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ABSTRACT

This thesis presents the study, derivation, calculation, analysis, design,
fabrication and measurement of the characteristics of a rectangular cavity-backed slot
antenna. The advantages of this antenna type are a simple and flush-mounted structure
as well as easy for fabrication. The geometry of the problem is made up of the slot cut
on the conducting rectangular cavity fed by a linear electric probe. The analysis model
is subdivided into two canonical regions, internal and external cavity. The integral
equations are established by enforcing the boundary conditions at the probe and the
slot in both regions. The dyadic Green’s function plays a vital role to fulfill the
requirement of the integral equations. Method of Moments is applied to solve the
integral equation to determine the antenna characteristics such as current distribution,
radiation pattern, directivity, input impedance and standing wave ratio. The numerical
results are illustrated and verified by the measurements. This antenna is very useful to

apply as the array element of the linear slot array antenna and active antenna.
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CHAPTER 1
INTRODUCTION

The literature review of the works relating with this thesis as well as the
objective of the thesis and synopsis of the materials in the thesis are introduced in this

chapter.

1.1 History of Slot Antenna on Rectangular Waveguide and Cavity

Over a half of century, the slot cut on the conductor; both on flat plate and
curved surface have been widely and continuously investigated. The slot backed by
the conducting flat plate such as, rectangular waveguide [1], rectangular cavity [2],
radial line waveguide [3] and many others [4]-[9] are very attractive since they belong
to the flush-mounted structure that make them low profile. Historically, in 1948
Stevenson published a classical paper [1]. He used boundary value problem to analyze
the scattering of a longitudinal slot excited by an incident wave TE ;o mode. In view of
a slot cut on the rectangular cavity, it was first published by Galejs in 1963 [2]. His
model was rectangular cavity-backed slot excited by a current source connected
across its center and later [5] was published. At the advent of the high-performance
computer, several researches launched solving their electromagnetic field problem by
numerical methods such as a subsection and point-matching method and Galerkin’s
method, so-called Methocé of Moments (coined by R. F. Harrington) [10]. Up till now,
this procedure has come into widespread applications in practical electromagnetic
computations, especially in slot antenna [6]-[9], [11]-[16] and [44]. The researches on
the rectangular slotted-waveguide antennas have been extensively conducted because
they are very useful to model as the array element of the very large aperture antennas
such as planar slot array antenna [15]-[16] and radial line slot antenna [17] with the
large number of elements. When the ends of the waveguide are shorted by the
conductor, it becomes the cavity. Therefore, the effect at the shorted ends must be
taken into account. The cavity-backed slot antenna is suitable for utilizing in the
investigation of the characteristics of the slot on the bounded region particularly for
the small aperture antennas at which the slotted-waveguide model camnot be
accurately applied. To excite the cavity-backed slot antenna, there are several

techniques such as microstrip feed and coaxial feed at the center of the slot aperture. It



equations are formulated. The integral equations are expressed in terms of the
integration of product of unknown current and dyadic Green’s function.

Chapter 3 expresses the dyadic Green’s functions derived by using the
eigenfunction expansion method along with the scattering superposition method.
Various kinds of both internal and external dyadic Green’s functions for rectangular
cavity are illustrated.

Chapter 4 describes the application of Method of Moments to solve the integral
equations of the unknown electric and magnetic currents. The entire domain
sinusoidal basis function as well as the Galerkin’s method is chosen to determine the
unknown functions.

Chapter 5 illustrates the current distribution and radiation characteristics of the
antenna. The uniform geometrical theory of diffraction is combined with the Method
of Moments to realize the pattern for the finite size ground plane at the top of the
cavity in place of the infinite ground plane assumption. The application of the slot on
the waveguide to synthesize the array antenna using the second kind Tschebyscheff
polynomial is also proposed.

Chapter 6 characterizes the input impedance of the antenna for various parameters
to perform the resonance and optimum conditions. These aforementioned results can
be applied in practice for further applications. The active antenna is used to be an
application of input impedance.

Chapter 7 summarizes the materials presented in the preceding chapters and
included the remark for further studies.

Finally, the mathematical relations for the trigonometric and the exponential
‘functions are reported in Appendix A. In addition, the scalar, vector and dyadic
analyses are included in Appendix B for convenient in derivations. The final results of
the dyadic Green’s functions in three-based directions are shown in Appendix C.
Some orthogonal relationships of the vector wave functions are illustrated in
Appendix D. Integration of reaction expressions for external region in the integral

equation are derived in Appendix E.



CHAPTER 2
RECTANGULAR CAVITY-BACKED SLOT ANTENNA

This chapter shows the configuration of a rectangular cavity-backed slot
antenna. It is excited by a linear electric probe oriented along either y direction or x
direction. Based on Field Equivalent Principle, this antenna is analyzed. The integral
equations in terms of dyadic Green’s functions and delta gap source model are
established by enforcing the boundary conditions at the slot aperture and at the linear

electric probe.

2.1 Geometry of a Rectangular Cavity-Backed Slot Antenna

Geometry of a rectangular cavity-backed slot antenna is composed of a slot of
the length /; and the width w; cut on the top surface of a rectangular cavity with the
width a, the height b and the length c. The slot is aligned along z direction where its
center is located at (x;,z5,6). The excitation is arranged into two cases, i.e. the linear
electric probe of the length J, is located along x-direction at the position (0,y,,z,) and
is located along y-direction at position (x,0,z,) as shown in Figs.2.1(a) and (b),
respectively. At the top of the cavity surface, the slot is surrounded by the infinite
ground plane.

In order to investigate the antenna characteristics, the following assumption
are specified:
e The infinite ground plane is assumed on the top of cavity.
e The cavity wall and probe are made of perfect electric conductor (PEC).
e The thickness of cavity wall is negligible.

e The probe is very thin in order to disregard its diameter.



(b)

Fig. 2.1 Geometry of the rectangular cavity-backed slot antenna
(a) excitation by probe in x-direction

(b) excitation by probe in y-direction

2.2 Division of Analysis Model into Canonical Regions

From the analysis model in Figs. 2.1(a) and (b), it consists of a slot aperture
and a linear electric probe inside the cavity. It is evident that this structure possesses
the discontinuities in structure at the slot and probe. In order to dispose these
discontinuities, the Field Equivalent Principle [19] is applied by following these
conditions:

e For the slot aperture

- Assuming the PEC surface encloses the original problem as dash lines

shown in Figs. 2.2(a) and (b)



- The magnetic current M is assumed at the slot aperture in both sides
of the cavity. They have opposite direction to each other i.e., outside
the cavity M =Ex#A and inside the cavity M =E x(-#), as

illustrated in Figs. 2.2(c) and (d), where n denotes the unit normal

outward vector.
jﬁ
— 0 € E : » 0
.
(a)
T}"
— Qo0 <« ; » OO
L1
Z X
i~
(b)
M y
— 00 < g‘.?; T » o0
._M ¥
4 i——>x
(©)
M y
—00 < ;g T » 0
_.M i
g
(d)

Fig. 2.2 Equivalent model for the slot aperture
(a) covered by the PEC for the probe in x-direction
(b) covered by the PEC for the probe in y-direction
(c) assuming the magnetic current on the slot for the
probe in x-direction
(d) assuming the magnetic current on the slot for the

probe in y-direction



e For the linear electric probe.

- Removing the linear electric probe

- The electric current J is assumed along the linear electric probe.

In addition, the Field Equivalent Principle is used to divide this analysis model
into two canonical regions, external region (ext) and internal region (inf). By
following all of above conditions, the equivalent model is established as displayed in
Figs. 2.3(a) and (b).

¥ T {}Z External
— 0 € 90 >0
v Internal
= y l
J z X
(@)
Y T 5’1@_ External
e B [\ Gotanal >
N7 nterna
A y
]J }
z X
(b)

Fig. 2.3 Equivalent model for the slot and the linear probe
(a) for excitation probe in x-direction

(b) for excitation probe in y-direction

2.3 Integral Equation Formulations
From these equivalent models, since the discontinuities in the structure were
eliminated, the continuity conditions of the tangential magnetic fields are

dutomatically satisfied at the slot aperture.

Hu =H, (2.1a)
Hi =HXxy . (2.1b)
Hir=(Fm +H" x5 2.1¢)
HX =H" +H) (2.1d)



where H and H, H * represent the external and internal tangential magnetic fields,

tan
respectively. H." and H" are the internally radiated magnetic field from the linear
electric probe and the slot aperture, respectively. H ™ denotes the external magnetic

field radiated from the slot aperture. y is the unit normal vector to xz surface.
With the aid of the dyadic Green’s function [20], it is feasible to immediately

calculate the magnetic field of each term, namely

H=(R) = joe, j fé,m (R,R')-(E(R"Yx pMs’

= jwe, j’j'_ (R, R')- M(R')dS’ 2.2)
and

H"(R) = joe, [[Gm (R E)-(E®)x-p)s"
—jos, J’ jc—;,m R,R')-M(R')dS', (2.3)

H™(R)= jf_ w(R,R')- J(R)dS' (2.4)

==ext,int =int

where G um (R R ) and Gws (R R ) denote the magnetic dyadic Green’s function
produced by a magnetic current sheet and electric current density, respectively. S, and
Sy are limit of integration on the surface of slot aperture and on the length of probe,
respectively. R and R’ are the location coordinates of field and source point,

respectively. In this thesis, the time function e’ is used. Substituting (2.2) (2.3) and

(2.4) into (2.1d) the simultaneous equation across the slot can be obtained as:
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=-ext _ — =int ,__ —"mt
jos, | I{GW RR')+Gum(R,R } (R s’ - j [Gw(R.R)-T(R s =0
2.5)
Alternatively, not only the boundary condition on the tangential electric field along

the probe is considered, but the delta gap electric field at the bottom of the probe is

also considered as the excitation. Therefore,
EM =0 (2.62)

tan

For the excitation by probe in x-direction, £ can be written as

fan

B = (B 23)+ B, (2.6b)
In case of the probe excited in y-direction, E/ is

En =(E™ . 3)+E, (2.6¢)
where E, is applied field, defined by delta gap modeling as

E,=6(R-R")
and E™ denotes internal scattering field, given as

T int __ Toint T int
E™ =E"+E

Following (2.6a) and using delta gap model, (2.6b) and (2.6c) can be rearranged as

&l
by

(2.72)

and

E™.p=-E,. , (2.7b)
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The complete condition can be stated as:

(B +E) 3 =-8(R"), (2.82)

and

(B +Em).5=-5(R") (2.8b)

where E" and E are the internally electric field from the slot aperture and the

probe, respectively. —6 (R- ') is the assumed voltage source from the delta gap source

model.

~ [ (R, RY)- B (R s 29

E™(R) = ~jopu, H—EU (R,R)- J(R"Ms", (2.10)
Sy

==int =int

where G (R,R') and Ge(R,R ') denote the electric dyadic Green’s functions
produced by magnetic current sheet and electric current density, respectively.
Substituting (2.9) and (2.10) into (2.8), the simultaneous integral equation on the

probe can be obtained as:

~ [[Cou(RE) MR S~ jou, [[Ger (R R)- TR s =-o(®)  @11)

Sa

Now the integral equations have been obtained as shown in (2.5) and (2.11).
The next step is evaluation of the unknown of magnetic current sheet and electric

current density. This can be accomplished by using Method of Moments.
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2.4 Conclusions

This chapter shows the geometry of the slot on the rectangular cavity excited
by the linear electric probe. The analysis model is divided into canonical regions
according to the discontinuity of structure. The continuous in this structure can be
achieved by applying the Field Equivalent Principle and enforcing the boundary
conditions at the probe and the slot aperture. The delta gap is chosen to be source
model at the bottom of the probe. The integral equations of the unknown currents are
established in terms of the dyadic Green’s functions. These integral equations can be
solved by using Method of Moments as described in Chapter 4 after the dyadic

Green’s functions are derived in Chapter 3.



CHAPTER 3
DYADIC GREEN’S FUNCTION DERIVATIONS

Dyadic Green’s functions play a vital role in calculation the electromagnetic
field in any regions. They are categorized into four kinds according to the electric and
magnetic fields due to electric and magnetic sources. They can be originally derived
from Maxwell’s equations. Starting with the rectangular waveguide, the method of G,
is used to derive the vector wave equations in conjunction with the dyadic Green’s
functions. The scattering superposition is used for determining various kinds of

dyadic Green’s functions for rectangular cavity in the desired direction.

3.1 Introduction

Generally, the sets of Maxwell’s equations, established by James Clerk
Maxwell in 1873, are substantially used to explain the electromagnetic phenomena
both theoretical and applied concepts. As a well-established discipline, they serve as
the fundamental rules of nature and vital links to other scientific fields. In fact, these
equations can be addressed either in differential or in integral form. The former one is
more suitable to use and is applied in this thesis. Therefore, only the differential

equations of Maxwell’s equations are expressed here:

V><1‘5‘=—1T4?,.—21-’L (3.1a)
ot
vXﬁ=],.+.7c+9D— (3.1b)
ot
— aq
V.J=-2o 3.1c
po (3.1¢)
v.-D=gq, (3.1d)

V-B=gq,, (3.1¢)



where

ST STRE TR T

Ji
Je
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: electric field intensity (volts/meter),

: magnetic field intensity (amperes/meter),

: electric flux density (coulombs/square meter),

: magnetic flux density (webers/square meter),

: impressed (source) electric current density (amperes/square meter),

: conduction electric current density (amperes/square meter),

M : impressed (source) magnetic current density (volts/square meter),

gev : electric charge density (coulombs/cubic meter),

qmv : magnetic charge density (webers/cubic meter).

In any situation, these constitutive relations between the field quantities are

needed. They can be expressed as follows:

D =¢E (3.2a)
B = uH (3.2b)
J.=oF (3.2¢)

where & u o denote, respectively, the permittivity, the permeability and the

conductivity of the medium.

&= E&r

H = Holdr.

where &, . are the relative permittivity and permeability which depend on the

electrical properties of the materials. &, is the free space permittivity and is equal to

8.854x 1072 or about 10°/36x farads per meter. In the same manner, 4, is the free

space permeability which equals 47XI 07 henries per meter. For free space the

conductivity vanishes.



Maxwell’s equations can be expressed as

VxE =M, - joB

V.-J=-jag,
V.-D=gq,
V:B=gq,,.

3.2 Dyadic Green’s Functions in Electromagnetic Theory

sze =Em

VxGn =I5(R-R')+k*G.

15

Usually, Maxwell’s equations are presented either in time varying
electromagnetic or in time-harmonic. In such time-harmonic, the system of equations
can be simplified considerably. They are represented by the complex time function

form, €. Hence, the time conventional throughout this thesis is ¢®. Therefore,

(3.32)

(3.3b)

(3.3¢)

(3.3d)

(3.3¢)

where o is the operating angular frequency which equals 27 times the frequency.

In view of dyadic form, Maxwell’s equations can be written as [20] by
juxtaposing a unit vector X, at the posterior position and summing the three sets of
equations with respect to j. Then, three infinitesimal electric dipoles are considered to

be the source term, J . The expression of various dyadic functions can be shown as

(3.42)

(3.4b)

(3.4¢)

(3.4d)
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From the vector wave equations, the dyadic wave equations can be derived as

VxVxG.~k?G. =I5(R-R') (3.53)

and

VXVXGn—k?Gn =Vx[I5(R-R'). (3.5b)
where ; denotes the idem factor and % is a propagation constant.
1 =%+ y+ 22

The classification of various dyadic Green’s functions depends upon the type
of dyadic conditions, Dirichlet and Neumann. In free space media there are two types
of electric and magnetic dyadic Green’s functions. The electric and magnetic types
satisfy (3.5a) and (3.5b), respectively. Both of them are also categorized into two
kinds, first and second kind. The first kind electric and magnetic dyadic Green’s

function, denoted, respectively, by E,; (E R ') and Em,(ﬁ R '), are required to satisfy
the dyadic Dirichlet boundary condition, namely,

ixGa(R,R")=0 (3.62)

and
iixGm(R,R')=0. (3.6b)
Knowing Ge and Gm , the electric field can be found, respectively, as

—jou, ﬂ (R, R)- TR v’ (3.7a)

j f (R, R') M (RS’ (3.7b)



o w
aninvemyantn MIsvemAtIIANTEL Y

Alternatively, the dyadic Neumann boundary condition is satisfied for the second kind

of electric and magnetic dyadic Green’s function, denoted, respectively, by

Ge: (E, E') and G (E,E'), namely,

AxVxGa(R,R')=0 (3.82)

AxVxGm(R,R')=0 (3.8b)

Also, they can be used to calculate the magnetic field, given as

H(R)= [[[Gn:(R,R)- F(R Jav" (3.92)
H(R)=~jwe, [[G:(R,R")- M(R")ds' (3.9b)

From the expression of dyadic functions (3.4a), the relationship between Ee2 and

Eml can be found corresponding to the Neumann condition. It yields
VxGer =G (3.10)

To complete the relationship between a, and EmZ , they will be derived by using the

symmetrical relations of vector wave functions, and can be shown as
VxGa =Gm (3.11)
In view of (3.4b), under the Dirichlet condition the Eel can be expressed as

Vx Gz = I6(R ~R')+k*Ga (3.12)

35746
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and under the Neumann condition az can be denoted as
VxGm =I5(R-R')+ kG, (3.13)

From the expression of Maxwell’s equation, it is evident that the Emz is a solenoidal

dyadic function, that is

V-Gm =0, (3.14)

but Eez is nonsolenoidal.

3.2.1 Rectangular Vector Wave Function
To derive the various kinds of dyadic Green’s functions, the vector wave

functions are needed. Following Stratton’s work [21], there are three kinds of vector
wave functions, i.e. L, M and N . All of them are the solutions of the homogeneous
vector Helmholtz equation. M and N are solenoidal function but L is not. Thus,

from (3.14), in the previous section, only M and N are needed to derive the magnetic
dyadic Green’s functions. Subsequently, the other types of dyadic are derived by
using some relationships in the previous section.

First, by taking curl of (3.3a) and (3.3b) with homogeneous medium and

source free conditions, they are written as
VxVxE—-k*E =0 (3.15a)
VxVxH-k*H=0 (3.16b)
By imposing F as any vector and « is considered to be the arbitrary constant, then

VxVxF -x*F =0 (3.17)
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There are two kinds of vector wave functions, which are
M =v;<(wa) (3.182)
N=éVxVx(y/&) (3.18b)
where  denotes a characteristic function which satisfies the scalar wave equation

Vi +xiy =0 ' (3.19)

In case of an identical generating function v is used for both M and N, we

have the following symmetrical relations

WY L % (3.20a)
K

¢ ka2 (3.20b)
K

To derive the vector wave functions, there are two steps, the expression of the scalar
function and choice of the piloting vector a. To deal with the configuration of the
rectangular waveguide as shown in Fig.3.1, the unit vector Z is the most appropriate
because it would provide the transverse electric (TE) and transverse magnetic (TM)
modes, which are usually desired in the theory of rectangular waveguide.

By using separation of variables [22], the scalar wave equation (3.19) can be

solved as follow:

v = f(x)g(h(2) (3.21)
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A A

Fig. 3.1 Rectangular waveguide
Both of the functions, f{x) and g(y) must be chosen to represent standing waves

function because the waveguide is bounded in x and y direction. The appropriate

functions are
f(x)= Acos(k,x)+ Bsin(k, x) (3.223)

g(y) = Ccos(k,y)+ Dsin(k, y) (3.22b)

Since the waveguide is infinite extent in length, (z) has to represent the traveling

waves as :

h(z) = Ee™* + Fe/™ (3.23)
Considering only +z direction, thus F =0

h(z) = Ee™ ™™ (3.24)

By substituting (3.22a), (3.22b) and (3.24) into (3.21), the solution of the scalar wave

equation becomes

w = {dcos(k,x) + Bsin(k,x){{C cos(k, y) + Dsin(k, y)}Ee ™ (3.25)
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where k? +lcy2 +h? =x?
mr
k,=— ,m=0,1,2,.
a
nmw

k,=— ,n=0,1,2,.
b

For TE mode, applying the boundary condition that tangential electric field vanishes
at the wall, x=0 and a as well as y=0 and b, the solution of scalar wave equation

becomes
W ome (B) = A,,, cos(k, x)cO5(k, y)e " (3.26)

where An, denotes the arbitrary constant. The subscript “e ” is an abbreviation of
even.

Similarly, for TM mode the solution is
Y oun (B) = B,,, sin(k, x)sin(k, y)e (3.27)

where B, denotes the arbitrary constant. The subscript “o ” is an abbreviation of odd.

In view of electric field in a waveguide, the vector wave functions with normalizing

modal coefficients (Amn = Bmn = 1) M,,, and N, are defined to satisfy the vector

n

Dirichlet boundary condition at the wall of the waveguide,

Ax =0 (3.28a)
and

Aix =0 (3.28b)
as

M, (h) =V x[¥,,,(h)z]

=(-k,C,S,%+k,S,C, 9™ (3.29)
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where M, (h) represents the electric field of TE, and N,,, are that of TM,,, mode.
and

S, =sin(k, x) C, = cos(k x)

S, =sin(k,y) C, =cos(k,y)

k> =k} +kl+h*=k}+h

kZ=k:+k]

Similarly, N, are given by

"

N (1) =~V XV XY 0, (8)2]

- l(—jka. S
K

S, %~ jk,S,C.y+ kcszSyé)e""’ (3.30)
From the symmetrical relations in (3.20a) and (3.20b), the proper vector functions to

represent the magnetic field in a rectangular waveguide are

M, (k)= %v x N, (h)=Vx[y,. ()2

=(k,S,C,2-k,C.S,Me ™ (3.31)

VAL 4

N, (k)= lvx M, (h)= le Vx[y,, (h)z]
K K

- _IK_( Jhk,S,C, %+ jh,C,S,5+k2C,C,2)e™™  (3.32)

c x>y

M, and N,,, satisfy the vector Neumann condition on the boundary, namely

n

AxVxM, (h)=0 (3.332)

omn

AxVxN, (h)=0 (3.33b)
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In summary, the complete sets of vector wave functions can be written as

M, (h)= Vx[c//e _ (h)é] (3.34a)

- 1
N, (B)=—=VxVx [We (h)é} (3.34b)
0 mn K 0 mn

( cog mm nay C. C

cos= cos*2) _. .

where y, (B)=| ¢ b=l T Tl
mn \sin==  sin > S, S,

2 mﬂ'\z nw 4 2 2 2
=|—1 + Y +h” =k, +h

3.2.2 Dyadic Green’s Functions of a Rectangular Cavity

According to the method of Em [20], the dyadic Green’s functions for
rectangular waveguide are first obtained. Subsequently, the dyadic Green’s functions
for rectangular cavity can be derived. By using the Ohm-Rayleigh method, the second
kind magnetic dyadic Green’s function of the rectangular waveguide satisfies the

equation

VxVx Gur(R,R') =k Gma(R,R')= VX [IS(R = R")] (3.35)

This equation is valid in the domain 0<x<a, 0<y=<b, —®o <z < in Fig. 3.1,

and the Neumann boundary condition

ixVxGna(R,R')=0

at x=0 and a, y=0 and b, and where k = O+ 1,8,

From the Ohm-Rayleigh method, the eigenfunction expansion for source function

Vx[I6(R -R")] is
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VIR -BN= [ 3 S (W0 (h) + T, (h)B,, (1) (3.36)

—com=0 n=0

By taking the anterior scalar product of source term of (3.36) with N,_..(—h") and

M, ..(—h'"), integrating the resultant equation throughout the entire configuration

domain and then using the dyadic Gauss theorem in conjunction with the orthogonal

relationships between the vector wave functions described in Appendix D, one obtains

i (2-0,)x =,
A (W=—"73—M (-h 3.37
emn( ) bkcz emn( ) ( )
and
— (2-6,)k —,
B (W)=—2—N' (-h 3.38
omn( ) bkcz omn( ) ( )

where &, denotes the Kronecker delta function defined as

fre. 1, m or n=0
o5 0, m and n#0

Substituting (3.37) and (3.38) into (3.36), the eigenfunction expansion of

Vx[?&(ﬁ—ﬁ’)] is given by

Vx[I5(R - R')] = TZ%%‘}E[NW(’!)M' () + 7, ()N (=]

emn omn
—co,n

(3.39)

To find Emz, the same expansion of source function as shown in (3.39) can be used.

The additional unknown coefficients a(h) and b(h) are appeared as
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EMZ(R ) J-Z(Z o,)x

24~ mabk!

[a(®)N,,, (WM.  (—h)+bH)M,,, (RN,  (—h)]dh

(3.40)
substituting (3.39) and (3.40) into (3.35) and using
vaxl:ﬁemn ] = Kz[_emn :|
Momn Momn
then the coefficients of (3.40) are
h) =b(h) = :
all) =b() =~
Therefore, Gz (R, R') is given by
(2-6,)x
Gm R e
’ ;[,,,Z bk’ (i’ — k)
[N (DM, (1) + M, (N, (~h))dh
(3.41)

By applying the method of contour integration, Gz can be obtained as

= (= =\ —-Jjk—2-0,
GMZ(RR) a‘;’ kk

N, (k, W (Fk,)+ M,, (Ek, N! (Fk,)), =z g z' (3.42)
<

1 .
where k, =(k* —k2)? forreal k> k. and imagine k <k
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From Maxwell’s equation in dyadic form

VxGna(R,R')=I6(R - R) +k*Ga(R,R")

in conjunction with aiding of Heaviside unit step functions that satisfy the dyadic

Dirichlet condition, namely
nxGel(_ E')= 0.

Eel can be derived as

G.(R,R')= —;1'; 235(R — R')

2-06 >
°IM. (kM. (Fk N__(*k k !
abz k k [ emn( ) emn( )+ omn( g) omn(+ )] Z<Z

m,n

(3.43)

where 5(R — R') is Dirac delta function.
In order to avoid a possible confusion of field type and source type of various kinds of

dyadic Green’s functions, another representation form of them is

Ger =G
Gt = Gan
Ger = G
G2 =Gy

where Ey(ﬁ ,R ’) denotes the electric dyadic Green’s function produced by electric

current density. ZEM (I_{— ,R ’) is the electric dyadic Green’s function produced by
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magnetic current sheet. Gam (R— ,R ’) is the magnetic dyadic Green’s function produced

by a magnetic current sheet. Ew (R_ ,R ’) represents the magnetic dyadic Green’s
function produced by electric current density. Therefore, these nomenclatures will be
used from the following subsection.

Next, the dyadic Green’s functions for rectangular cavity can be derived by
using the dyadic Green’s functions for rectangular waveguide together with the
method of scattering superposition. There are two steps to accomplish. First, the
waveguide is assumed to be terminated at z = 0. The functions for a semi-infinite
waveguide 0<z <o are determined from the summation of the functions for
waveguide and scattered term. In the functions for scattered term, two unknown
coefficients are occurred. By using the Dirichlet boundary condition at z = 0 for TE
and TM modes, these coefficients can be determined. The semi-infinite waveguide is
again terminated at z = c. Therefore, it now becomes a rectangular cavity, 0<z<c

as illustrated in Fig. 3.2.

TJ’

Fig. 3.2 Rectangular cavity

In the same manner, the first kind dyadic Green’s function for rectangular cavity can

be derived [23]

k k? sink,c

m.n g'c

2y -0) | Tle- ) Tle )
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The prime vector wave function M’ and N' are the excitation functions and the
unprime function M and N are the field functions. From symmetrical relationships in
(3.11), the second kind magnetic dyadic Green’s function for rectangular cavity can

straightforwardly be shown as

Em(ﬁﬁ) Zkz_(iﬂ_{;z(c 2)M . (2')- MZ(C z)N: (z)z>z}

ab 7 k k. sink,c (M (c-2z)-ML(zN (c-2')z<2'
(3.45)

Similarly, by applying the same procedure used in deriving Ea/ , We can obtain

k,kZ sink,c eo(z)N"(c

(2 5) Neo(c z) ( ) M: (c z)M (z’),z>z’
T ROWAC e e <)

then,

-,

_— (=8 [Mlem N2 Fale- ()7
GEM(R’R) Zk k:sink c{ 2 ()N (c=2")- ]V;(z)ll?;:(c—z'),z<z'}

man Koz fes
(3.47)
where M: (z), M~ (z), NZ(z) and N (z) are defined in Appendix C.

3.3 Dyadic Green’s Functions for Internal Region

From chapter 2, the dyadic Green’s functions for rectangular cavity are linear
operator, which should be known functions. Therefore, they have to be considered.
All of them were formed exclusively in z-direction but in fact, the dyadic Green’s
functions must be constructed with respect to direction of source function. For
instance, on the y-direction probe the dyadic Green’s functions have to be formulated
in y-direction, similarly in x-direction probe, and on the z-direction slot aperture they
have to be also derived in z-direction. In this section, various kinds of internal dyadic

Green’s functions are shown in term of source directions. Since the magnetic current
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sheet is assumed to be source on the slot in z-direction, the dyadic Green’s function

=int , _. __
Guu (R,R '), in z-direction is used. It was rigorously derived in previous section and
can be rewritten as

~

G (R,R')= —%17225(1?-—1?')
25 (2-6,) [ Nile-2NS(2)-My(c- )M (2)z> 2
ab &k k. sink,c | No(zN2(c-2')-ML(z)M(c~2)z<z2
(3.48)

mn Loztez
For the electric current along the linear electric probe, the dyadic Green’s functions

==int

G u(ﬁ ,R '), in y-direction and in x-direction are required. They can be obtained by

rotating the coordinating system [24] then is given in desired direction as follows:

2 (2-6,) [ M;@-M2G)-NLE-yN2( )y >y

+—z 27TTE XLy AL’y U ATY ATIY [ [

ac m,n kgykcy SIHkgyb Meo()))'Meo (b_y )_Noe(y)Noe (b—y )’y < Yy
(3.49)

==int 1

o (7 F)= L szs(R-7)

k2

2 (2-5,) | Mi(a-x)M;;(x')=-N
2y e | x

bc k2 sinkga | ML ()M a-x")- N,

m,n & iex

a-x)N*(x'),x> x'}

(
(x)NZ(a-x")x<x'
(3.50)

where 32, (y), M2 (), N2 (), Na(), ML(x), M (x), N;(x) and N(x) are
defined in Appendix C

Next, the dyadic Green’s functions for mutual term between slot and probe and vice

==int ==int

versaare Gus and Geu .
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2k _&{ 2(b- y)M ()~ M2 0b- y)N;:(y'),y>y'}
be 22 kgl sink b | NLO)2 (6 -y)- ML G2 (6~ )y <
(3.51)

Gru(R,R')=

(2-4.) {;( VNG 6)-No(e- )M '),y>y'}

—im 2k
G (R RN=2ES "% e
EM( ) bc Zk k2 sink,,b (IN?(c-3'")- NXOWM?(e-y)y<y'

m.n f4%

3.4 Dyadic Green’s Function for External Region

Let us consider the dyadic Green’s function in free space condition G #o,

VxVxGro —k*Gro = I6(R —R") (3.53)

By using the dyadic identity (B.19)

(3.53) can be converted into the form

V(V-EH,, )—VZEHO —k’Guo = I6(R~R") (3.54)

by taking the divergence of (3.53), we obtain

V'Eﬂo =——12—V-5(R-—§') ;V’(VXVXEH0)=0
k

Substituting into (3.54), thus (3.54) can be written in the form

(V2 + k2 )G = (1+kivv)5(R ~R') (3.55)
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To fine G o, from free-space scalar Green’s function

( , )G ejklE-E'[
Vi +k? o =—5(§—E') ;Go = jog, ———7
/0% 47|R - R'|
(V2 + k2 )G (I+—VV)( e
= = 1 e'lk‘R Rl
Gho = .0)80 I+—VV |—— 3.56
w=J ( K2 )4;:|R-R’[ (3:56)
where |§—E’| = J(x—x’)’ +(y-y)V+(z-2)
In half free-space, we obtain
==-ext = 1 e"klR Rl
G M =j6080(1+'—2-VV)-—_——_— (3.57)
k 27|R - R|

3.5 Conclusions

The dyadic Green’s functions are derived in this chapter by using the
eigenfunction expansion method. The scalar functions were constructed by
considering the solution of the scalar wave equation in case of free from the source.
After that the vector functions were derived by using the scalar functions. Only the
solenoidal vector wave functions are necessary for deriving the dyadic Green’s
function of the magnetic type dyadic Green’s function method. The dyadic Green’s
functions can be constructed by juxtaposing those vector wave functions. The
unknown coefficients of the dyadic Green’s functions were determined by applying
the Dirichlet and Neumann boundary conditions. The complete expression of the
dyadic Green’s function for the rectangular cavity can be accomplished by applying
the scattering superposition techniques from the case of the rectangular wavguide.
The dyadic Green’s functions both electric and magnetic type produced by the electric
and magnetic sources are reported in this chapter. From the results of the dyadic
Green’s function obtained in this chapter, they will be used to fulfill in the integral

equations derived in the previous chapter.



CHAPTER 4
APPLICATION OF METHOD OF MOMENTS
TO SOLVE THE INTEGRAL EQUATIONS

Method of Moments is the powerful wol to solve the linear equation by
transforming it to the system of simultaneous algebraic equations. Many kinds of
basis and weighting function are investigated. The accuracy and ease of numerical
calculations are heavily relied on the choice of basis and weighting functions. Both of
them are discussed in this chapter. By following the appropriate selections of basis
and weighting functions, the system of equations is also presented both linear

equation and matrix form.

4.1 Method of Moments

Before the advent of the high-speed computer, the computations of
electromagnetic field by numerical methods were unpopular because the required
computation was considerably tedious. The analytical methods were extensively used
instead. During World War II, the large-scale attempt to solve the practical
electromagnetic engineering problems was undertaken. Many researchers used the
variational methods to fulfill their requirement. In mid 1960s, with the development of
computers the numerical techniques were started to solve the electromagnetic field
equations. In 1967, Roger Harrington first introduced the novel numerical method so-
called Method of Moments [10] and [25]. Within a few year from 1966 till now,
Method of Moments have been widely used for solving linear operator equations in
many electromagnetic problems and especially applying to various practical antenna
problems [26].

Method of Moments is a numerical procedure for solving a linear equation by
transforming it to a system of simultaneous algebraic equation [27]-[28]. The basic
idea of transforming is rather old. Galerkin, a Russian mechanical engineer,
developed the method, bearing his name, around 1920s. It was the specialization of

the more general Method of Moments.
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Consider the linear equation [25]

If =g (4.1)

where L is a linear operator, g is a known function (excitation), f is an unknown
function. As the first step of this approach, the approximation of unknown function f

by a finite sum is expressed in terms of basis or expansion function as

f =Za.~f.~ (4.2)

where g; are unknown coefficients to be determined, f; are known expansion functions
or basis functions. More details of basis function can be found in next section.

Substituting (4.2) into (4.1) one obtains

N
dalfi=¢g (4.3)

For exact solution, the limit of summation is infinite; for approximate solution it is
usually finite. Theoretically, the exact solution is desired but practically, the
approximate solution is usually obtained. Therefore, due to the approximate way the

residual is formed. The next step of Method of Moments is that the residual is
weighted to be zero with respect to the suitable weighting function W, j=1,....N; by

taking inner product and use the linearity of the inner product. Then, (4.3) can be

expressed in form of a matrix equation as

N,
Ya, < w, ,Lf; >=<w, ,g> 4.4)

i=1

where < > represents the inner product.
The unknown coefficient (a;) can be calculated from solution of (4.4). In this
way, the problem has been reduced to that of a set of linear algebraic equations, which

can be written in matrix form as
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[Z]la]=[¢] (4.5)

where

[<w,Lf, > <w,Lf,>
L=|<w,Lf> <w,Lf,>

-

a, <w,8>

a=|a, g=(<w,,g>

4.1.1 Basis Functions

The basis functions chosen for a particular problem have to satisfy the
following criteria:

1) They must satisfy the boundary and differentiability conditions of problem

at least in some distributional martner.

2) They should be linearly independent.

3) They have to be a set of complete functions in the domain of the operator.
Usually, there are two kinds of function such as subdomain and entire domain

functions.

4.1.1.1 Subdomain Functions

The subdomain approach can be considered by subdividing the structure into
N segments. Each of basis function exists only over subsections of the domain of f.
The unknown coefficient of basis function affects the approximation of f only over
subsection of interested region.

There are various kinds of subdomain basis functions. The most common of
these basis functions is the pulse function (piecewise constant) shown in Fig. 4.1(a). It

is defined by

I x,,£x%x,

n-1 —

4.6
0 elsewhere (4.6)

F,(x) ={
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When the unknown coefficients are determined, this function is shown in the

form of staircase, shown in Fig. 4.1(b)

P (x)
1
1 i (’(’ 1 : x
X, x, x, x, x, xy,
(a)
P (x) o
I | £«
)]
1 1 ()() ; X
%o Xy ¥ X3 X4 XN
(b)

Fig. 4.1 Piecewise constant or subdomain pulse function
(a) Single function
(b) Multiple function

The triangle function or piecewise linear is another basis function, defined as

xX—x,_,
|, X,,SX5Xx,
xn _xn—l
X ., —X
— n+l
T (x)=q9—"— , x,Sx5x,, 4.7)
xn+l - xn
0 , e¢lsewhere
\

A combination of triangle functions provides a piecewise linear approximation to

basis function, as represented by Fig. 4.2.
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T,(x),

»

n

Fig. 4.2 Piecewise linear or subdomain triangle function
(a) Single function
(b) Multiple function

The more sophisticated subdomain basis function is the sinusoidal function
(piecewise sinusoidal). Though increasing the complicated function may not be
warranted that the improvement of accuracy is achieved. However, in some situations,

the specialized functions are very useful. The sinusoidal function is shown in Fig.4.3.

sink(x-x,_,)

- O VS X,
sink(x, ~x,_,)

S, (x)=19 . - (4.8)

SEECrR =) x,<x<x

n n+l

sink(x,,, —x,)
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n

Fig. 4.3 Piecewise sinusoidal or subdomain sinusoidal function
(a) Single function
(b) Multiple function

4.1.1.2 Entire-Domain Functions

Entire-domain basis functions are defined to be nonzero over the entire
structure. Thus the subsections are not appearing. In addition, it has the continuous
form over the structure. Therefore, the numerical convergence is enhanced. The

entire-domain basis function is defined as

S(x) = sinll—”-(x,. + l—‘) si=1..N 4.9)

s

\ 4
=

Fig. 4.4 Entire domain sinusoidal function
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4.1.2 Weighting function

To extinguish the residuals from the approximate solutions, the weighting
functions are used to weight the residuai across the entire domain L. In fact, there are
many procedures to weight [29]; namely

Point-Matching Method

- Galerkin’s method

- Method of least squares

The point-matching method is the simple and straightforward way to obtain
the approximate solutions. In view of Method of Moments, it is equivalent to using
Dirac delta functions as the weighting functions. Usually, this method is used, when a
large number of basis functions are required to approximate the unknown functions.

For Galerkin’s method, the weighting functions are not delta functions but

they can be selected as
w, = f, (4.10)

The Galerkin’s method has been extensively used in electromagnetic problems
[30]. This method has been found to yield accurate results with rapid convergence, in
case of low-order solutions, i.c., when few basis functions are needed.

Finally, for the weighting functions of least squares method they are defined

w, = Lx, (4.11)

This method is more sensitive to the proper choice of expansion functions than
the other two techniques. However, it always leads to a monotonic convergence of the
residual [31].

In any particular problem, one of the main tasks is to choose the appropriated
basis and weighting functions to the problem. There are considerably possible sets of
basis and weighting functions. Some sets may yield faster convergence than other,

easier matrix to determine or desired accuracy solutions.
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4.2 Choice of Basis and Weighting Functions

4.2.1 Basis Function

As described in section 4.1, there are two kinds of functions, subdomain or
piecewise sinusoidal and entire domain functions. From the choice of basis functions,
the suitable function should be physically meaningful bases. Therefore, the natures of
electric field on a slot aperture are considered.

- The behavior of aperture electric field distribution is cosinusoidal with

respect to the direction of slot length.[9]

- The effect from the width of slot is reasonably uniform.

In order to deal with the natures of a slot aperture, the sinusoidal entire domain
is appropriate because it is continuous and smooth function throughout a slot aperture.
It is easy to include the higher order mode functions into the analysis. Only a few
expansion terms are usually adequate to obtain the required accuracy. Accordingly,

the expansion of magnetic current can be expressed as following

M,(R")= iA,.r_n',.(ﬁ ') (4.12)
i=1
where m(R')= ;vITSi %(z’ + %)2

where m; (ﬁ ’) is a basis function. z’ is the source point on the slot coordinate system.

A; is the unknown coefficients.
m(z")
1.0

0.8 ;
0.6 1
04

02

0
-1/2 0 172

Fig. 4.5 Basis function on the slot aperture
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The above basis function will be used in this thesis and shown in Fig. 4.5. In
view of a linear probe, there are two types, open and shorted end. For the shorted one,

the uniform current is assumed as
JP(R’)=£' (4.13)

On the other hand, for open ended structure, the space between cavity wall and the
end of wire probe is optimized for suppressing reflection [17] Thus, the current on the

linear probe is approximated by

7,(R)=Y8,j,(F) (4.14)

g=!

;g(ﬁ')=!2{1+sm§@'+zp)]y

P
where ]g (E ') denotes the basis and weighting function. y' represents the source

point.
Since the excitation of this model is the open-ended probe, the later one is chosen

as the basis function of linear probe excitation and can be shown as Fig. 4.6.

J0,
1.0
0.8
0.6 1
0.4

0.2

0 /2 l

Fig. 4.6 Basis function of the linear electric probe
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4.2.2 Weighting Function
The selection of appropriate weighting function plays an important role to
obtain the high accuracy result, ease of evaluation of matrix elements and analytically
solution. There are many ways to choose the weighting function. However, the
Galerkin’s method can be responsible for these requirements. This procedure is to
select the weighting function to be the same as the basis functions. Accordingly, the

weighting function of the slot aperture is represented as

— n.mw
m (R)=—]—sinl’ (z+%)2 sny=1,23,...,N, (4.15)

s 5

and the weighting function of the linear electric probe is

Jn, (R)= 2[

)J sng=1,2,3,....N, (4.16)

where 7, (E ') and j, (E ) are weighting function. z and y is the field point on the slot

and along the probe coordinate system, respectively.

4.3 System of Linear Equations
Substituting (4.12) and (4.15) into (2.5) and (4.13) and (4.16) into (2.11), the
inner product with the integral over the field point of weighting function is taken as

following

JcogoZA ” jjm {GHM )+5}'}L(_,E')}-m,.(§')d3'ds
—ZB Hﬂm

=int

)-Gw(R,R')- j,(R')as'ds =0 (4.172)

and



42

—ZAHHJ" ®)- Gaw (R.R") 75,(R' ds'ds

i=/ S, s,

—Jaw,,zB [1{{7.,®)-Ga (R B}, ® Jasias = -6 (&)

g=l 5,5

(4.17b)

By assuming the delta gap source function §(R') equals unity at the excitation point

(4.17a) and (4.17b), in case of y-direction probe, can be rewritten as

Ja)e,,ZA

i=l

m, (z){G;;‘;,_z, + G I (o) dz dxdz

~|§

~|~<—-.~l"
NIS'—-.‘\*!E
o i 1

PN

!

fm,, (£)G ., s (' )dy'drdz =0 (4.18a)
s 0

Il

o 2
—ZBg ;[
sy

g=1

mli'—-—-."'l-.s

|

N !

“ZAaJ

i=1

L—-.N

Jn, O)GE o (2 )dx'dz'dy

N |,,~ —

~ | E

N 1, :
—jou, By [ i, ()G . ()dy'dy=—1 (4.18b)
g=l 00

where

I 62 e—jk‘/(x—x’)"q»(z—z')"
G o = JOE| 1 +—

K az’)\[(x_x'y R

t (2 5
GZMzz =~—5(x x’y y Z- Z)+—Z()Zok2 Slnk

r
C'CCC. sink, ,,(c—z-z,)sink, . (z'+z,),z>z
Ty \sink, ,, (2 +2,)sink, (¢ - 2"~ z,),z2 <2’
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- 1 (2-0,)k2,
Gml = 5 , _~“
By = h? (e=xy=y'z-2) Z_;,gkzsmk Wb

$ 5SS, cosk, , (b—y)cosk, ¥,y >y
*TEATE | cosk,  yeosk,  (b—y),y <)y

in 2 | v '
G = sz;; ( Smk r C.S.S,S, feosk, (b - y)cosk, .y, y > ¥'}

0

in 2 (5 ' o ] [;
Gy =— = ZZ ( smk)mbS"S‘C‘S’ {coskgﬂycoskg‘”(b——y),y<y}
m—0n—0

2 2 2
K=k =k’ =[T%) 4 2Z ,k’ A i o il
c,yy ¢y c,yz ( a = ¢,z G b ’

2
k;,yy =k;.yz =kg,zy =k’ -k,

c.yy?

C, = cos(ﬁz y) ) S, =sin(§—7£z}, C, = cos(ﬂ x), S, =sin(ﬂx],
b c a a
S, =sin(m£(x+xo)), C, =cos(m(x+xo)) and S =sin(ﬂ(z+zo))
a a c

and in case of x-direction probe, they are expressed as

2
k2, =k -k

c,2z?

N 3
JoE, ZI: 4; I
=1 1

% s
[ Jrm,, (NGg o + Gty Y, ("' 'dxde
1
2

s
)

[ ., (2)Gi iy (< x'dxdz =0 (4.192)
wo
2

N, .
— jouy Y By [ [, )G wiy (¢ )ax'dx=~1 (4.19b)
g=!
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where

int l ' ' ' 2 5
Ggl.xx =—_k_25(x—x’y—yaz_z)_ ZZ )k

mows K’ sink,

.5"S §'.8 { (a—x'—xo)COSkgnx,x>x }
cosk

A akatd w(x+x,)cosk,  (a—x"),x<x'

int 2 5 ' . Il '
C o m=o;s(1nk b C.S.C.S, {coskg_u(b—-y)smkg_zxy ,Yy>y }

o0

Gy o = ZZ (2-9 ) C S.C.S. {smkg'nycoskg,xz(b—y’),y<y’

m—o o Sln L Al U

2 2
kjm=(1”£) +("”) Fl kax=(ﬁ£) +(””) k2 =k <k,
’ c b : a c

kD =k e R Rl sin(ﬂr— (z+2, )) Sl = sin(ﬂz') and S, = sin(n—bﬂ— y) .

c c

These systems of linear equations can be written in view of reaction as

ZA,[ o Ynjf‘] ZBganjg = (4.202)

ZA By +ZBgz;"g =- (4.20b)

They can be expressed in terms of matrix form as
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e

[E:M(E,E’)+EZM(§,E9};7,> <,7;, 'E?L(E,E'HE:L(E,E')}
<m,,j {ET;M (E,E')+E_:L(E,E')]ﬁ,> <ﬁ,,
/
_<_;'l EEM(I_?-,E')I_}{,> -<_],|E$;4(R R)l >

Guafn) .. (3,

:
:

/ [E:M ®.R)+Grm R.R ')}

—-"lt
Gem (R,R )1

5!
—

=int = int - |
Gu (R, R)],> -<ﬁ, Gm(k'.l?')ljg>

| o

—=int

mn, Gw (R, EQ}

i
<m

5':11(13 R)_],> -<

_ =it

=int - r Lk - . Bl = ]
Gu(R R)j, e A TGa RR)| ], . :
_Bg . 1_
=== int _op=imt |
< n GEJ(R R)jl> "'—<jnq GEJ(R'R')jg>
(4.21)
Using inverse matrix, the unknown coefficients can be solved

X1 {rl-=[z] 4220
[rl=[xI"[z] (4.22b)

Then the unknown coefficients, 4; and Bg, can be calculated by means of Gauss
elimination [32] or other methods. In view of numerical integration, the Romberg

Integration is used [33]. Finally, the desired characteristics will be analyzed.
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4.4 Conclusions

In this chapter, Methods of Moments is applied to solve the integral equations
in which it was derived in the previous chapter. The choice of the basis function that
is the most important in determining the unknown functions is considered.
Subsequently, the entire domain sinusoidal basis function as well as the Galerkin
method is utilized to achieve the compromise between more simple and high
accuracy. The numerical results are demonstrated in the subsequent chapter, Chapter
5 and Chapter 6.



CHAPTER 5
CURRENT DISTRIBUTION AND RADIATION

CHARACTERISTICS OF THE ANTENNA

The unknown coefficients of electric current on the linear electric probe and
magnetic current on the slot aperture are calculated and discussed in this chapter.
These currents are employed to investigate radiation pattern and directivity,
sdbsequently. In this investigation, the ideal case in which the slot is on an infinite
ground plane is firstly derived. Then the practical situation which the finite size
ground plane is considered by using the uniform theory of diffraction (UTD).
Numerical results of these cases are illustrated and compared with the experimental

ones.

5.1 Electric Current Distribution along the Linear Electric Probe
From solutions of a system of integral equations, the numerical result of
unknown electric current on the probe and magnetic current sheet over the slots are

carried out. The electric current distribution on the probe is shown in Fig.5.1

2 10 ; ; ; -
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o i ' :

8 044~ — —4-— _ .- - ORI S SR e e
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E i |

2 e

L e e I == =

o 0 + FR 4 U U
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Fig. 5.1 Electric current distribution on the linear probe
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It is obvious that the peak of the electric current on the probe occurred at the

feed point as expected.

5.2 Magnetic Current Sheet on the Slot

The magnetic current sheet over the slot aperture is shown in Fig.5.2

Lo = = // T :
| | 5 l

. , | | | |

| -

0.6 t—— -

Y S

0.2

Normalized amplitude of electric field distribution
L)

XD
oy
S
]
(Y
S
o
[

-0.25 -0.15 -0.05 0.
1./2

Fig. 5.2 Magnetic current on the slot

Apparently, the maximum magnetic current of the slot is at the center and

decreased as the sinusoidal distribution until became zero at the ends of the slot.

5.3 Radiation Pattern of a Rectangular Cavity-Backed Slot Antenna

Fed by a Linear Electric Probe

5.3.1 Radiation Pattern of Slot on Infinite Ground Plane

Physically, there are three regions surrounding the antenna, i.e.; near field region,
intermediate field region (Fresnel region) and far field region (Fraunhofer region).
The last-two regions are characterized by the type of approximations. Since the far-
field region is used to describe the radiation pattern of antenna, it is considered in this

thesis. The far-field region is formed under the conditions that the distance of the field
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point (r) is much greater than the maximum value of the distance of source point (r)

and also substantially more than the free-space wavelength 4,, that is

kr>>1

In this subsection, two directions of slot on infinite ground plane are
considered. They are in y-direction and z-direction as shown in Figs. 5.3(a) and (b),

respectively.

ity

1/2

My

e oo et

Fig. 5.3 Slot on infinite ground plane
(a) in z-direction

(b) in y-direction
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From the slot on a ground plane as Figs.5.3 (a) and (b), the far-field observation R can

most commonly be approximated by

R~r—r'cosg for phase variations (5.1a)

and

R=~r for amplitude variations (5.1b)

Generally, the various kind of vector potentials can be expressed in terms of far-field

condition as

~jk(r—r'cos@)

Z = 5;[ J‘J.js 'e——r—‘——ds' (523.)
and
F~ j,, [, e—_ﬂﬁ;—rfﬁdS' (5.2b)

Referring to chapter 2, only the magnetic current are induced and there is not

any electric current on the slot aperture. Therefore, the vector potential F can be

given as
Fw~ :" e L (5.3a)
.8
where
L = [[Me’ > ds' (5.3b)

In far-field region, only the & and ¢ components of the electric field and magnetic

field are dominant. Although the radial components () are not necessarily zero, they
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are negligible compared to the & and ¢ components. Accordingly, the electric and

magnetic fields in 6 and ¢ components are written in form of vector potential (F ) as

E ~0 (5.4a)
— jke *
E,~ —-JA’—W——L‘, (5.4b)
.ke_jk,
E ~2 Lo (5.4c)
_ bk
Hy~2% (5.4d)
4nrn
— keI
H,~ 2= 1 (5.4e)
4rrn

From (5.3b), the magnetic current can be expanded and written in spherical coordinate

as
L= j j(Mmey P+ M, 5)e™ =0 ds" (5.5)
L= [fz, +L,)e" =rds’ (5.6)
where

L, =M cosfcosp+M, cosfsing—M, sind

L,=-M sing+M, cos¢

According to Fig. 5.3(a), the phase term r'cosg in (5.la) can be expressed in

rectangular terms of source variables as
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r'cos =r'-7 = (x'% + z'2)(sinf cos g% + sin @ sin ¢ + cos &)

=x'sinfcos¢@ + z' cosf .7

By inserting »'cos¢ into L, and L,, these equations are given as

L, = mM,, cosfcosg+M  cosfsing-M, Sine]ejk(x'Si"gww”'wsg)ds' (5.82)

L, = [[l- M, sing + M, cosgleissmoemsezeso) g (5.8b)

In fact, only the z component appears in the magnetic current term. Hence, L, and L

can be rewritten as

Lg ~ IJ'[_ Mz sin9]ejk(x’sin9cos¢+z'cos@)dSr (593.)

¢ (5.9b)

Substituting the magnetic current function from (4.12) chapter 4 into (5.9a) and using
the image theory, it yields

ZA,
i=1

sm-——(z + )sm Qe t (X sindcospracosd) gt ! (5.10)

3 .\‘

o '_~!.—,N Ju=
~ |..§ —n|E

Then, using exponential relations from (A.28)

sina =

and the integral



53

3 ‘ sin(ﬁc)
je"”dz =c 2
a
_£ —C
2 2
L, can be integrated as
. (M, in . (K, in
N, ir sin —}—cosa +7 sin, 5 2
L, =1, siné’zA,. Jjcos— - -
=1 2 k—lcos¢9+zz— -]flc s -2
2 2 2
. [ K, in . (K, in [ kw,
sin sinf —-cos@ —— | || sin
B siniz 2 2P 2 2 2
1 in K, in kw,
—Xcosf +—
2 2

(5.11)

Substituting (5.9a) and (5.9b) into (5.4a), (5.4b), (5.4c), (5.4d) and (5.4¢), the fields

radiated by the z-direction slot on infinite ground plane can be written as

b (5.12a)
ESeQ (5.12b)
. (K, in . (kl m)
sin sin
E, jkl in 2 2) 2 2
ir ki, in ki, in
. (K, in [ K in) . [kws .
sin sin sin
T 2 2 . 2 2 2 ),
- / in K, in kw,
>cos@ +— —cosf ——

2

(5.12¢)
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H,=—2*
n

H,=0
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(5.12d)

(5.12¢)

(5.129)

Alternatively, the y-direction slot on infinite ground plane can be shown as Fig. 5.3

(b). The magnetic current in the same orientation of slot is given as

LANNNG 0 ¢ !
M= 4 LsinE| 4l
"% Z "w l (y 2)

i=/ s s

From (5.8a) and (5.8b), L, and L, are
Ly = IJMy cos@sin ge’™ ° s’
by = HMy cos ge’™ <? ds"
where

r'cosg =r'f =(x'x + y'y)- (sin @ cos ¢ + sin g sin g + cos €¢)

=x'sinfcos @ + y'sin@sin ¢

Similarly in z-direction slot, L, and L, can be derived as

(5.13a)

(5.13b)

(5.14a)

(5.14b)
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sin(ﬁ‘— sindsing + 1271)

N, in
Ly = jl, cos@sin¢z 4; e’
i=1 s . 1¥/1
sin@sing + —
2 2
(K L ]
sin| —-sinf@sing — i ir
_ 2 2 -!'7
M, singsing— "%
2 2
N, sm(-—z’— sinfsing + %) i
L, =]l cos¢z 4; - e’
"=I 5 - - l7z’
sindsing + —
2 2

in

sin H, sinfsing—-—| . |sin e
~ 2 2 V= 2
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. w,
sm( 2’ smecos¢)

5

siné@ cos ¢

(5.152)

*sinf cos ¢]

e 2

s

: ¢ in
sinédsin ¢ - Y

Finally, the radiated fields can be expressed as

E =0

r

M, sin@sing + 1—275)

jin
e)

. 5, sin(

E,=—-e7) 4,
¢ 47zre ,2:; ‘COS¢ ks . . in
P s1n051n¢+7

ir

sin M, sinfsing——1| .
2 2 j

_1.2_

s

sinesin¢-’—2’5

s

sin@cos¢

(5.15b)

(5.16a)

sin[ k;)’ sin @ cos ¢)

5

sin@ cos ¢

(5.16b)
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K, . . in
i N, sin| — sm0s1n¢+7 i
E, =—=e™" 4, cosOsi 7
S ; ; C in¢ , e

. . in
sm9s1n¢+7

(K . ] :
sm(k sinfsing — z i | Sin iad sin @ cos ¢
3 2 2 ) =i 2

i
e 2
. sm65m¢5'—£2Z 2‘ sin@cos ¢
(5.16¢)
H, =0 (5.16d)
-E,

Hy=—" (5.16¢)
n

H, oot (5.16f)
n

In practical case, the number of basis is sufficient to be unity. Therefore, in case of
infinite ground plane and under the far-field condition, the fields are given in two
forms:

In y-direction

ki kw
—=sin@si sin| —*sin & cos .
cos( p sin n¢) <1n( 5 ¢) e

E, =—cos¢ TN ' TN hw, 3 (5.17a)
Ssindsing | —| — sinfcos ¢
2 2 -
: kw
cos(ké‘ sin0sin¢) sin( 2’ sin«9cos¢) it
E, =—cos@sing A ¢ (5.17b)
K, . .. zY Mg
fsinfsing | —| = sin @ cos ¢
2 2 2
In z-direction
cos(% cos 9) sin(k;v’ sin @ cos ¢) ke
E, =sinf ¢ (5.18)

¢ 2 2
ki cos O _(E fow, sinf cos ¢
2 2 2
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5.3.2 Uniform Theory of Diffraction

In 1844, the classical geometrical optics was first introduced for solving high-
frequency electromagnetic problems but it is confined because there is no mention of
the concept of phase, polarization and diffraction [34]. It deals solely with geometrical
curves. After light had been shown to be an electromagnetic wave governed by
Maxwell’s equations, the diffraction scheme was studied continuously by Lord
Rayleigh, Lord Kelvin, Sir George Stokes, Kirchoff, Helmholtz, Mei, Sommerfeld
and many other famous physicists. Then to be able to account for phase, polarization
and to obtain quantitative results for the field amplitudes, the classical geometrical
optics has been extended to the modern geometrical optics (GO). It is the oldest and
most widely used theory of light propagation. This method is an approximate high-
frequency method for determining wave propagation for incident reflected and
refracted fields. The shortcoming of GO is that it fails to predict fields in the shadow
regions, caused by diffraction was from the edges [35]. To handle this defect the
geometrical theory of diffraction was developed by Keller in 1950s [36]-[37] as an
extension to GO. However, the Geometrical Theory of Diffraction (GTD) still has
some serious drawbacks namely, it can foretell the diffracted fields in regions away
from the shadow boundaries but become singular in the transition regions
surroundings such boundaries in Fig.5.4. In 1974, Kouyomajian and Pathak [38]
presented the uniform theory of diffraction (UTD). They had performed an asymptotic
analysis [39]. Even so, the UTD still suffers from some of shortcoming like GTD but
they can be compensated. For instance, equivalent current can be used to calculate
fields at caustics, slope diffraction is used in cased where the incident field has a rapid
spatial variation and higher-order diffraction term is included to solve a discontinuity
across a shadow boundary [40].

In this chapter the uniform theory of diffraction is introduced to compensate
the shortcomings of GO. By aiding of Fresnel integrals and the asymptotic analysis,

the edge diffraction is treated.
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Fig.5.4 Region separation of two dimensional conducting wedge

5.3.2 Straight Edge Diffraction

When the edge is straight, the source is located at distance s’ from the point of

diffraction and the observations are at distance s far from it, as shown in Fig.5.5.

Observation Point v

Source Point

Fig.5.5 Three dimensions of diffracted ray
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Following the analogy of GO reflected rays, the diffracted field can be written as [38]

E(s)=E’(Q,) DA(s',5)e™ ™ (5.19)

where E/(Q,) is the field incident on the point of diffraction (Qp) on an edge, D is

a dyadic diffraction coefficient, A(s’,s) is a spreading factor;

A(s',8) =

ik
2 =

.

for plane and conical wave incidence

for cylindrical wave incidences (5.20)

for spherical wave incidences

As GTD solution, if the field point is not close to the shadow or reflection boundary,

the scalar diffraction coefficient can be expressed as [39]

D . (a,a'; =
s,h( ﬂo) n\/‘—z—ﬂ'—k'

T

% 1 1

i /3 a-a T a+a
sin £, cos—-—cos( COS— — COS

¥

n n n n

(5.21)

where D is referred to as the soft (Dirichlet) scalar diffraction coefficient and Dy is

the hard (Neumann) scalar diffraction coefficient. o’ and o are the angles of the

incident and diffracted rays, respectively, as indicated in Fig.5.4. This expression

becomes singular as shadow or reflection boundaries are approached. Both of them

are referred to as transition regions. In order to obtain the continuity in these regions,

an expression for the dyadic coefficient is exhibited
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— 4 — '
D,(d, ' m) = —E [co{ﬁujpkd R

+ cot(ZﬂJF [kd a (a- a')]
2n
¥ {co{"_gﬂ_)p[%w (@+a)]
n

+ cot(E—g—_—q—’)F[kd wa (a+ a’)]H

n

(5.22)

e’V Ie‘j’:dr
V]

where &is either x or y and {is either / or 2 ,and F(v)=2 ]]\/;

and

£\ + ’
a*(aia')=2cos2(2n”N (a_a)]

2
in which N* are the integers, which most satisfy

2mN* —(ata')=7x
and

2mN~ —(ata)=-7x.

The definitions of parameters are as follows :
o' = the incident angle
o = the diffraction angle

L = distance parameter, determined for several types of

illumination. It is found that
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ssin’y,  for plane waveincidence

’

L =4 _f_p_, for cylindrical wave incidence (5.23)
pPtp
I i 2
251}_'2'1 for conical and spherical wave incidence
[ s+

Now that 'all the necessary relationships to calculate D; and D, are obtained above.

For plane wave incidence in the ray-fixed system, (5.19) can be written generally as

Esd(s) _ - D, 0 E;(Q) - jks
[E;;’ (s)H 0 —DJ[EIL(Q)]A(S)e 29

5.3.3 Slope Diffraction

As expressed in previous section, (5.19) and (5.24) are generally called the
first order-diffracted fields from a diffraction point Qp on an edge. In some problems,
there is a discontinuity across a shadow boundary. To implement this problem, a
higher-order diffraction term is taken into account. The second-order diffraction term
is the field, emanated from the specific point Op due to diffraction field from the other
points.

In general, the UTD diffracted field from a point Op on an edge consists not
only of the first and second-order diffracted fields considered so far, but also of the
so-called slope-diffracted fields. While the first and second-order diffracted fields are
proportional to the incident field at Op, the slope-diffracted field is proportional to the
derivative of the incident one. It can express in the general manner of slope-diffracted
field as

1 9E'(Q,) P

b A(s)e™® 5.25
Hsng  on  op o) (5:25)

Esd(s) =

where %E—- is the directional derivative of the field in the direction 7, perpendicular
n

to direction of §' as shown in Fig.5.6.
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Observation Point 47

Source Point

Fig. 5.6 Two dimensions of diffracted ray

The slope diffraction coefficients can be obtained by

oD: ; e 1% 2(7r+(a—a')
L’ s 3 = * -a'
P iving A o { e @)

n

~csc? (Zz———(j——a')jﬁ; [kLa’ (a- a’)]
+ {c302 (M)Fs [kLa" (a+ a’)]
n

A cscz[ir——(;lﬂjﬂ [kLa‘ (- a")]H

n
(5.26)
The total diffracted field in particular point on an edge can be expressed as
. 1 9D, 5E'(Q,) N
E%(s)=| E'(Q,)D,, + : D7 | A(s)e™™ 5.27
(s) [ (@)D, ksin B, 05 on (s)e (5.27)

For the finite-size ground plane condition, the edge effects of the finite ground plane

are taken into account. In case of slot located along y direction, the edge of the ground
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plane is apart from the slot in the negative and positive x direction at the distance dy,
and d,,, and the negative and positive y direction at the distance dy; and d,
respectively as shown in Fig.5.7(a). Alternatively, for slot located on z direction the
edge of the ground plane is far from the slot in the x direction at the distance dy; and
d,, and the z direction at the distance d;; and d;;, respectively as shown in Fig.5.7(b).
From the uniform theory of diffraction, the far field geometrical optic is first
considered as the field incident on a specific diffracted point. Then, the spatial
attenuation factor A(s) is chosen. The spherical wave incidence is suitable candidate
in this condition. In far field condition (s>>s"), the distance parameter L and A(s)

reduce, respectively, to

L=s'sin* B (5.28)

A(s) =Y (5.29)

-x

yl

b
X

>
X
4

(®)
Fig. 5.7 Slot on finite-size ground plane

(a) in y direction

(b) in z direction
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Due to the two directions of slot, y and z direction, are now interested. The y-direction

oné is illustrated first. In xz plane, the incident ray from the narrow slot at observation

point P(r, 6 ¢=0) is

o[ 0]
sin siné )
i 2 e—/kdxl
E;(Qp)) = (5.30)
*.sin @ !
AZ
T
é
< {--@---t
X —W/Z WS/Z
dxl

Fig. 5.8 xz plane diffracted ray in case of slot Jocated along y-direction

Following the above conditions, A(s), L and S, are obtained by

A(s) = Ei- (5.31a)
r
and
L=d, (5.31b)
Bl =~’25 (5.31c)

Since the angle of incidence from the main source toward the point of

diffraction is zero degrees (&' =0), then
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a—a'=a+a’=9+% (5.32)

In case of half plane, the wedge factor is equal to 2 (see Fig.5.6). Substituting (5.30),
(5.31a), (5.31b), (5.31c) and (5.32) into (5.22), the diffraction coefficients are given
by

_ —e—j% FlkLa(a)]
D,(L,a) = o — (5.33)
2

where L=d,, and a=0+12z—

D, =0

5

In case of a' =0 so-called grazing incidence, all diffraction coefficients are divided

by two [40]. Therefore, the diffracted field can now be written as

S G|
Eg,, 0) = Ey(Qp) = Al)e™ (534)
In similar procedure, the edge-diffracted ray from Op; at P(7, § ¢ =0) yields
(5.35)

ES (0)=Ei(Op)) % As)e™

where

E;(sz) =
S sin@ x2
Z_0 ,oses%
atra = 2
/s
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A@E)=Y=%- and L=d,

2

I

According to far field observations

r,~r—d,siné
) for phase term
r,=r+d,,sing

R, RY for amplitude term
The total field at an observation point P(7, 6, ¢=0) then becomes
E'(0)=E'@)+E} (6)+Eg, (9) (5.36)

In fact, there is a discontinuity in the pattern at @ = /2, the transition at the shadow
boundary. This indicates that a scattering algorithm has not been considered. To solve

this circumstance, high-order diffraction terms are included. To identify this high-

order term, the examination of the continuity of E'(8), Egbl and E‘Q’m. It is found

that function Eém is discontinuous across that boundary. Therefore, the second order
diffracted term is necessary to solve this problem. This second-order-diffracted term

is field, radiated from Qp;, due to the diffracted field from Qp,. Using a similar

procedure, it can be expressed as

D,

Eg,,(0)=Eg, (05) =" A(s)e™ (5.37)

Additionally, the total pattern is given by

E'(0)+EL (O)+EL (6)+E5, (0), 0<0< %
E'(6) = ; (5.38)
E} (0)+Ej (0)+Ej (6) Zsosx

For yz plane P(r,0,¢ = %) as depicted in Fig.5.9, the incident rays are
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()

cos| —=-sind ik
i 2 e S
E¢ (Qp;) =cosb

2 2
d
2 2

cos(.k; S sin 6’) e

2 2 d
(kl‘ sinej —(E—) »¢
2 2

(5.39a)

E;(Qm) =cosd

(5.39b)

»l
L i)

Fig. 5.9 yz plane of diffracted ray in case of slot located along y-direction

In this case, these incident rays .are zero at the point of diffraction, 8 = /2.
This caused the diffracted field to be vanished. Thus, the additional term so-called
slope diffraction is considered. It is rather on the slope of the incident field at the
point of diffraction. For this problem, there are two points of diffraction in this yz

plane. Hence, the slope diffraction of these points are defined as

Kl

_1_ aE; (Qps) 3D, (Qp;)

E2 (6) = A(s)e™ 5.40

2, ©) Jk  on oo’ (s?e (5.402)
OE; D .

Egju (9) = ! [ (QD4) o) h (QD4) 1(S)e—jkr4 (540b)

jk on aa
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The derivatives of the incident rays are shown as

OE' 10E' 10E’

= = 54

on s o¢' ' 00 (5.41)

—cos| Zc—l‘—
94 Coy) _ 2) ™ Lm (5.42a)

" (kl‘ 2 _(7[)2 d, 2 .
2 2
cos(k : )
OE! TOR T e

s(Ope) # 2 e 20 - £ (5.42b)

an kls : (7[ \ dy4
2 3)

By substituting the specified parameters into (5.42a) and (5.42b), the
derivative of diffraction coefficient can be determined. In similar procedure of normal
diffracted field, we can calculate the slope diffraction field straightforwardly. The

total field in this plane becomes

E'@)+EL +ES ,oses%
E'(6)= (5.43)
E; PES , %<0$n

Fig. 5.10 xy plane diffracted ray in case of slot located along z-direction
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In another slot direction, which is z-direction as shown in Fig.5.10, the
radiation patterns of zy plane and xy plane are similarly obtained but the only E4 from

(5.18) is used instead. The diffracted fields in xy plane can be illustrated as

B4, 8= 5o 2122 y(s)e (5.44)
where
sin( $cos ¢) -k,
E;(Qm)= ed , 9=%—
£cos¢ ¥
a-a'=x—¢
and
£, 8) = By (Qp) 21222 sy (5.45)
where

sin| —*cos¢
2 e-jkdx.’ T
f=—
2

E; (Op;) = Tow ;

d
> cos x2
5 ¢

Fig. 5.11 yz plane diffracted ray in case of slot located along z-direction
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Next, the slope diffraction in yz plane are

- 1_0E;(Qp,) 3D,(Qp;)

- —Jjkrs
0., (0) = ., o4 P A(s)e (5.46)
and
a gy 1 OE§(Qp,) 3D,(0),)  Jkry
EZ (0)= FE A P A(s)e (5.47)

5.4 Directivity Estimations

One of the significant antenna characteristics is the directivity. The directivity
is an evaluation of the ability of an antenna to concentrate the radiated power in a
given direction. It occurs in the direction of the main-lobe maximum. The antenna
directivity is equal to 4z times the ratio of the antenna maximum radiation intensity

over the total radiated power. It can be written in mathematical fashion as

D = YU (5.48)
P

rad

where D is directivity. Uy represents the maximum radiation intensity. Py is the

total radiated power. The radiation intensity is expressed as

U(6,4) =

P [|Eg ©.9) +|E, (0,¢)|’] (5.49)

where

77 = intrinsic impedance of the medium
- E, ,E, = far-zone electric field components of the antenna

In case of slot located along z direction, the radiation intensity and total radiated

power can be written as

"
[}

U, 4) = — |E¢<e,¢>]’]  E, (5.50)

il
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le M kw:
; cos P sin| p
ue,p)=—/ |j— ~
6,9) p J 2 sind Y o, (5.51)
(T) ~(kcos8)
. = [ [U(6,9)sind6dp (5.52)
00
On the other hand, along y direction, they are
1 2 2
U(e,¢)=5;[lEa<e,¢)| +|E, 6,9) ] (5.53)
_ K ow ’
; . cos(—é’—sinesingéj sin( 2’ )
U(0,¢)=2— —j7’c08¢ > 5
{ M, _(E —*.sinfcos¢
2 2
-
Kl .| fw,
o cos p sin -
+|= j—-cos@si
J ; cos@sing ) 5 _(z "
2 2
(5.54)
and
”2
= [[U(6.¢)sinaagay (5.55)
00

5.5 Numerical Results

The numerical results of

radiation patterns of the cavity-backed slot antenna

fed by probe are carried out. There are two cases to demonstrate; that are the slot

aligned on y and z direction.

The dimensions are tabulated in Table 5.1. The

numerical results of radiation pattern for various sizes of the ground plane are shown

in Fig. 5.12 and 5.13.
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Table 5.1 Dimension of cavity-backed slot with finite size ground plane in the model

Antenna Parameter

Cavity Width: a 0.754 11.84 cm
Cavity Height: b 0.3754 5.92cm
Cavity Length: ¢ 0.75A 11.84 cm
Slot Length: /; 0.504 7.89 cm
Slot Width: w, 0.0482 0.757 cm
Slot Offset: x; 0.252 3.94cm
Slot Offset: z, 0.3034 4.78 cm
Probe Length: [, 0.254 3.94cm
Probe Location: z, 0.3754 5.92cm
Probe Location: y, 0.1874 2.96 cm

From Fig. 5.12 and 5.13, the radiation pattern in E plane and H plane of the

slot aligned on y and z direction are carried out. The pattern with various sizes of the

ground plane viz., 34, 104, 1002 and 1000 are compared with the infinite ground

plane. The patterns of all cases are similar except for the ripples and the back lobes

occur in case of finite size ground plane. For the large ground plane the ripple is small

and becomes pronounce when the ground plane is smaller. For the back lobe in both E

plane and H plane, it is observed that the back lobe is lower when the ground plane

larger and there is no back lobe for infinite ground plane.



H-plane (xz cut, ¢=0°)

Fig. 5.12 Radiation pattern of y direction slot with various size of ground plane and

with infinite ground plane
(a) ground plane 34

(b) ground plane /04

(c) ground plane /1004
(d) ground plane 10004

—-— with Finite Ground
Plane (3Ax31)

~——  with Iafinitc Ground
Plane

(@)

——  with Finite Ground
Plane (100X10))

— with Infinite Ground
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(b)

——  with Finite Ground
Plane (100.x1004)
—— with Infinite Ground
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(d)

E-plane (yz cut, ¢=90°)
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~—— with Finite Ground
Plane (Rx34) 1

= with Infinite Ground
Planc

(@

——  with Finite Ground
Plane (10.x101) '

—— with Infinite Ground
Plane

(b)

~—— with Finite Ground
Plane (100AX100L) t

~—— with Infinite Ground
Plane

H-Plane (xy cut, 6=90°) E-Plane (yz cut, ¢=90°)

(d)

Fig. 5.13 Radiation pattern of z direction slot with various sizes of ground plane and
with infinite ground plane
(a) ground plane 31
(b) ground plane 704
(c) ground plane /004
(d) ground plane /0004



75

The numerical of the directivity as the function of the frequency is shown in
Fig.5.14. It is apparent that the directivity is increased as the frequency because the
slot length is fixed whereas the frequency is increased. This makes the electrical size
of the slot to be larger for certain frequency. Accordingly, the directivity is increased

as expected.
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Fig. 5.14 Directivity of slot on infinite ground plane
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5.6 Experimental Results

The fabricated antenna with the dimensions tabulated in Table 5.2 is depicted
in Fig. 5.15. The antenna measurements of the radiation pattern are performed at the
operating frequency of /2.5 GHz. The antenna under test is the cavity-backed slot
antenna fed by probe. The transmitting antenna is the corrugated horn antenna. The
pattern measurement is done in the in-house anechoic chamber. The transmitting
antenna was connected to the HP8750C network analyzer to transmit the
electromagnetic wave. The antenna under test was rotated to receive the signal from
the transmitting antenna and connected to HP8750C network analyzer. The
experimental results of the radiation pattern are plotted and compared with numerical

results as shown in Fig. 5.16 (2) and (b). The far field of the measurement is 90 cm.

Table 5.2 Dimension of cavity-backed slot with finite size ground plane in the

experiment

Antenna Parameter
Cavity Width: a 0.792A 1.90 cm
Cavity Height: 5 |  0.396A 0.95 cm
Cavity Length: ¢ 0.7921 1.90 cm
Slot Length: /; 0.501 1.20 cm
Slot Width: wy 0.048\ 0.115 cm
Slot Offset: x; 0.251 0.60 cm
Slot Offset: z; 0.303A 0.73cm
Probe Length: /, 0.25A 0.60 cm
Probe Location: z, 0.396A 0.95 cm
Probe Location: y, 0.198A 0.40 cm
Ground Plane Size: dg 2.375A 5.70 cm
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Fig.5.15 Photograph of the cavity backed-slot antenna excited by probe with finite
size ground plane (2.375X)

From the compared results of the radiation pattern as shown in Fig. 5.16, it is
obvious that the results are agree reasonably in H plane the beamwidth and the back
lobe of the calculated and numerical results are similar. Alternatively, the beamwidth
of experimental result is narrower than the calculated one. The reason is from
neglecting the effect at the vertex of the ground plane. However, it is evident that this
effect has much influence to the pattern. The calculation to improve the result is still

necessary and left for further studies
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5.7 Application of the Second Kind Tschebyscheff Array to

Synthesize Linear Slotted-Waveguide Array Antenna
5.7.1 Mathematical characteristics of the second kind Tschebyscheff
polynomial
The second kind Tschebyscheff polynomial is one type of orthogonal
polynomials that can be used for synthesizing the antenna array pattern, which
provides the tapered minor lobe. The basic features of the second kind Tschebyscheff
polynomial will be described in this section.

The second kind Tschebyscheff polynomial U(x) is defined on the interval

a<x<b with respect to the weight function v7—-x’ , as
b
IJI ~x*U (x)U, (x)dx =0 (5.56)

where U, (x) and U, (x) are the second kind Tscheyscheff polynomials of degree n

and m, respectively. Alternatively, another form, referred to as standardization, can be

written as

']\/Eiuj(x)dx:% (5.57)

a

In order to use the second kind Tschebyscheff polynomial to synthesize the
array pattern, the differential equation, the recurrence relation and Rodrigues’ formula
must be studied.

5.7.1.1 Differential equation

The relationship of the second kind Tschebyscheff polynomial and its
derivative is very useful when the coefficient is determined. That relationship can be

written in closed form as

d*U,(x) _

U, (x)
de

(1-x%) 3

+n(n+2U, (x)=0 . (5.58)
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5.7.1.2 Recurrence relation

To find the second kind Tschebyscheff polynomial of any order from the
polynomial in which order is given, the recurrence relation is used to realize.
Normally, the polynomial of higher order would be determined from the polynomial

of lower order. The general form of recurrence relation is
U, (%) = 22U, ()~ U, (%) . (5.59)

5.7.1.3 Rodrigues’ formula
Rodrigues’ formula is the alternative form of the second kind Tschebyscheff
polynomial in which the polynomial of order # is in the form of derivative of weight

and coefficient functions as

(n+DJr d*(x*=1)"

U,(x)= 7
2n+lr(n + %) dx

(5.60)

5.7.2 Array pattern synthesis and design

From the mathematical characteristics of the second kind Tschebyscheff
polynomial as descﬁbed in the previous section, the method to use this polynomial to
synthesize the array pattern will be summarized in this section. Let us consider a
linear discrete array in which the elements are aligned symmetry with the center of the
array and have equal spacing between elements. The isotropic element is used, to
simplify in calculations. The array factors in case of the number of elements are even
and odd can be expressed, respectively, as [41]

e Even numbers of elements

AF,, () = i I, cos[(2n—1) % cos6] (5.61a)

n=l

e (Odd numbers of elements

N+l
AF,,,(0)=Y"1, cos[(2n~1) %ccs 8] , (5.61b)

n=1
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where I, is the amplitude current excitation coefficients, 2N and 2N+1 are the number
of even and odd elements, respectively, d is the equal spacing between each elements,
A is the wavelength of the operating frequency and @ is the angle between the field
direction and the observation point.

Next, the summation of cosine terms for the case of even and odd numbess of
elements will be expanded. The order of harmonic cosine term is equal to the total
number of elements minus one and the argument of cosine term is the positive integer

times of the fundamental frequency that can be written in the form

cos(ku) = cos* (1) = (£) cos* 2 (u) sin® (u) + (£ ) cos*™* (u)

.62
xsin® (@) —...— (¢_,) cos® (u) sin*~ (u) + sin* () (5.62)

!
where (¥) = i - and sin’(u) = 1 —cos’(u).

nl(k—n)
To design the second kind Tschebyscheff array, the cosine term after
expanding as described and the second kind Tschebyscheff polynomial will be

equated as
cos(ku) =U,(x) (5.63)

In the design procedure, the number of elements, spacing between the
elements in wavelength form, the major to the first minor lobe intensity ratio must be
first known. After that the following step can be applied to obtain the array factor
expression.

1) From the known number of elements, we can select the array factor from (5.61a) or
(5.61D), subjected to the even or odd number of elements.

2) Select the appropriated cosine term function from (5.62) and substitute in the
expanded array factor.

3) Find the order of the second kind Tschebyscheff polynomial by subtracting the
total number of elements by one. Equating this second kind Tschebyscheff

polynomial with the multiplication of the major to the first minor intensity ratio (R,)

and the height of the first ripple (y.), then solve the root of this polynomial x=x,
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To synthesize the linear slotted-waveguide second kind Tschebyscheff aray

antenna [42], the element pattern of a slotted-waveguide antenna will be expressed in
this section. Consider a slot of the length / and width w cut on the broad wall of the
waveguide antenna aligned on z-axis as shown in Fig.5.18. The width and height of
the waveguide are a and b, respectively. At one end of the waveguide (z=0), it is feed
by the aperture excitation, and the another end is terminated by the shorted plate at the
distance n,/2+2,/4 from the last slot, and A, is the guided wavelength. The locations
of the slot orientation are offsets, the distance s, from the center of the broad wall,
such that it can interrupt the current along the waveguide to radiate the power. The
equivalent circuit of a slotted waveguide antenna was investigated in literature [15]
and found to be the shunt conductance, g,, as revealed in Fig.5.18. The radiation
pattern of a single slot cut on the broad wall of the waveguide by neglecting the edge

effect and the waveguide thickness can be expressed as

cos(ﬂ cos )
7 Yol Zaar (5.64)
sind
The radiation pattern subjected to (5.64) of the half guided wavelength length

is plotted as shown in Fig.5.19.
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Fig.5.19 Element pattern of a slotted-waveguide antenna
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5.7.4 Design of a linear slotted-waveguide array antenna
To design the broad wall slotted-waveguide array antenna, the relationship
between the slot length and slot offsets and normalized conductance of the specified

waveguide dimension must be first expressed as [15]

s, = %sin" Jo.85g, (5.65)

and

S2

A
[=—(1517+—"). .
7[( +354) (5.66)

In addition, in order to success the input matching of the antenna, the summation of
the total normalized conductance should be unity. Conclusively, from the amplitude
current excitation determined from section 5.7.2 and input matching condition as
described above, the conductance of each slot element can be determined proportional
to the amplitude current. The slot length and slot offsets can be obtained,
subsequently.

In the practice, when the actual antenna such as a slotted-waveguide is used to
synthesize the array pattern in stead of the isotropic radiator, the pattern multiplication
is a significant tool to realize the all radiation patterns from the antenna. The total
fields are the products of the array factor and the element pattern.

5.7.5 Numerical Results

An isotropic radiator of the /0 elements with the half guided wavelength
spacing at the side lobe level 20 dB is utilized as a demonstration to find the array
factor at the operating frequency of 9 GHz. By using the procedure as described in the
previous section, the amplitude current excitations and radiation pattern of the array
factor are found as shown in Figs.5.30 (a) and (b), respectively.

Next, the slot is cut on the WRJ-10 standard waveguide of the width and the height of
22.9 mm and /0.2 mm. The slot length and slot offsets are found by using the

procedure in section 5.7.4 and can be tabulated as



Table 5.3 Slot length and slot offsets of the antenna
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n &n [ (mm) $n (mm)
1 0.0307 16.667 -1.0342
2 0.0638 16.667 1.4963
3 0.1037 16.667 -1.9163
4 0.1400 16.667 2.2359
5 0.1618 16.667 -2.4098
6 0.1618 16.667 2.4098
7 0.1400 16.667 -2.2359
8 0.1037 16.667 1.9163
9 0.0638 16.667 -1.4963
10 0.0307 16.667 1.0342

where the plus and minus sign designates the offsets to one side and opposite side

(measured from the center line of the broad wall surface).
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Fig.5.20 Amplitude current distribution and array pattern for the second kind
Tschebyscheff array of /0 elements at SLL 20 dB with half guided

wavelength spacing

(a) Amplitude current distribution (b) Array factor
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The total radiation of the antenna is yielded by multiplying the array pattern as shown
in Fig.5.20(b) and the element pattern as shown in Fig.5.19. The resultant pattern is
shown in Fig.5.21 by the dotted line. It is obvious that the antenna provides the
tapered minor lobe especially far-out minor lobes. The furthest minor lobe level of the
multiplied pattern is very low compared with the array pattern due to the behavior of
the element pattern. It can be summarized that the linear slotted-waveguide array
antenna possesses the very low side lobe level because both of the array pattern and
element pattern yields the low side lobe.

5.7.4 Experimental Results

The prototype of a linear slotted-waveguide second kind Tschebycheff array
antenna was fabricated at the operating frequency of 9 GHz. The available brass
waveguide with the same dimension as WRJ10, of the waveguide thickness /.25 mm
is used. The ten elements of slots were cut by CNC milling machine. The shorted
plate made of metallic conductor was terminated at one end of the waveguide whereas
the another end was connected to the signal generator via the flange as shown in
Fig.5.22.

The far-field test site was set up at the distance of 23 m (fourfold of far-field
range). A signal generator transmitted microwave signal through a flare horn at the
transmitting side. The antenna under test (a linear slotted-waveguide array antenna)
was connected to HP8566B Spectrum Analyzer via a low noise block down converter.
The measured field strength from the spectrum analyzer was interfaced to the personal
computer by using the HPIB interface to plot the radiation pattern. The experimental
result is compared with the prediction as shown in Fig.5.21. It is obvious that those
two results are in good agreement especially in the main lobe. However, there are
some errors in the minor lobe region, expected to result from the effect of multipath
environment of the test range that makes the wave front at receiving antenna is not
plane wave as ideal. The effect of the finite ground plane of the antenna and some
imperfect fabrications are the alternative reasons. The field strength at the backside of

the antenna is also measured. The maximum minor lobe level of —77 dB is confirmed.
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Fig.5.21 Radiation pattern of a linear slotted-waveguide second kind Tschebycheff
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Fig.5.22 Photograph of the prototype fabricated antenna

The application of the second kind Tschebyscheff polynomial to synthesize
the pattern of linear slotted-waveguide array antenna is presented in this paper. The
pattern multiplication plays a significant role in determining the total radiation by
multiplying the array factor with the element pattern. The constructed antenna was
measured the radiation pattern and it was found that the experimental results are in
good agreement with the theoretical ones. Accordingly, it can verify that the synthesis

principle can be used in practical application efficiently.

5.8 Conclusions

From the theoretical aspects as derived in the preceding chapter, this chapter
demonstrates the numerical results. This chapter concentrates on the numerical results
of the current distribution together with the radiation pattern. The uniform geometrical
theory of diffraction plays an important tool to estimate the radiation pattern including
the effect of the finite size ground plane. The radiation pattern for various sizes of the
ground plane is illustrated. It is evident that the back lobe ratio is very high for the
small size of the ground plane and it is lower as the size of the ground plane is larger
and become no back lobe for the ground plane is infinite extent. Experimental results
are set up to verify the theoretical principle. The application to synthesis the slotted
waveguide array antenna using the second kind Tschebyscheff polynomials are

demonstrated.



CHAPTER 6
IMPEDANCE CHARACTERISTICS OF THE ANTENNA

In order to transfer power from a transmitter to the antenna or from the antenna
to a receiver efficiently, impedance of the antenna must be characterized so that
appropriate matching is achieved. In this chapter, input impedance of the antenna is
calculated from the unknown coefficient of electric current along the probe. In addition,
SWR (Standing Wave Ratio) and reflection coefficient are investigated. The
comparisons between numerical and experimental results are illustrated to confirm the

theoretical principle.

6.1 Input Impedance Characterizations

One of the significant parameters to judge the merit of an antenna is input
impedance. To find the input impedance of a linear electric probe, the well-known

relation is defined as

Z el (6.1)

where V;, denotes input voltage. I;, is input current, and Z;, is input impedance.
From chapter 2, the input voltage source is the delta gap source modeling. The
amplitude of the delta gap source is assumed to be unity. The input current is the

unknown electric current along the probe, J. Therefore, (6.1) can be expressed as

Zin = i‘
Iin
= 1 (6.2)
J,(y'=0)
NE
where Jp(R')=Zngg(R’)
g=1

1 . 87 .,
i () =—=|I+sin=—(y'+/
J: (V) 2( sin> (v ,,)]

p
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The solutions of unknown electric current along the linear electric probe, solved by

Method of Moments, are applied by following this relation

6.2 Reflection Coefficient and Standing Wave Ratio (SWR) Evaluations
The reflection coefficient and SWR are a quantity that is generally appeared in

the antenna specification. It presents the resonance situation and the bandwidth of

antenna. From input impedance in previous section, they are

— Zo_Zin 63

Z,+Z, 6.3)
1+I

SWR =—— 6.4

AP (6.4)

6.3 Numerical Results

From the formulation to characterize the input impedance, the numerical results
of input impedance (resistance and reactance) and SWR for various antenna parameters
such as the cavity size, the location and the length of the probe, and location and length
of slot are demonstrated. The dimensions of the antenna in the model are shown in Table

6.1 and 6.2. The operating frequency of 1.9 GHz is used throughout this section.

Table 6.1 Dimension of cavity backed-slot antenna: a = 0.754 or 11.94 cm

Antenna Parameter
Cavity Height: b 0.3754 5.92cm
Cavity Length: ¢ 0.754 11.84 cm
Slot Length: /; 0.464 7.26 cm
Slot Width: w; 0.0484 0.76 cm
Slot Offset: x; 0.56A 8.88 cm
Slot Offset: z; 0.3034 4.78 cm
Probe Length: /, 0.25A 3.94cm
Probe Location: z, 0.3752 5.92cm
Probe Location: x, 0.3754 5.92cm
Probe Location: y, 0.1874 2.96 cm




91

Table 6.2 Dimension of cavity backed-slot antenna: a = 0.694 or 10.89 cm

Antenna Parameter _
Cavity Height: b 0.3452 5.44cm
Cavity Length: ¢ 0.694 10.89 cm
Slot Length: 0.464 7.26 cm
Slot Width: w; 0.0482 0.76 cm
Slot Offset: x; 0.517 8.17 cm
Slot Offset: z; 0.3034 4.78 cm
Probe Length: I, 0.254 3.94cm
Probe Location: z, 0.3454 5.45 cm
Probe Location: x, 0.3454 5.45 cm
Probe Location: y, 0.1732 2.73 cm

6.3.1 Cavity Size

In this subsection, the input impedance and SWR for various sizes of a cavity are
revealed. The frequency is varied to operate from 1.0 GHz to 2.6 GHz. There are four
cavity sizes to be varied i.e. 0.554, 0.694, 0.752 and 0.80A. It is pointed that the ratio of
each dimension of the cavity is still same as previous demonstration (a: b: ¢ = 1:0.5:1).
Fig.6.1 (a), (b) and (c) show the resistance, reactance and SWR of the probe in x
direction for various cavity sizes, respectively. It is apparent that when the cavity size
becomes larger, both resistance and reactance exhibit lower values. In addition, the
resonance frequency (zero reactance) is inverse proportional to the cavity sizes. The
larger the cavity sizes the lower the resonance frequency. For the matching situation,
these four cavity sizes posses the value of lowest SWR almost identical but the optimum
matching frequency is increased as the smaller cavity sizes.

In the similar fashion, the impedance characteristic for the probe aligned on y
direction are illustrated in Fig. 6.2 (a) through (c). It is found that the larger cavity sizes
provide the higher both the resistance and reactance. However, the relation between the
resonance frequency and the cavity sizes is the same as the case of probe in x direction.
The optimum matching frequencies for these four cavity sizes are almost the same
manner. It is mentioned that comparing with two cases of the probe excitation the value
of both the resistance and reactance of y directed probe is much higher than those of the

x directed probe.
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6.3.2 Probe Location

In order to improve the resonance and matching condition, the positions of the
probe can be adjusted. Firstly, the probe is aligned on x-axis. The positions in y and z-
axis can be varied. Figs.6.3 and 6.4 illustrate the resistance, reactance and SWR for
different locations of the probe y, and z,, respectively. Secondly, the probe is oriented
on y direction. Therefore, the location x, and z, can be varied as shown in Figs. 6.5 and
6.6, respectively. From these figures, we can summarize the relation between the
resonance and matching events and the locations of the probe.

For probe in x direction

e Different y,

From Fig. 6.3 (a)-(c), it is evident that when the location of the probe is varied in y
direction from y, equal 0.25b, 0.50b and 0.75b, respectively both the resistance and
reactance have the same trend. When the probe is moved further from the origin the
nominal resistance and reactance become higher. Additionally, the resonance
frequencies of these locations occur at the same frequency. Moreover, the well-matched
condition can be achieved when y, is equal to 0.75b. The SWR becomes worse as the
probe locations are closed to the origin.

e Different z,

The impedance characteristic for different z, is depicted in Figs. 6.4 (a)-(c). It is
apparent that the resistance and reactance for z, equal 0.50c is the highest due to the
strongest effect from the slot. Furthermore, they convert to smaller value as the distance
from the slot. Also, the optimum matching condition can be accomplished when the
probe is oriented near the slot.

Fig. 6.5 shows the impedance characteristic for different x,. It can be observed that
the maximum resistance and reactance occur at x, equal 0.5a and they are decreased as
the displacement far from the center of cavity. It is noted that the coupling between the
slot and the probe in this case is slight. The resonance frequency for any probe locations
is still the same. The matching condition is better as the distance is further from the
cavity center.

e Different z,
In Fig. 6.6, it is obvious that the resistance, reactance and SWR have the same
tendency, as the different x, except for the symmetry of them can not be completely

obtained.
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6.3.3 Probe Length

One easy way to optimize the matching condition is to trim the probe to be
lengthen or shorten. The relation between the impedance and SWR, and the probe length
is revealed in Fig.6.7 and 6.8 for the probe in x and y direction, respectively. It is
clarified that the nominal resistance and reactance for two cases of excitation are higher
as the length of the probe. The resonance frequencies for any probe length are identical.

For the SWR, it is found that the matching situation is opposite to each other
between the probe in x and y direction. If the probe is excited along the x-axis the longer
probe yield better SWR than that the shorter one. In contrary, for y direct probe the
shorter probe length exhibit better SWR than that the longer counterpart.
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6.3.4 Slot Offset
The positions of the slot orientation in x and z directions referred to as the slot
offset are of interest variables. They are varied to modify the nominal impedance of the
antenna. The impedance of various slot offsets x; and z; for the probe excited in x and y
direction are shown in Fig.6.9 through Fig.6.12, respectively. The following
abridgements are observed.

For probe in x direction

e Different x;

From Fig. 6.9, the resistance and reactance when the slot is located at the center of
the cavity as very small value (no greater than 3 Q) and it increases as the slot offset is
higher. The good matching condition for the slot with x; equal 0.5a can not be realized
because the SWR is very high (more than 75:7).

e Different z;

The resistance, reactance and SWR for various z, in case of the probe is excited in x
direction almost identical as shown in Fig. 6.10. Hence, the variation of the slot in z
direction is not affected to the impedance characteristic. The impedance characteristic
can be improved by this way.

For probe iny direction
e Different x;

It is evident from Fig. 6.11 that the impedance for the slot located near the center of
the cavity is relatively high. This impedance will be decreased as the offset of the slot.
In addition, the near optimum matching situation can be obtained.

o Different z

The resistance, reactance and SWR of the antenna excited by the probe in y direction
for various z, are revealed in Fig. 6.12. The resistance and reactance are drastically
increased as the distance away from the origin. The resonance frequency for the further
distance is higher than the closer case. Similarly, the best matching condition can be

completed at the higher frequency for the further distance from the origin.
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6.3.5 Slot Length

The variation of the slot length is an alternative way to find the resonance and
optimum-matching situation. It can be seen from Fig.6.13 and 6.14 (for the probe
excited in x and y direction, respectively) that for the case of demonstration, the
resonance phenomenon is significantly changed as the slot length. Both the probe
located in x and y direction, the value of the resistance and reactance are slightly
different. The resonance frequency for the shorter slot length is higher than the longer
ones. The frequencies yielding the optimum matching condition also have the same
tendency. The difference is that SWR for various probe lengths of x directed probe gives
the same value whereas that of y directed probe performs the different one. The longer

the slot the lower the SWR and vice versa.
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6.4 Experimental Results

To verify the calculated results, the impedance characteristic measurements are
set up to operate at the frequency of 7.9 GHz. The prototype of the cavity-backed slot
antenna fed by linear electric probe at which the dimensions are tabulated in Table IV.
The photographs of the fabricated antenna are depicted in Fig. 6.15. Fig. 6.15 (a) reveals
the perspective view of the cavity-backed slot antenna without ground plane. Fig. 6.15
(b) illustrates the rear of the antenna with the ground plane of 3A. Fig. 6.15 (c) shows the

front view of the slot on the ground plane.

(b)

(©)
Fig.6.15 Photograph of prototype antenna cavity width 0.754

(a) without ground plane
(b) back view of antenna with ground plane 34

(c) front view of antenna with ground plane 31
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The fabricated antenna is connected to the HP8150C network analyzer via 50 Q
transmission line to measure the reflection and SWR. The resultants of the measurement
are plotted and compared with theoretical prediction as shown in Fig. 6.16. It is obvious
that the results are in good agreement. The frequency shift is 3.46 %. This error is due to

the assumption that the ground plane is infinite extent but the finite ground plane is used

in actual experiments.

""""" Experiment

(No Ground Plane)
Experiment

(Ground Plane 31)
Calculation

(Infinite Ground Plane)

Reflection (dB)

-10

T

i.0 )/ 1.4 1.6 1.8 2.0 22 24 2.6

Frequency (GHz)

(2)

11 —

"""" Experiment

(No Ground Plane)
Experiment

(Ground Plane 3 1)
Calculation

(Infinite Ground Plane)

SWR

1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6

Frequency (GHz)
(b)

Fig.6.16 Impedance characteristic of antenna for probe in x direction and 0.75A cavity
width
(a) Reflection (dB)
(b) SWR
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ZD = -RD +jXD

Zy =Ry +jX;

At the steady-state oscillating frequency (f,), the conditions for oscillation can be

expressed as:

Ri(f5) = Ro(fo)
X(fo) = -Xp(fo)
As aforementioned, the important parameter for oscillation condition is impedance of

antenna. Therefore, the characteristic input impedance predictions of antenna from

previous section are applied to set up the oscillation situation for active antenna.

Transmitting Antenna

Horn Antenna

Lé p
f\/—> | ] ‘-—7r
G, G
”
. R A Spectrum
< (e Analyzer

Fig.6.19 Experiment of active antenna

In order to obtain the radiated power of active antenna, Friis Transmission Equation are

used. It can be written as

P.(dBm) - P,(dBm) = 2010g(4—/1R—] +G, (dBi) + G, (dBi) (6.5)
7T -

where P, is receiving power, collected by standard horn antenna. P, denotes the output
power of active antenna. G, and G, are gain of standard horn antenna and slot antenna,

respectively. R represents distance between the standard horn antenna and slot antenna.
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From experimental situation in Fig.6.19, the gains of horn antenna and slot on
ground plane are /8./3 and 5.17 dBi, respectively. R is / m. The measurement power
from IFR AN930A Spectrum Analyzer is —52.5 dBm as shown in Fig.6.20. Hence the

radiated power from slot active antenna is 7.2/ uW.

d8m
a CENTER 12.500GH:z SPAN $0.00 MHz/DIV
: ) 3 ATTEN
H -
_‘ol | h 0 d8
] | 3 GAIN
{ 0.048
-50: +
1 BW
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-€0. H
0, | VIDEO
oo ‘ wivaid 100 KHz
7° L ayr - .8 Tt '::' LA Ty Ty ol vV v A B o 3 MEP
-80, i 3 2 ms
1 Ei
-90, :ﬁ :
-
Ry / : STORE
074 3 TRACE
b "
-110 : &
M1 -8525d8/ 12.502GHz
DIR® [CREATE® || 1L JL 1{ ]

Fig.6.20 Experimental result from spectrum analyzer

6.6 Conclusions

The impedance characteristics of the rectangular cavity-backed slot antenna are
analyzed in this chapter. The antenna parameters are varied to find the resonance and
optimum matching condition. The experimental results are confirmed the theoretical
predictions. The further application of the impedance characteristics can be used in the

design of the active antenna.



CHAPTER 7" *
DISCUSSIONS AND CONCLUSIONS

Summary of the gist in this thesis and the remark for future researches in this

field are performed in this chapter.

7.1 Summary of Preceding Chapters

This thesis is concerned with the analysis of the antenna using the slot on the
rectangular cavity excited by the probe at which the geometry of the problems is
depicted in Chapter 2. The analysis model is divided into two canonical regions
corresponding to the discontinuity in structure. The integral equations of the unknown
currents are formulated at the excited probe and the slot aperture. The integral
equations are written in terms of the integration of the products of the unknown
currents and the dyadic Green’s functions. The details of derivation of dyadic Green’s
function are shown in Chapter 3. The method of magnetic dyadic Green’s function is
used since it is straightforward and requires only two solenoidal vector wave
functions. The eigenfunction expansion technique together with the scattering
superposition approach is applied to determine various kinds of dyadic Green’s
functions. Then, these integral equations are solved by using Method of Moments as
describes in Chapter 4. The entire domain sinusoidal basis function with the
Galerkin’s method is selected to determine the unknown current distributions.

From the theoretical feature as mentioned above, the numerical results of the
current distribution and radiation characteristics are revealed in Chapier 5. By
combing the uniform geometrical theory of diffraction with the Method of Moments,
the radiation pattern with the finite size ground'plane is carried out. The radiation . -
patterns of the antenna for various sizes of the ground plane are shown. In addition, in '
order to validate the theoretical radiation pattern, the experiments are performed.
Subsequently, the impedance characteristics for various antenna parameters are
demonstrated to find the resonance and optimum matching conditions as in Chapter 6.
E;cperimental results for some cases are set up to verify the theoretical predictions.

Finally, the summary of the material in the thesis and the discussion for the
future studies of the researches in this field is included in Chapter 7, the last chapter.

Appendices are composed of the trigonometric and exponential functions, scalar,
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vector and dyadic analyses, derivation of dyadic Green’s function in three-based
directions, some orthogonal relationships of the vector wave functions and integration

of reaction expressions for external region.

7.2 Remark for future researches in this field

According to preceding chapters, there are four schemes for further

investigations.

(a) In view of input impedance, the size of ground plane is strongly affected to
accuracy of input impedance. Therefore, the external dyadic Green’s
function should be considered edge effect from ground plane by using
hybrid method of GTD and Method of Moments [43].

(b) The enhancement of input impedance accuracy relies upon type of source
model. The delta gap is the simplest way but it is neglected the radius of
linear electric probe, which may be much low accuracy in some cases. The
multifilament method is attractive procedure because it can be considered
radius of linear electric probe. Moreover, to obtain more accuracy results it
can be increased the number of filament along probe and on coaxial
aperture.

(c) Radiation pattern of slot on finite size ground plane should be analyzed not
only the edge effect but vertex or corner effects as well. The small size of
ground plane is substantially impact from vertex diffraction fields.

(d) The wall thickness of cavity must be taken into account because the
mutual coupling between slot and probe are considerably changed. The

radiation pattern and input impedance would be analyzed more correctly.
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Appendix A
Trigonometric and Exponential Functions

A.1 Trigonometric Relations

sin(a + ) =sina cos f + cosasin (A1)
sin(a — ) = sin @ cos B — cosasin 8 (A2)
cos(a + ) = cosacos B —sinasin B (A3)
cos(a — B) = coscrcos B +sinazsin B (A4)
tan(a + f) = % (A.5)
tan(a—ﬂ)=% (A6)
sin(% + a) =cosa (A7)
sin(%—a) = cosa (A.8)
cos(—ﬂz—+aj =—sina (A.9)
cos(%—a) =sina (A.10)
sina+sin,6=2sin%(agrﬂ)cos-;-(a-ﬂ) (A.11)
sina—sinﬂ=2cos%(a+ﬁ)sin%(a—ﬁ) (A.12)
cosa—l-cosﬁ=2¢os%(a+ﬂ)cos%(a—ﬂ) (A.13)
cos & —cos B =—23in~;—(a+ B) sin%(a— ) (A.14)

sinacos B = %[sin(a + B)+sin(@- B)] (A.15)



cosasin f = %[sin(a + ) —sin(a — ,B)]
cosacos 3 = —;—[cos(a + f3) + cos(a - ,B)]

sinasin f = —% [cos(a + ) —cos(a— ,B)]

sina+cos’a=1

. . a a
sin¢ = 2sin —cos —
2 2
sin2a =2sinacosa
o ..
cosa = 2cos® 5—1 =1-2sin® 5

cos2a =2cos’a—~1=cos’a—sina=1-2sin’«
cos3a=4cos’a—3cosa

cosda =8cos* @ -8cos’ a +1

A.2 Exponential Relations

e’ =cosa + jsina

e/ =cosa — jsina

i Jje _ e-}a
sina = -
2j
jd + e"'ja
cosa =
2

(A.16)
(A.17)

(A.18)
(A.19)
(A.20)
(A21)
(A22)

(A.23)
(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A31)
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a

e +e

-a

cosh(a) = (A.32)
et —e e
sinh(ja) = — (A.33)
el +e
cosh(ja) = cosq = ——— (A.34)

2
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Appendix B
Vector and Dyadic Analysis
B.1 Vector Analysis
B.1.1 Vector Identities
a-a=af (B.1)
a-a*=|a (B.2)
a+b=b+a (B.3)
a-b=b-a (B.4)
axb=-bxa (B.5)
(@+b)-c=a-c+b-c (B.6)
(@+b)xc=axc+bxt (B.7)
a-(bxé)=b-cxa=c-axb (B.8)
ax(bx&)=(a-c)b~(a@-b)c (B.9)

(@xb)-Exd)=a-bx(cxd)

=a-(b-dc-b-cd

=(@-e)b-d)—(@-d)b-c) (B.10)
(@xb)x(cxd)=(axb-d)c—(@xb-e)d B.11)
V(ab) = aVb+bVa | (B.12)
V-(ab)=aV-b+b-Va (B.13)
Vx(ab)=aVxbh-bxVa=aVxb+Vaxb (B.14)
V.(@xb)=b-Vxa—a-Vxb (B.15)
V(@ -b)=axVxb+bxVxa+(@-V)b+(b-V)a (B.16)

Vx(@xb)=av-b-bvV-a—(@-V)b+@-V)a (B.17)



V-(Va)=Via
Vx(Vxa@)=V(V-d)-V’a
Vx(Va)=0

V. (Vxa)=0

B.1.2 Vector Differential Operators in Rectangular Coordinates.

.0a .0a ,0a
Va=x—+y—+2—
ox "0y oz

B.2 Dyadic Analysis

B.2.1 Dyadic Identities

G-(bxc)=-b-(@xc)=(@xh)-c
ax(bxc)=b@-c)-(@-b)c
V-(ab)=aV-b+(Va)-b

V x(ab) = aV xb+(Va)xb

V.- (@xb)=(Vxa)-b-a-(Vxb)

Vx(Vxa)=V(V-a)-Va

(B.18)
(B.19)

(B.20)

‘®21)

(B.22)

(B.23)

(B.24)

where a is scalar function, @, b, cand d are vector functions. Va represents
gradient of a scalar function. V-2 denotes divergence of a vector function. Vxa is

curl of a vector function. V’a and V?a are Laplacian of a scalar and vector,
respectively.

(B.25)

(B.26)

B.27)

(B.28)

(B.29)

(B.30)
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[c] -(axb)=—[@xc]" b

where a, b, and c area dyadic function. [-]” is transpose of dyadic function.

B.2.2 Integral Theorems.

- Gauss or divergence theorem

mv.a*dwcg(ﬁ-a)ds

- Curl theorem

Hvxa-dv=<ﬁ(ﬁxa)ds

- Qradient theorem

” Vadv = <ﬁ nads

where 7 denotes the outward unit normal vector for closed surface.

(B.31)
(B.32)

(B.33)

(B.34)

(B.35)

(B.36)

(B.37)
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Appendix C
Derivation of Dyadic Green’s Function
in Three-Based Directions

C.1 In x direction

Go(R,R)= —% #5(R -R)
2 (2-6,) {M;(a—x)M—e':(x') Ni(a- xN”‘(x)x>x}

+bc,,,,,kgxk;smk a| M:(x)M*(a-x)-Ni(x)N*(a-x)x<x
(C.1)

=in — —\ 2k (2-6,) [Nila=x)Mi(x)-Mia-x)NJ(x) x> %
Gu(R.R)-= bcgkgxk;smk a{ N ()W (a-x")-ML(x)N(a - x)x<x}
(C2)

G (R,R")= —éﬁa(ﬁ _R)

WA Wk N (a = 2N (x') - M (a = M (') x> %
be &k dl sinka | NL(x)Ni(a-x)-M Mi(x)M*(a-x)x<x
C3)

Sy Jhe (28 [M(a- DN ()-Nala- () x> 5
Gau(R,R)= gkgxk;smk a{M*(x)N;;(a )= NE(x)MHa-x)x <X
(C.4)

where M2 (x), MZ:(x), N%(x) and NJ(x) the eigenvalues are given by

M:,,(x)=\7x[ww(x,y,z)f]

oe oe

(x) = -—V xVx [y/oe (x, v, z)x}

€o

and

w.(%r,2)= [ (k,, x) (kyy) (k z)]

oe
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C.2 In y direction

25_(2-4) 26—y () - NLB- N2 )y >y
'"Z';kxyk:y sink b{ eO(y)Meo b-)- N2(y)N2(B-y)y < y"} €3

Gu 2y -0) (2-4,) { 26~ ()~ M:,(b-y)zv;:(y'),y>y'}
¢ o kghy sinkyb | NL (M (0 - ) - ML(INZ (b - ')y <
(C.6)

95(R-R')
(2-5,) {N;,(b—y)ﬁz ')—m(b—yw,::(y'),wy'}
N.V

2
e 2k sink b | WOV )~ 2(b )y <o
(C.7)

M (b-y)N2(y)- N2~ y)M] (y)y>y}

=i = 2k (2-6,)
Gan(R.R)= gkgykfysmk b{M’(y)ﬁ;f(b—y') NG (-y)y <y
(C.8)

G (R,R") =

where M?(y), M2(y), N2 () and N2(») the eigenvalues are given by

oe

ﬁ;(y)=V><[wea(x,y,z)9}

oe

No);(y)-: _’]gvxvx‘:v/oe(x’y’z)j):l

eo eo

and

W% 3,2)= [ (k, X) (kgyy) (kzz)}

oe
mnw nmw
k=2 k, ="
a C

k2 =k +k} k2 =K~k
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C.3 In z direction

2-6,)
ke sink,c

{M,o(c ()= N fe—z) ”(z)z>z}

ML (M (c-2)-NL (N (e-2)z <2
(C.9)

|
P

Nz (c—2)M; () - M, (c-2)N,; (z)z>z}
Mi(z

=i\ 2k (2-6,)
GHJ(R’R) ab,,,z,;kgzk;smk c{N‘(z)M (e-2')-ML Wi(c-z)z<z
(C.10)
G (R R)= -2 226(R-R")
N 22 (2-5,) NZ(c-z)NZ(z')- Mi(c-2)M(z')z> 2’
ab&ik k2 sink_c | Ni(2)N'i(c—z2)-ML(2)M;(c-2)z <2
(C.11)

—=in . _ (2 6) (c z)J—V_"(z') ﬁ;(c—z)jt_/l—;:(z'),z>z’
GEM(R’ ) Z:k kZsink,c M ()N”(c z')- ]V;(z)ﬁ;:(c-—z'),-z<z'
(C.12)
~

where M (z), M.(z), N (z) and N:(z) the eigenvalues are given by
0=k

Voo (20, 2)2

eo

N:,(z)=7i-VxVx|:

eo

and
V.o (%, 7,2) = [ (e (7). (k z)}
k _mzx N7
a Y b
KL=k -k

kL =k:+k;



Appendix D
Some Orthogonal Relationships
of the Vector Wave Functions

[Ij. o)W, Kav= o]

([, #)-F, (-k)av=0 @1
Ij.jﬁemn (h)- A_fom'n: (~h")dV =0
[TIN s (B) - N s (=H)aV = 0 (D.2)
([ e )+ M i (=) = 0)

M i (B) - M (—H)AV =
J‘-U‘M"m"( ) Momn( h) V=0 (D3)

_[‘“.Nemn (h) ] Nem'n' (—h')dV =0 [
IIINomn (h) J N_om’n’ (‘—hl)dV =0 ]

| YT abk? %
[ § § - B (Bt = (14.8,) 2275 [0
00 - —c0
2
=(1+6,) “bzkc S(h=h)  (D.A4)
ab « 2
[ [M e (B)- M, (~1")dxdlydz = ’“";kc S(h-h), m#0,n#0 D.5)
00 -
ab o o _ 7z'abk2
[ [ [y (B)- M, (~h")dxdydz = (1 + 6,) S O(h=h), n%0 and m# 0 (D.6)
00 -x
a b [ <] . _ mbkz
§T T e () N o (<)l = 1+ ) ——= (b + B3 (h =) ®.7)
00—
ab « _ _ ﬂ'abkz
[ [N ) (- s = (14 8) 225 = ) D5
00-» .
ab o 2
= = ' mabk; ,
§T W B N (B lrdydz = (1+ 80) == 8(h = ) D.9)
00-x
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Appendix E

Integration of Reaction Expressions for External Region

From external term of system equation Y**

v = jos, > 4, [ [[F, - Gom -, dSdS"
=1 Sg Sa

Substituting basis, weighting and dyadic Green’s function

=ext = -jkIE—Ell
Gum =(I+V2V) e Ay
k? ) 27|R -R|

Y ng"ZA ”ﬂs1n——(z+ )G;‘,{,nsml( %’)deS'
We =t s

8; Sg

where

" 1 8% Ye ™
Gt {”P?} 2R

R= \/(x+x')2 +(z-2')

-
-

' I“NQ_.N ]u
[ I“S eV I-E

5

ye jd)&‘o 2’41 P

i=]

l

sm

Y |'§ eV I-.E

[ [.."‘

5

Consider only first term of ¥

(E.1)

(E.2a)

(E.2b)

(E.3)

(E.4)

2 ~jkR .
sl e L0V i b \idaaa
I, 2 ol) R 1 2

(E.5)
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bW Low
T2 T2

(E.6)
In order to make it possible to integrate (E.3) is change the limit of its
integration as shown in Fig.E.1 (a) and (b)

A Ux
WS
2
¥
2 x!
_¥
2
{F-
—w,
v
(@
A Y
IS
L
2
L
2 z'
L
2
NA
2
-1
v
(b)

Fig.E.1 Transformation limit of integration
(a) with respect to x

(b) with respect to z

133



134

Letu, =z—-2z and u, =x—x'

w, w,
———u I

Y Jwg"ZA jdu jdz+jdu jdz wj j'dx'+ jdu jdx'

i=]

..__._u —i ey

2 2
R s e"”";*"; i, L
sin U, +z' +=% |[———==sin—| z'+ =
I 2 uj+uf ls 2

s

i=l

ye J“’g"ZA jdu jdz+jdu sz} wj 1jalx
A

W, =g 0

ye J“’gozA Idu Idz+ ]'du J‘dz}wjdu (w—u,)

nm N, e"”“““‘ i (g
sm—l— u,+z +3 ———5IN Z 4=

2 ul +ul 1, 2
. N, 1, w, -Jjk ui-mf
w1958 o prr e, @)

2 'l X 1
wwl o ,/uf+uf

when i=n;, i#0,n; #0

I, . imu i7u
I7 =—~sin—*+ (I, —u,)cos—
1¥/4 I: s
i=n; =0,i+n; =odd
I =0

i#0,n;#0, i+n; =odd

le 'ﬂu n;mu,
n,sin—= —= —isin
22\ l )
w nj l s s

ext __
I =
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Next the second term of Y is regarded as

PR . mr IY1 0% e™ _ irx !
Y¢xt=_]a)80 A Sln——j— e | L9 ' s \edodi' de!
2 2ﬂWf,Z=[: I_J:_YJ;_ l,_i Is z 2 %2 22° R Slnl 4 5 zax az
2 2

s

(E-8)

] . ! im(  1,)8 ™™

g =2I2% S 4 [ [sin 28 2 e e loos Bz 4 | 2 du, (w—

? nkzwf,,'lsy[-,[ L)\ 2)a R Ja (w-u
1/

[}

X

(E.9)
since
0 e /™ 0 e M
&% R &' R
| Lob
. N 3 2 €7 n.mwT l lﬂ' l -_,kR W,
Y = JD, 14 & sin —% "+ [cos—| 2"+ d
: nk’wfg'l,{{ "N\ i za' I“(W“)
772
(E.10)
Again using by part integration with respect to z', it is
Lob
. N, 2 2 . —kRW
o —JOE, n;zw\ i nw( , 1 i , I, e
Ye = A, cos——| z'+ = jcos—| z' + = du_ (w—u
? 27zk2wf§'(l, }(1}” z,( 2) z,( 2 I (W)
772
(E.11)

In similar manner with Y, the integration limit of ¥, is changed to make
integration easy. It yields

ex a)g - u+u
Y = 7;2 OzZA I(w u)I' dudu

s i=1 \' z

when i=n, i#0,n;,#0

(E.12)
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2 3 »
If =— z||zk sinﬂ’—+(ls —u,)cosmuz
L) i I,

when i=0, n; =0, i+n; =odd
I=0

when i#0, n; #0,i+n; = odd

ot im | n;7 21 . imu, . hmu,
I  =— — >——1| isin —n;sin
l: IS ”(nl -1 ) l; IS

Therefore, Y* can be finally expressed as

. N, lw ext\ —jkyul+u}
v =128 4 | fw-u,) If" + Lol du, du, (E.13)
W, =g 00 k uj +uf
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