

Fock-type integral function in shadow zone can be written as
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e 2 OV (r)

= e dr 4.8
3z Lowm@ O *8

é,h(ﬁd) =

and 4.

shadow

denotes the diffracted ray spreading factor which depends on the surface

geometry. The parameters in those equations are as follows

ke,

1/3 4 N2
5 J , Xt =2k cos®(6"), X"=M

2m(Q)*

s \/ Plp; P f Pt
li r r 2 shadow
"Nl +5,)p0; +s,) s+, \s'(of +59)

-1
, ., |1 2sin*(8
Py =500 =5+, P, =[—+"‘_—0):l >

g = IHELL, m(Q){

s, acos(@)

58, .

. 5,8
where L* =5 and L’ =s, for the plane wave incidence and I* =1 [‘ = in

5+, 5 +8,
the cases of cylindrical and spherical wave incidence, respectively. The s, denotes the

incident ray path at the reflection point. Some parameters are defined in [18].

4.3 The Modified 3-D UTD Solution for a Convex Impedance Cylinder

The 2-D UTD solution for a 2-D convex impedance surface was presented in [25]

and [26]. The 2-D UTD solution for a convex impedance surface requires the Pekeris-

integral functions IA’S’h(fL’d,qs'h) (Fock-type integral function). The IA’x'h(fL'd,qsvh)

function consists of the Fock-type Airy functions. The }3:,,, (fL’d,qa._,,) functions depend on

the boundary condition at the surface.

This section presents a heuristic UTD solution for computing the EM field
scattered from an impedance convex surface. The presented UTD solution for 3-D
impedance convex surface is obtained by removing the PEC Fock-type integral function

and replacing with the impedance 2-D Fock-type integral function. For the PEC curved
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surface case, the Pekeris-integral function ﬂ_h(fL) is generally evaluated via the large

and small argument approximation and via the numerically tabulated values for the
intermediate ranges of the argument of the function [25]-[26]. These latter schemes are
not possible for an impedance convex surface case because the Pekeris function cannot
be tabulated as a function of only one universal parameter. Hence, one applies a
numerical integration procedure to compute the UTD Pekeris-integral transition function

for an impedance convex surface. The' impedance Fock-type integral function

B, (£*,q,,) is defined as

e/ 2 V(D) =g, V(1)

P, (&E".q,,) = , g i g 4.9)
* * \/; —QWZ(T)_q:,hWZ(T)
and
( !
3
~j ——kf— A" soft case
2sin”(6,)
Gon = 1 (4.10)
3
-j L; A hard case
{ 2sin”(6,)

As mentioned above, the proposed solution includes the Iss'h(fL’d,qs,h) transition
function for the impedance boundary condition. It is necessary to use a numerical

integration procedure for evaluating the ISS,h(fL’d,qs,,,) for the UTD solution. The

computation of the f’x,,, (fL'd,qx_,,) is shown below.

In Appendix C, the integration in Equation (4.9) cannot be evaluated analytically.

The }A’s_,, 4 L’d,qx,,,) can be finally written as

o~ Jl4)

. 1
P""(X’q"")—T{_H+G'(X’t)+Gz(X’t)}’ (4'11)
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where
i (x16)
G (Xoqy p) =5
o [e_j(”m)Ai'(t)+qs,hej(”/6)Ai(t):|e—jXrt 4.12)
. - - - - di
(I) T g1(1d @)y o~ I(HI6) 4y T3, ‘
and
1
Gy (X, qs,h) =~

[ 4(0)~gs5 pai(r) ]t NCRE))
ej(ﬂ'/6)At(te _](2ﬂ'/3))+q he J(”/6)At(te _1(271'/3))

i
0

The integration scheme employed in the literature [36] is based on the Fourier
quadrature method. In this thesis, a numerical integration method based on the recursive
adaptive Simpson quadrature to compute this Fock-type integration function is employed.
The present method is very efficient and requires less computational time. The upper
limit of the integral in Equation (4.9) is infinity. However, in this work, the upper limit of
the integral in Equation (4.9) is assumed to be only 100 to achieve accurate results
because it is shown that it is large enough to satisfy the required accuracy. To verify the
accuracy of the Pekeris or Fock-Type integral function, a comparison of results between
the modified 3-D UTD solution via the numerical integration scheme and the results from

CST Microwave Studio program are presented in the next section.

4.4 Special Case of the New 3-D Impedance Fock-type Integral Functions

From mentioned in section 4.3, the modified 3-D UTD solution is obtained by
heuristically modifying the classical PEC Fock-type integral function. In chapter 3, four

new impedance Fock-type integral functions are written as

Xt gt = I (X572 )e " dr. (4.14)

\/_
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From the previous chapter, the integrands of the Fock-type integrals functions are defined

as
o BN EA (X wz<r>V2<r>} 15
[ XX EAD=(Xom@) |
Xk = Jjmcos(a)sin(a@) (4.15b)
[ X 02,00~ (Xow, @) ] |
XM = Jjmcos(a)sin(a) (4.15¢)
[ X MX A - (X @) ]|
v XA @) w0 w150
[ X, WX, 6A") - (X @)’ | |
where
X, (1,A)=(w;(z) + jmAcos’ (cr)w, (7)) (4.16a)
X, (2, A7) =(w;(z) + jmA™ cos’ (@)w,(7)) (4. 16b)
X, (r,A)=(V'(z) + jmAcos*(@)V(r)) (4. 16¢)
X, (5, A™) =(V'(2) + jmA™ cos* (@)V (7)) (4. 16d)
and
X, =mecos(ax)sin(x) . ' (4. 16¢e)

V(z), V'(r), w,(r) and w;(r) denote the Fock type Airy functions and their
derivatives. The new 3-D impedance Fock-type integral functions reduce to the 2-D
impedance Fock-type integral function [25] in case of a—0. Thus, the new 2-D

impedance Fock-type integral functions can be written as
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X = V'(z)+ jmAV (1)

4T W)+ jmA (7)) (4.173)
X% =0, (4.17b)
XM =0, (4.17¢)
and

XM = V'(r)+J:mAV(z') . (4.17d)
w, (%) + jmAw,(7)

Moreover, the proposed new 3-D impedance Fock-type integral functions reduce to PEC
Fock-type integral function [17]-[18] with Z, = 0or A= 0, and can be written as

xi =28 (4.18a)
wy(7)
X% =0 (4.18b)
X% =0 4.180)
and
X =%. (4.18d)

Finally, it can confirm that the modified 3-D UTD solution is corrected. The
modified 3-D UTD solution will be useful to calculate the EM wave scattered from an

impedance cylinder under the condition of small transmitting and receiving antenna
heights.
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4.5 The Accuracy and the Limitation of the Proposed Modified 3-D UTD Solution

To verify the accuracy of the Fock-Type integral function which is computed by
the numerical integration scheme, the CST-Microwave Studio program is also employed
as an additional comparison. The CST program is a well-known commercial EM
simulation tool based on the finite integral technique (FIT). In practice, the surface

impedance Z_ depends on the specific problems. For example, in the single material
coated PEC cylinder case, the surface impedance Z, depends on the thickness (d ),

permittivity and permeability (&, , x4, ) of the materials. The numerical results for the case

of a PEC cylinder with a thin dielectric single layer coating are presented. The relation

between the surface parameters (i.e. dielectric constant (&,, 4, ) and the thickness (d ))
and the surface impedance Z, can be approximated by using the impedance boundary
condition (IBC) as shown in [41], namely

JjZ

2 2 -
Z ~— kd(l—gr,u,)[szd (1—8,#,)} . (4.19)
£

r

Actually, the thickness of a thin material-coated should be small compared to
radius of the cylinder d << a. In this thesis, the study of the thickness of thinly material-
coated PEC cylinder will be performed to find the limitation of the proposed modified 3-
D UTD solution and its impedance closed-form. The contour plot of the MSE of the total
field between the UTD numerical results and the reference results from CST-Microwave
Studio versus the thickness/radius ratio (d/a) and oblique incident angle are employed

to find out the limitation of 4.

1 & . 1
MSE = EZ( =) =—ﬁ2(e,)2 (4.20)
i=l i=1

and

MSE(dB) =101log(MSE) 4.21)
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The MSE is known as the sum of squared error of each point divided by the total

data number of considered data set N. The y, denotes the reference data from CST-
Microwave Studio at point i. The y, denotes the data from the modified 3-D UTD
solution at point i (in linear scale). The y, —y, =e¢, denotes the error of each point. Note

that the sampling field at point i in this thesis is the total field of any ¢ angles.

The comparison results between the modified 3-D UTD solution and the reference
solution based on finite integration technique (FIT) method (CST Microwave Studio
program) are illustrated. The parameter € denotes the angle that is measured from the z-
axis or the axis of the cylinder to the observation vector P. This thesis focuses on a
general nonmagnetic material. The g, =1, ¢ =2.1, 4 and 6 are chosen to study the
effect of the thickness d on the accuracy of the modified 3-D UTD solution. However,

the modified 3-D UTD solution can be used for the magnetic material case.

Figure 4.2 shows the compared MSE contour plots between the UTD numerical
results and reference results (CST) of the total field from .J, (s-polarized) source versus
the thickness/radius ratio (d/a) and & angle (oblique angle). Also, the modified 3-D
UTD solution is valid for M, (h-polarized) case. Source distance is located from axis of
cylinder of p’=35A1. The observation point is moved around the cylinder by changing ¢
angle. The MSE contour plots in Fig. 3(a) for £, =2.1 with d/a from 0.01-0.13, (b) for
g, =4 with d/a from 0.01-0.09 and (c) for & =6 with d/a from 0.01- 0.05 are lower
than -10 dB of all the coated thickness and & angles of interest. The MSE(dB) increases
when the coated thickness and g, increase due to the limitation of approximate closed
form of the surface impedance. Moreover, the MSE (dB) increases when the oblique
angle @ decreases due to the limitation of the 2-D impedance Fock-type integral
function. However, to find the limitation of the proposed modified 3-D UTD solution, the
MSE contour line of -20 dB limit is employed. If the MSE is below -20 dB or in the

region of MSE lower than -20 dB, the good accuracy can be obtained. For outside the
region of MSE lower than -20 dB, the modified 3-D UTD becomes low accurate.
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The total field comparison between the modified 3-D UTD and reference are
shown in Figs. 4.3 to 4.8. Figs. 4.3, 4.5 z}nd 4.7 show the total field in case of d/a=0.01
or d=0.024 (lowest bound of interest#d) with different ¢, . For &, =2.1, the MSE(dB)

equals -35.1 dB and -32.5 dB for §=90" (normal incident) and &=60" (oblique
incident), respectively as shown in Fig. 4.3. For ¢, =4, the MSE equals to -37.2 dB and -

33.1dB for €=90" and 8 =60°, respectively as shown in Fig. 4.5. For &, =6, the MSE

equals -37.1 dB and -33.1 dB for 8 =90" and 8 =60°, respectively as shown in Fig. 4.7.
All comparison results from Figs. 4.3, 4.5 and 4.7 show very good agreement. In contrast,
Figs. 4.4, 4.6 and 4.8 show the total field in case of the approximate closed-form
impedance surface Z, is not valid because the MSE is higher than -20 dB limit.

Therefore, the results are not accurate compared with the reference results from CST
program. In Fig. 4.4 for £, =2.1, the MSE equals -14.0 dB and -13.7 dB for (a) 8 =90"
and (b) 8=60°, respectively. In Fig. 4.6 for £, =4, the MSE equals -16.7 dB and -16.4
dB for (a) 8 =90° and (b) @ =60", respectively. In Fig. 4.8 for ¢, =6, the MSE equals -

16.9 dB and -17.8 dB for (a) 8 =90 and (b) 8 = 60°, respectively.

According to the modified 3-D UTD solution, the 2-D impedance Fock-type
integral function of the TE* and TM®wave normal incident (¢ =0) is used, these
solutions do not valid in case of low & angle. The limitation of the modified 3-D UTD
solutions as a function of & angle is also shown in Fig. 4.2 (a), (b) and (¢) for ¢, =2.1, 4
and 6, respectively. For the & angles around 40 to 90 degrees, all of the considered ¢, ,
the MSEs are lower than -20 dB. However, the MSEs are also depended on the material-
coated thickness/radius ratio. The area of the MSE lower than -20 dB in Fig. 4.2
decreases when the g, increases. From the studies, the € angle must be greater than 40
degrees. The thickness/radius ratio of dielectric-coated PEC cylinder in case of &, =2.1
should be d/a<0.11. For other cases, there should be d/a<0.07 for & =4 and it
should be d/a<0.05 for &, =6. Thus, the &, affects the maximum value of the coated

thickness. The MSEs contour plots in Fig. 4.2 can be used as the guideline for using the
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proposed modified 3-D UTD solution accurately. Note that the accuracy of the CST
results depend strongly on the mesh-cell density. At least 40 million mesh-cells are
employed in the simulation of this thesis to guarantee the accurate result. It is found that
the minimum computational time of the commercial software is around 2 hours and the
maximum is around 9 hours for CPU Intel Core i7, CPU-speed 3.1 GHz with 24 GB
RAM. The periodic boundary condition is employed to model the infinite cylinder. The
mesh-cell density may sometimes be up to 80 million mesh-cells. However, the modified
3-D UTD computational time is less than 2 minutes (the ray tracing procedure is
included) on the same machine configuration and it does not depend on the source and
observation distance. However, for the commercial software, the computational time

depends on the source, observation distance and provides no physical insight to the result.

150

180 emae Modified UTO
= = = Reforence

(b) 6=60°

Figure 4.3  Comparison of the total field from J, source: &, =2.1, a=24, p'=54,

and d/a=0.01 or d =0.024. (a) 6=90", MSE=-35.1 dB and (b) 8 =60°, MSE=-32.5
dB. The fields are plotted as a function of ¢.
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Modified UTD
= = = Refarerice = = « Refarence

180

(@) 6=90° (b) 6 =60°

Figure 4.4  Comparison of the total field in case of the approximate closed-form
impedance surface Z, is not valid: ¢, =2.1, a=24, p'=51, and d/a=0.03 or

d=0261. (a) §=90°, MSE=-14.0dB and (b) €=60", MSE=-13.7B. The fields are
plotted as a function of ¢.

150

180 o Modified UTD
= = = Reference

(a) 6=90" (b) 8=60°

Figure 4.5  Comparison of the total field from J, source: & =4, a=24, p' =54,

and d/a=0.01 or d=0.024. (a) §=90", MSE=-37.2 dB and (b) 6 =60", MSE=-33.1
dB. The fields are plotted as a function of ¢.
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180 —— Modified UTD i
=~ = = Refsrence = = = Reference

(a) 6=90" (b) 8 =60°

Figure 4.6  Comparison of the total field in case of the approximate closed-form
impedance surface Z, is not valid: ¢ =4, a=24, p'=54, and d/a=0.07 or

d=0.141. (a) 8=90", MSE=-16.7dB and (b) 6=60", MSE=-16.4dB. The fields are
plotted as a function of ¢.

210 : 150 210 150

180 =—— Madifled UTD 180 s Madified UTD
= = = Reference = = = Raference

(a) 6=90" (b) 6 =60°

Figure 4.7  Comparison of the total field from J, source: ¢, =6, a=24, p' =54,

and d/a=0.01 or d=0.024. (a) §=90", MSE=-37.1 dB and (b) 8 =60, MSE=-33.1
dB. The fields are plotted as a function of ¢.
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The measurement of the EM field around the material-coated conducting cylinder
is performed to verify the accuracy of the modified 3-D UTD solution. Fig. 4.9 shows the
measurement setup. The 4/2 dipole antenna is employed to represent the electric current
source J, as shown in Fig. 4.9 (a) where the 1 denotes the wavelength in free-space at
12 GHz operating frequency. The monopole source is located from material-coated
aluminum.cylinder of p'=34 with cylinder radius of a=11. The dipole source is
supported by wood stick and plastic rod. The aluminum cylinder is wrapped by low-
density polyethylene (LDPE) with permittivity of & =2.3. The thickness of LDPE of
d=0.044 and d=0.14 are chosen in this study. The open-end rectangular waveguide
antenna is used to receive the EM field from the monopole source with vertical linear
polarization as shown in Fig. 4.9 (b). The receiving antenna is located at p=251. The
different antenna heights between the transmitting and receiving antennas (i.e. Az=z—z"

) of Az=0 meter (#=90degrees) and Az=0.15 meter (i.e. 6="76degrees) are

performed.

8. 5.
o 3
220 E-
5 5
=2 3
.30 - =30
~—— Modified UTD —— Modifted UTD
35+ ©O Measured .35 O Measured
= « = Commercial software ~ « = Commercial software
40 -40
0 50 100 150 0 50 100 150
) ¢
(a) 8=90° (b) 6=76

Figure 4.10 Comparison of the total field results between modified UTD and
measurement results: polyethylene £, =2.3, a=11, p'=34 and d=0.041. (a) =90
and (b) 6=76".
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Figure 4.11 Comparison of the total field results between modified UTD and
measurement results: polyethylene ¢, =2.3, a=14, p'=34 and d=0.14. (a) 6=90°

and (b) 8 =76".

Figure 4.10 shows the total field pattern in the case of the thickness of the LDPE
layer of d =0.044. Also, Fig. 4.11 shows the comparison results in the case of the LDPE
layer of d=0.14. The measurement results show good agreement with the proposed
modified 3-D UTD solution and the results from the commercial software. It is confirmed
that the modified 3-D UTD solution for impedance surface cylinder will be in a good

accuracy for any practical applications of the thin material coated curved surface

problem.

The computational time is shown in Table 3. For example, 360 field points around
the cylinder are calculated by using the proposed 3-D UTD solution. (including ray
tracing procedure). The computational time of the proposed 3-D UTD solution is less
than the CST Microwave Studio program. The computational time of modified 3-D UTD
solution is less than half of the proposed 3-D UTD solution.
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Table 3. Computational time of the modified 3-D UTD solution.

CPU Intel Core i7, 3.1 GHz with 24 GB of RAM

Proposed 3-D

Case: a=2A, CST Microwave Studio | oy’ o o Modified 3-D
p =51,0=60, (FIT) chapter 3 UTD solution
and d=0.082 (360 field points) (360 field points) (360 field points)
g =21 21 minutes, 46 seconds 102 seconds 59 seconds
£ =6 5 hours, 33 minutes 121 seconds 61 seconds
4.7 Summary

A modified UTD solution for the convex impedance cylinder surface and its
accuracy of the solution are presented. From the studies, it is shown that the 3-D UTD
solution for the PEC convex surface can be heuristically modified to compute the EM
field scattered from the impedance cylinder surface. The computational time is reduced
by factor 2 or more. A very good comparison results between the 3-D modified UTD
solution for the convex impedance cylinder surface, the EM commercial software and
some selected measurement results are illustrated. The modified 3-D UTD solution for a
convex impedance cylinder surface will be useful for general engineer application such as
the predicting of EM wave scattered from trees, missile or aircraft. In fact, the surface of
missile or aircraft is usually coated by color or absorbing thin-coated material layers. For
the multilayer coating or thick coating problem, the modified 3-D UTD solution requires

the new equation to approximate the surface impedance value Z, from the actual surface.
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CHAPTER 5

PATH-LOSS PREDICTION OF THE RADIO WAVE
PROPAGATION IN AN ORCHARD BY USING THE
MODIFIED UTD SOLUTION

5.1 Introduction

In this chapter, the proposed theoretical path-loss prediction procedure and the
measured results of radio wave propagation in an orchard environment are presented. The
path-loss prediction of wireless sensor network (WSN) in a durian (Durio zibethinus
Murray) orchard is chosen to be an example of the WSN for fruit maturity monitoring
system. The three-dimensional (3-D) modified uniform geometrical theory of diffraction
(UTD) for curved impedance surface [28] as presented in Chapter 4 and the complex
source point (CSP) technique for source modeling are employed for theoretical path-loss
prediction in this chapter. The proposed numerical procedure obtained from this work is
applicable to other types of orchards, such as rubber tree orchard, palm orchard, coconut
orchard and other plantations for logging, with nevertheless slight changes in such
physical properties of the orchard as tree size, locations of the trees, tree barks, ground
types, and wave source. Besides monitoring ripening of the fruits, WSN can be used in
fire monitoring system, water monitoring [3] and control system. However, it is difficult
to create a model that represents every influencing factor detected in the orchard, such as
the reflection and diffraction from leaves and tree branches. Because of the short
communication distance in the orchard and the proximity of the transmitting and
receiving antennas to the ground, merely the rays from tree trunks and the ground are
studied. The durian trees in the orchard are modeled using impedance cylindrical surface
structures. The orchard ground is modeled using the dielectric ground containing the

relative permittivity &,, the relative permeability 4 and the conductivity o. The

modified 3-D UTD scattering solution for impedance cylinder presented in [28] is
obtained by heuristically modifying the classical 3-D UTD solution for a PEC curved



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



78

all PEC surfaces (i.e., ground and cylinders). The two ground surface types are average

ground and grass-covered ground. In this dissertation, the impedance cylindrical surface
of the oriental beech wood species [42] with &= 4.7-j2.828 is used in the proposed

model. This value varies according to different wood surfaces. The dielectric coated
thickness in the UTD model of 0.06 1 is chosen. Nevertheless, the dielectric coated
thickness, the radius a and position of the trees can be altered to suit different scenarios.
The circle line is the measurement results along the propagation path of 80 meters
sampling every 4 meters. In Fig. 5.10, the numerical results from the proposed UTD
solution for the average ground, the grass-covered ground and all PEC surfaces are
shown with the dashed line, the solid line and dotted line, respectively. The difference in
numerical path loss predictions of two ground types is insignificant. Within the range of
4-50 meters, the numerical results show good agreement with the measured result. The
prediction shows discrepancies in the range of 50-80 meters due to the incident field and
reflected field dramatically decreasing in the far region. In fact, the multipath fading
caused by multiple reflections from a group of leaves, surface wave of ground and
multiple diffractions from trees is stronger than incident field from source and reflected
field from ground at the far region. However, due to low transmiitting power of both the
sensor and communication nodes of the WSN, the communication range is usually
limited to 40 meters or less. Therefore, the proposed method will be adequate for the
proposed scenario. To improve the accuracy of path loss prediction at the far region in the
future research, the proposed numerical procedure requires more field components such
as the surface wave of dielectric ground and multiple reflections/diffractions from a
group of leaves. Moreover, it is found that the field strength of all PEC surfaces (i.e.,
dotted line in Fig. 5.10) fluctuated along the propagation path due to strong constructive
and destructive effects among incident field, reflected field from ground, and scattered
fields from cylinders. This causes the reflection from ground and scattered field from
cylinders in the PEC case to be stronger than in the case of impedance surface cylinders
with dielectric ground. Therefore, the PEC surface model cannot be used to accurately

predict the path loss in this scenario.
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The comparison results in Fig. 5.11 are from the proposed solution and the
empirical models for the forest. The two-ray model, Weissberger model and Chen&Kua
model are presented in the empirical models [7]- [9]. The two-ray model shows multiple
nulls of total field along the propagation path, causing the two-ray model to become
invalid in certain propagation range (i.e., null field region). Both Weissberger model and
Chen&Kua model show a large error of path loss prediction since the models are based
on the wave propagation through a group of leaves. On the other hand, the proposed
solution shows very good agreement for the range within a 50-meter limit, and such a

solution is sufficiently good for designing a WSN in the orchard.

1
N
o

Normalized attenuation (dB)
IN
o

] L] fp— Proposed procedure (average ground) ]
Proposed procedure (grass ground cover)
O  Measured
*==w** Proposed procedure (UTD solution with all PEC surface)
_80 ! 1 L
0 20 40 60 80

Distance (m)

Figure 5.10 Comparison between path loss of the numerical and measured results at
2.45GHz: average ground (o = 5x10 > S/m and g,=15) and grass-covered ground (o =

0.163 S/m and &=8), both with impedance cylindrical surface (&= 4.7-j2.828 and ¢
0.06 1 ) and with PEC surface.
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(UTD solution with average ground and impedance cylinder)
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------- Two-ray empirical model
— - Weissberger empirical model
........... Chen&Kuo empirical model

Normalized attenuation (dB)
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Distance (m)

Figure 5.11 Comparisons of empirical models and path losses of the numerical and
measured results at 2.45GHz

5.6 Summary

The path-loss prediction of radio wave propagation in an orchard using the
modified UTD method has been proposed. The numerical procedure for path-loss
prediction using the modified 3-D UTD solution for the impedance cylindrical surface
together with the GB expansion via the CSP technique is presented in this chapter. The
UTD can efficiently deal with all kinds of scattered rays from the trees and the ground in
the durian orchard. The UTD method provides the physical insight into the results. The
study of the effects of field distribution using UTD (i.e., incident, reflected and scattered
fields) on the total field is possible despite the fact that the effects cannot be computed by
any other numerical method. The GB can be used to construct the source pattern that
takes into account both the durian fruit and the antenna attached on the fruit. The
numerical results manifest that the modified 3-D UTD for the impedance cylindrical
surface can be used to accurately calculate the total field, under the assumption that the
difference in height of transmitting and receiving antennas is within a few meters. The

proposed numerical path-loss prediction procedure using the modified 3-D UTD solution
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will be efficiently used in various environments, such as in the network planning of the
WSN in an orchard and in other settings for which the orchard physical dimensions are

required.
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CHAPTER 6
CONCLUSION

AND REMARK FOR FUTURE STUDIES

6.1 Conclusion

The 3-D UTD solutions for EM wave scattered from 3-D smooth curved
impedance surface are proposed. The proposed 3-D UTD solution is constructed from the
3-D Green's functions. The heuristic modified 3-D UTD solution for EM wave scattered
from 3-D smooth curved impedance surface is also developed from the classical 3-D PEC
UTD solution. The proposed 3-D UTD solution based on the 3-D Green's function
recovers the original 3-D PEC UTD solution with surface impedance value equals zero (

Z,=0). Moreover, the proposed 3-D UTD solution recovers the classical 2-D UTD

solutions for EM wave scattered from 2-D smooth curved impedance surface. Also, the
computational time can be reduced by using the modified 3-D UTD solution in case of
small transmitting and receiving antenna heights. This dissertation also demonstrates that
the numerical integration based on the recursive adaptive Simpson Quadrature can be
employed to calculate the new 3-D impedance Fock-type integrals functions accurately.
The application of the proposed 3-D UTD solution is also demonstrated. The
theoretical path-loss prediction procedure is completely constructed using the proposed 3-
D UTD solution. The comparison between the numerical results and measured results of
radio wave propagation in an orchard environment are in very good agreement. The
proposed numerical procedure to calculate the path loss from actual scenario of the
orchard is useful for network planning such as the pre-harvesting WSN system and other

scenarios.

6.2 Remark For Future Studies

The 3-D exact Green's functions for the EM wave scattered from impedance
cylinder was presented in chapter 3. The solution will be able to analyze the EM radiation
and coupling from the impedance cylinder as shown in Fig. 6.1. Moreover, the proposed

methods and procedure in chapter 3 will be able to analyze the EM radiation and
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APPENDICES

APPENDIX A

Green's Functions

A mathematical tool called Green's function technique is generally employed to
solve the differential equation in the electromagnetic (EM) wave problem. Firstly, the
differential equations of the considered problem will be mentioned. Next, the EM wave
solution using the Green's function will be proposed.

From [34], the scalar Helmholtz equation in the cylindrical coordinate can be

written as
(V2 +& )y =0 (A-1)
or
2 2
101,200,190 .9 ply=0. (A-2)
pop\’ dp) p° op° Oz

Using the separation of variable technique, the solution y can be written as

¥ = R(p)D(PZ(2). (A-3)

Substituting Equation (A-3) into (A-2) and divided by R(p0)®(4)Z(z), Equation (A-2)

can be written as

2 2
19 p_a_li +_1_2£+l2;+k2 =0 (A-4)
PROp\  Op) Qp° d¢~ Z oz

Generally, Using the radiation condition of traveling wave in z-domain, suppose the

solution of Z can be written as
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Z~C e (A-5)

thus

{8 (Ce @) 2
ET=(—sz)(—Jk,)EZ =-kS. (A-6)

In the same manner as above, the ® wave function satisfies the periodic condition of

traveling wave in ¢ direction. ® function can also be written as

O~C, ) e (A-7)

consider the dominant mode which is #=0, suppose @ function can be written as

Q~Ce (A-8)
Multiply Equation (A-4) by p?, thus

62 (C¢e-1"(¢) )

1 . , 2 .
o g "ol MEMe=- (A-9)

where C, and C, are constants.

Equation (A-4) multiplied by ,02 together with Equations (A-6) and (A-9) can be

simplified as
[—e-—a——(p@ij—vz+(k2—k22)p2]=0. (A-10)

Using &* =k,” +k,* , thus

(Bi(pg%)—v2+(k;)pz)=0. (A-11)
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The separated equations can be summarized as

o( oR 2 2o ]
[pg;[p—a;J+((kpp) V)R]_o. (A-12a)
*
~ 4y} {®=0 (A-12b)
)
—ai+k2 Z=0 (A-12c)
at )7

Green's function technique is a mathematical tool employed to solve the

inhomogeneous differential of the electromagnetic (EM) wave equations such as
(V+ 1) 4 =—pJ, (A-13a)
and
(V2 + ) Fi* =—g,M,. (A-13b)
The J, and M, denote the electric and magnetic point current sources. The 4
and FMz denote the scalar potential functions in the EM problems. The & (E —E’)

denotes the Dirac delta function or called impulse function which is generally employed
to represent the point current source. Green's function is a solution of the inhomogeneous

differential equation defined as
(V*+k*)G=-5(R-R). (A-14)
In the cylindrical coordinate, the Dirac delta function can be written as

5(§—R')=Mé’(¢—¢')5(z—z'). (A-15)

Thus, Equation (A-14) is rewritten as

T_§(¢—¢')§(z—z'). (A-16)
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The alternative representation of the Green's function in the closed contour
integral is presented in [21]. The deep details of the derivation can be found in the

unpublished class note {22]. The Green's function G can be written as

G=K$di,$dA[GGG,]. (A-17)
G G

Let consider G, =G,, G, =G, and G, =G,, substituting the Equation (A-17) into

v

(A-16) together with the separation of variable technique, three differential equations

including Dirac delta functions of each domain are obtained as follows

(ipi.{.lup_ﬁij:_&(p—p'), (A-188.)
op  Op p

o ,

(EF+&]G¢=—5(¢—¢)= (A-185
and

)

—+4, |G, =-6(z-2) (A-18¢)

Oz

where A, =k, =k’ -k, A, =v*and A, =k’. The K is a constant. The solutions of each

Equations (A-18a-A18b) are defined below.

e Equation (A-18), the G, satisfies the periodic boundary condition as

G S A=14-¢')
/ 2\//1—vsin\/—/?:(7r)

A-19
o INEW-¢-2nm ’ ( )
"X
consider only first term (dominant), let n=0, G, can be written as
RN
G, = (A-20)



88

e  The G, satisfy the radiation condition lim (%i j\/ﬂ,_z ) G, =0, G, function

z—te0 'z

can be written as

e—/JZ 22
G, = ———p=—
2j\4,

e  The G, satisfy both of the surface boundary conditions at p =a and the

(A-21)

radiation condition at p = of lim (di +J \/j%: ) G, =0, G, function can be
P=»0 p

written as

Gy =~ L) +BHD e, p0) B, ). (4-22)

where B is a constant that contain the surface properties. The G , can be constructed

using the Green's function construction [21] and [34].

A
y Source

! ’ !
A 0.d,z Observation point

(p:4,2)

Figure A.1  Cylinder problem
Note that, the PEC surface Boundary Condition (BC) at p = a are as follows

G,=0 for E-mode (s-polarized), (A-23a)

P

oG, .
5 =0 for H-mode (h-polarized). (A-23b)
0
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The general BC is defined as

oG, .
55 = ~kC6, (A-24)

where Cis a constant and may be related to the surface impedance of the cylinder. In

case of the PEC surface, C =oofor E-mode and C=0 for H-mode, respectively. The
constant K in Equation (A-17) is found in [22] as K =1/4x". Finally, the Green's

function can be written as

1 ~ ke (2-2) = (#-¢)
G_F(J;CJ; e’ e Mt (Gp)dvcﬂcz (A-25)
and
G ———(————j j(J (kp)+BHP (k p ))H(z)(k 0.) (A-26)
p 2 v pl < v pr< A4 pl>7"

Note that, p.=p" and p, =p if p'<p . Othercase p,=p and p, =p' if p'> p.
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APPENDIX B
The Steepest Descent Path (SDP) Method

The steepest decent path (SDP or saddle-point method) method is generally
employed to evaluate the integral in the scattering problem. the details are described in

[47]. The integral of the form

I(k) = [ F(a)e® “da (B-1)
C

can be written as

I(k)) = [ F(a)e" da =1 +I,. (B-2)
C

Let's consider only the main contribution from the I, , then

I(k) = [ F(a)™ “da (B-3)

Sbp

where f(a) is an analytic function. The SDP is the integration path in the complex a
plane. Let's consider k, = jk, and k is positive real value. We skip some derivation

details that presented in [47]. The integral in Equation (B-1) can then be simplified as

1) =22 ap(@) e =— 40" _oF \/; B-4)
o—m a.r_[e f‘m (ax)z'a ("
Itky) = k;'f(’; < F(a e/ (B-5)
0 ] .
with conditions of
f'@)=0 (B-6)

and

S(a)=0 B-7)
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APPENDIX C
The Computational Scheme for the Fock-Type Integrals

Functions

The integral in Equation (C-1) cannot be evaluated analytically. Also, equation
(C-1) is singular if argument X = 0. Therefore, one can separate the integral into 2 paths (

- to 0 and 0 to « ). This method was presented in [36].

e 2 V(1)=q,,V(2) _jua

e d | C-1
Iz WD) —q,, %) : D

Is.e,h (‘fL'd ’ q.r,h) =

where V(r), V'(r), w,(r) and wi(r) denote the Fock-type Airy functions and their

derivative. After some manipulations, the 13&,, (§L'd,qs,,,) can be finally written as

~f(xl4)
P(X,q,,)= e_\]—,,—{_iliJrG* (X,0)+G, (X,t)} (C-2)
o—J(716)
Gl X, qs,h) = )
o [e“j (z/ 6)Ai'(t)+qs’hej (z/ 6)Ai(t)]e~jXr g (C-3)
’ (I) o) (7/6) 41?7y g eI (716) Ai(te j(zn/s))d’

1
Gy (X, 1) ==3

[ 41(0)~qs pai(r) |7 (C-4)

; - h - dt
e j(7/6) Ai(te” 1(27:/3)) sl e j(x!6) Ai(te™ _](27[/3))

7
0

The integration scheme employed in the literature [36] is based on the Fourier
Quadrature method. In this dissertation, an alternative numerical integration method

based on the recursive adaptive Simpson Quadrature is employed to compute this Pekeris
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or Fock-Type integration function. The present method is very efficient and requires less

computational time. The comparison results of the Fock-type integrals function between a

computation scheme presented in [36] and Numerical integration of function P, ,(X,q,,)

without the singular factor (—1/2.X suppressed) are shown in Fig. C.1. Note that, for the

new 3-D impedance Fock-type integral functions presented in Chapter 3, this procedure

can be applied.

1.0 T

E
p
(a) Presented in [36]

180 T T T 1 =
AT
) _
60 f~ fal=0
10} lq[=0.1 B

i . AN

— ’y \ -

~60 / / \-Iql=l ]
RN

-0t~ 9 -
- 120 / / \"|Q| =10 —
~150 7/ / -

~180 L1 | R N N T D LA N s

-3 -2 -1 0 1 2 3 4
X
(c) Presented in [36] (d) Numerical integration
Figure C.1  Comparison results between [36] and Numerical integration based on the

recursive adaptive Simpson quadrature
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APPENDIX D

Ray Coordinate System and Transformation

The 3-D impedance cylinder problem is shown in Fig. D.1. The cylindrical
coordinate (o, (3,2) can be converted into the ray coordinate (s, A,b) by using the ray

transformation [30] as shown in Fig. D.2. The formulas used to convert between the

cylindrical and the ray coordinate systems are as follows:

A, = psin(&) - pcos(&)

- ooste) (O-1)
= pcos(B) - §sin(B)
and
5, = psin(B)+dcos(p). (D-2)
The unit vector of the propagation direction can be written as
§,.=5,,sin(@")+ Zcos(@'). (D-3)
5, = psin(B)sin(@")+ @ cos(B)sin(6") + 5 cos(0') . (D-4)
Using §, =b,x#, or b, =#,x§,, the unit vector of 5, can be written as
b, = sin(0") — @ cos(B) cos(@') + Psin(B) cos(d') . (D-5)
Generally, the diffracted field can be written as
E* = DEY + §E? + 3¢ = E? +b,E} (D-6)
where
E; = —sin(B)E; +cos(B)E, (D-7)
and

E! = ;in(t?,)Ef —cos(fB)cos(6))E; —sin(B)cos(6))E; (D-8)
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For example, the PEC flat surface coated with three material layers is shown in

Fig. E.3. The solutions of wave equation of each layers are defined as

E.e ™ +E e, 2<0
Efe ™ +Efe™, 0<z<]

E = ) , E-3
Y\ Eje ™+ Eje, [ <2<, (E-3)
Ele ™ +Ele™, [, <z<I,
[ (E,oe””‘“ + E,Oej“’)/Zo, z<0
(Efe ™ +Ere™*)/Z, 0<z<],
H, =3 (E-4)
(Ese™ + E;e™*)/ Z,, I, <z<],
(B e ™ +Eje™)/ Z,, L, <z5],
where Z, = Zy\J el , k =2nf\ule Ic, I =t, 1, =t,+t, and I, =t +1,+t,.
The boundary conditions of all boundaries are defined as
E(0)=E(0), H,y(0)=H,0), E-52)
E()=E,@), H()=H{), (E-5b)
E,(L))=E1), H,(,)=H,(,). (E-5¢)
The reflection coefficient (R ) can be written as
R=fn _Z % (E-6)
Ero Zs + ZO ’
where
7 = Z, 232515253 _2223253 —ZZZZ3 ) -Z Zzzs 51 (E-7)

Y 2,2,Z,~2,725,6, - 2,225,8, - 222,65, "

and &, =tanh(jkt,) . ¢, denotes the coated thickness of each layer.
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