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ABSTRACT

A spherical slot array antenna is proposed in this thesis. The
structure of the antenna is made up of a number of slots cut on an outer
surface of the concentric conducting spherical cavity enclosed by the
conducting conical surface. The feeding structure is a linear electric
probe excited on the inner surface of the cavity. The advantage of this
antenna is that it belongs to the simple structure because the power
divider and the feeder are integrated into a single structure. This thesis is
focused on the design of this antenna to radiate the circularly polarized
conical beam for the applications of the land mobile satellite
communications and wireless Local Area Network systems. The
radiation pattern of this antenna is preliminarily calculated to find the
initial parameters that meet the requirements of the practical applications.
Then, the Method of Moments is conducted with the aids of the dyadic
Green’s functions to solve the integral equations that rigorously include
all phenomenal antenna structure. The antenna radiation characteristics
such as radiation pattern, elevational angle and directivity are
subsequently investigated. The optimum antenna parameters that fulfill
the requirements of the radiation characteristics for particular
applications are consequently used for clarifying the matching condition
and polarization circularity. With the optimum parameters, the prototype
of the antenna is fabricated. The antenna measurement is set up to verify
the proposed principle. From the results of the theoretical and
experimental investigations, it is obvious that this antenna is useful for
applying to the land mobile subscriber units located far from equator and
the base-station antenna for the wireless LAN system.
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Chapter 1

Introduction

Enclosed within this chapter introduces the background of the spherical
slot array antenna. The cited literatures of the slot array antenna on the
spherical surface, the feasible applications of this antenna, the purpose and the
scope of this thesis and the outline of remaining chapters that summarizes

information of the succeeding chapters are addressed.

1.1 Background of the Spherical Slot Array Antenna
1.1.1 Historical Notes of the Slot Array Antenna on Spherical Surface

Nowadays, wireless communications can be considered as a part of
daily-life essence. A key device for transmitting and receiving signal between
communication sides is antenna. There have been various kinds of antennas
extensively and continuously invented to accomplish the requirements for
different features of the communications. Generally, each antenna has its own
advantages and disadvantages. Therefore, it has been individually applied for
specific applications. Its electrical and mechanical properties have to meet the
specification of the actual usage.

The slot cut on the conducting surface is one of many antenna types that
is very useful for the application that the radiator is desirable to be flush-
mounted with the conducting surface. The merit of the slot antenna is the flush-
mounted structure conforming to the conducting surface. This property makes
it low profile. Traditionally, there are many configurations of slots cut on the
conductor; both flat and curved surfaces. The slot on the plane is essential in
case of the geometry of location to be installed is restricted to be flat in order to

reduce the wind resistance.
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There are many researches ‘ and developments on the slots on the
conducting plane in literature [1-1]. Mostly, they are backed by the parallel
plates [1-2], rectangular waveguide [1-3] and rectangular cavity [1-4].
However, for some particular applications of the curved surfaces [1-5] such as a
portion of the vehicle, ship, aircraft and missile, the slot on the planar structure
is inappropriately applied.

The conformal slot antenna is the most promising candidate for those
requirements. Additionally, in case of the slot radiators located on the planar
structure to form the planar slot antenna, the deterioration of gain or pattern
occurs while the main beam is scanning especially when the beam points
toward the low elevational angle. The conformal slot antennas such as slot
antennas located on the cylindrical [1-6], conical [1-7] and spherical [1-§8]
surfaces are the attractive candidates to overcome the drawback of the planar
slot antennas for the particular applications of the curved surface.

In historical literatures, most of substantial works relating to the
conformal slot antennas have been paid to the analysis of the slots imposed on
the cylindrical and conical surfaces because the antenna can be steered in
azimuthal plane without the degradation of radiation characteristics. This can
be realized due to its rotationally symmetrical structure in a circular cross
section. Furthermore, in order to yield the entirely symmetrical structure, the
spherical slot antenna is the most appropriate. The similar pattern, while the
beam is scanned in both elevational and azimuthal directions, is obtainable. As
far as we know in literatures, only a few of research works have been studying
on the spherical slot antenna. The important reason is due to the difficulties to
analyze its mathematical model since it must be involved with the higher
transcendental functions such as spherical Bessel function and Associated
Legendre functions. Noticeably, the use of the spherical slot antennas is of

particular importance in stationary structures and mobile vehicles, particularly



those have portions of their bodies with the spherical shape. In addition, for
radar applications which require the constant radiation pattern in any direction,
the spherical array antenna has still been employed.

Furthermore, mobile satellite communication is popular lately. The
antenna on the mobile unit must have the capability of satellite tracking in a
similar fashion to that of the radar system, the spherical array is also
appropriate since its beam can be tilted without the gain degradation. In the
mobile system the alternative way is to apply the conical beam antenna instead
of using the sophisticated tracking system. In this manner, the antenna pattern
can cover any position in azimuthal plane since the field strength is identical
for all directions. There have been many research works about the conical beam
antenna such as helical [1-9] and microstrip [1-10] antennas. The disadvantage
of those antennas is the difficulty in fabrication because the power divider and
the feeding structure are separated.

Recently, the radial line slot antenna (RLSA) [1-11], the circular array of
slot pairs cut on the top plate of the radial line waveguide, was developed to
radiate circularly polarized conical beam pattern. The merit of that antenna
belongs to its simple structure since the power divider and the feeding circuit

are integrated into a single structure. However, it was found that the elevational

beam direction is relatively high (about 30° from boresight direction). In some
applications such as the land mobile subscriber unit located far from the
equator, the elevational angle must be lowered. Takada, et al., proposed to feed
the radial line slot array antenna by the rotating mode generator [1-12], but this
effort was achieved at some expenses of gain degradation and more
complicated feeding structure. A spherical slot array antenna radiating
circularly polarized conical beam [1-13] has proposed and it provides the

pattern in elevational plane direct toward a low angle direction. This antenna is



simple and it is expected to be suitable for mass production i.e., a ring of
perpendicular slot pairs cut on an outer surface of the concentric conducting
spherical cavity enclosed by the conducting conical surface. The feeding
structure is simple that it is a linear electric probe excited at the inner surface of
the cavity and integrated with the power divider. This fact has motivated the

presentation of this thesis.

1.1.2 Applications of the Spherical Slot Array Antenna

A spherical slot array antenna, which is designed to radiate the circularly
polarized conical beam, is proposed to serve as the antenna for installing on the
land subscriber unit of the mobile satellite communication system and the base-

station antenna of the wireless Local Area Network system.

1.1.2.1 Mobile Satellite Communication

Recently, the mobile communication using satellite becomes very
popular [1-14]. If the antenna used for this application radiates the conical
beam pattern, the sophisticated tracking system is not necessary anymore. The
conical beam pattern has the following characteristics:

(1) The theoretical null occurs in boresight axis.

(2) The elevational beam peak directs toward the satellite. The
elevational angle is generally between /0 to 80 degrees. It is pointed
that the lower the elevational beam peak the further the location of
the mobile terminal from the equator.

(3) The azimuthal pattern at an angle of the elevational beam peak is
non-direction.

For the land mobile satellite communication subscriber, the antenna is required
to radiate right-hand circular polarization with the gain of 6.6 + 0.9 dBi and the

axial ratio less than 2.5 dB. A circularly polarized spherical slot array antenna
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directivity, elevational angle and azimuthal pattern are consequently
investigated by using Method of Moments with the aids of the dyadic Green’s
functions. Also, the design criteria of the further applications are provided. The

antenna measurement is set up to confirm the proposed principle.

1.3 Outline of Remaining Chapters

As an introductory chapter, this chapter has mentioned about the overview
of this thesis. The usefulness, objective, scope and organization of this thesis
are summarized. As referred above that this thesis aims to propose a so-called
spherical slot array antenna, the electromagnetic field radiated from a spherical
slot array antenna will be preliminarily studied in the next chapter, Chapter 2.
The field radiated from all the slots is derived by solving the boundary value
problem. To simplify in calculation, the sinusoidal current distribution is
reasonably assumed. The radiation patterns for various parameters are
substantially investigated. The antenna design parameters that meet the
optimum radiation characteristics are primarily selected as the guideline of the
antenna design. However, the rigorous analysis of the antenna characteristics is
still to be essentially conducted.

Chapter 3 expresses the rigorous theoretical formulations of the antenna
characteristics using the Method of Moments. The integral equations are
significantly formulated based on the Field Equivalent Principle and the
boundary conditions. They can be written in the form of the integration of the
product between dyadic Green’s functions and unknown currents to be
determined. The dyadic Green’s functions are derived to complete the integral
equations.

Chapter 4 investigates characteristics of the spherical slot array antenna.
The basis function and weighting function are expanded to solve the integral

equation by means of Method of Moments. The “unknown currents are



determined by solving the integral equations and the antenna characteristics are
subsequently examined.

Chapter 5 characterizes the other significant antenna properties i.e.,
impedance and polarization. The matching condition between the antenna and
the transmission line is clarified and the axial ratio is significantly revealed.
Ultimately, the optimum design parameters of the antenna are determined.

Chapter 6 verifies the proposed principle and theory that has presented in
the preceding chapters by the measurements. The prototypes of the antenna
were fabricated corresponding to the design parameters suggested in the
previous chapters. The experimental results of radiation pattern, input
impedance and axial ratio are reported.

Chapter 7 summarizes the consequence of the material presented in the
preceding chapters together with the discussions for the further study.

Eventually, the expression of the special functions in spherical coordinates
that is very useful for the study of the spherical slot array antenna as well as the

derivation of the dyadic Green’s functions are reported in the appendices.
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Chapter 2

Preliminary Investigations of a Spherical Slot Array Antenna

2.1 Introduction

A spherical slot array antenna is proposed in this chapter. The structure
of the antenna is revealed. In order to meet the applications of the mobile
satellite communications and wireless LAN systems, the spherical slot array
antenna is designed to generate circularly polarized conical beam pattern. The
preliminary principle of the antenna design is consequently described and the
radiated field from the antenna is expressed. Then, the radiation patterns of the
antenna for various parameters are investigated. In the last place, the
parameters that yield the conical beam pattern will be selected as the initial

parameters for further investigations of the antenna in the succeeding chapters.

2.2 Configuration of a Spherical Slot Array Antenna

As previously mentioned that this thesis is focused on the design of the
circularly polarized conical beam spherical slot array antenna. In this
circumstance, the antenna is composed of a number of two perpendicular slots,
to form a slot pair, cut on an outer surface of the concentric conducting
spherical cavity enclosed by the conducting conical surface. Fig.2.1 shows two
slots that are perpendicularly arranged to form a unit of circularly polarized
radiator. The slot length and width are /. and w,, respectively. A number of slot
pairs are arranged as a ring along an azimuthal circumference of the outer
surface of the concentric conducting spherical cavity. Each slot is separated,
along an elevational plane, at a certain distance so that the phase quadrature is
obtained to provide the circularly polarized radiation. Fig.2.2(a) and Fig.2.2(b)

show the top and bottom views of a circularly polarized conical beam spherical
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slot array antenna. One of the slots in a pair is oriented counterclockwise at an
angle y, with respect to the horizontal line of the concentric conducting
spherical cavity whereas the perpendicular counterpart is oriented at an angle of
Y, as illustrated in Fig.2.2(c). These slots are backed by the concentric
conducting spherical cavity of which the inner and outer spherical radii are R,
and R,, respectively. These spherical conductors are shorted by the conducting
conical surface at an angle 6. The cross-sectional view of the antenna is
figured in Fig.2.2(d). This cavity-backed slot array antenna is excited by a
linear electric probe of the length [, in the radial direction. It is protruded
through the inner surface of the cavity. The location of the excitation is at the
position R,< R; < R,*1,, §=6,, $~0° as shown in Fig,2.3. The center of each
slot pair is denoted by an angle 6,. Each slot in a pair is offset from this position
at the distance dy in opposite direction so that phase quadrature between these
two of a slot pair is obtained. The azimuthal spacing between slot pairs is s.

The number of slot pairs is V..

Fig.2.1 Two perpendicular slots form a slot pair of circularly polarized radiator
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(b) bottom view
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(c) perspective view
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// \

Fig.2.3 Location of the excited probe inside the concentric conducting spherical

cavity enclosed by the conducting conical surface

2.3 Principle of the Design of a Circularly Polarized Conical Beam
Spherical Slot Array Antenna

From the antenna structure described in the previous section, the antenna
parameters will be designed as the initial guidelines for further analysis. By
considering the electric dyadic Green’s functions [2-1] and the source function
directs along the radial direction, it is obvious that the transverse magnetic
mode is considerably coupled to the cavity. From the expression of the
electromagnetic field simulated from all components in conjunction with the
boundary condition that the tangential field vanishes at the conducting surface
[2-2]-[2-3], the inner and outer spherical radii, R, and R,, can be determined by

solving the characteristic equation [2-4]

Jn(kRg) _ jn(kRp)
Yn(Ry)  yp(kRp)

@2.1)

where j,(*)and y,(*)denote the derivative with respect to the argument of the
spherical Bessel functions of the first and second kinds of order n, respectively.
k represents the propagation constant of the medium inside the cavity and the

cavity stated in this thesis is air-filled.
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The next parameter that is necessary to be designed is the shorted conical

angle @, of the cavity. It can be calculated by imposing the electric field at the
boundary to be vanished, thus

P (cosf) g = 0, (2.2)

(4

where P} (cos8) denotes the associated Legendre function of the first kind of

order (n,m). Moreover, m represents the number of cycles of field variation in ¢

direction.

After the dimension of the cavity (R,,R,,6.) is obtained, the location of

the slot orientation is subsequently investigated. The position of the center of

slot pair @, is chosen where the surface current density is maximum. Therefore,

it can be found by maximizing

max dP)" (cos6 )

6
¢ do

s

(2.3)

It is noted that each of two slots is offset from the center line in the elevational
plane at the distance dy/2. It is expected that each slot in a pair is excited by
equal amplitude with the quadrature phase.

Since this structure is excited by the linear electric probe, hence, its

location is at an angle where the maximum field in radial direction is satisfied.

0, Im:x Pl (cos6) (2.4)



16

To obtain the right-hand circular polarization, we excite two

perpendicular slots with identical amplitude but quadrature phase. The phase of
slot number 2 leads that of number / by 90° Since the surface current density
that excites the slots is proportional to Egand H, which are proportional to the

derivative of the associated Legendre function of cosine of angle & that is

dP,” (cos6)

Eg,Hy
9>7%¢ do

(2.5)

therefore, the orientation of these slots are 45° and /35 ° with respect to the
horizontal line where the surface current density is maximum. The spacing

between the center of these two slots along the elevational plane is adjusted so

that phase difference of Egis 90°. The slot array consists of a number of slot

pairs arranged in the same manner as described above at the specific position in

order that the spacing between the center of each slot pair is equal to 2mw/N (N
is the number of slot pairs).

For a specified directivity, the number of slot pairs, the outer spherical
radius and the slot position will be determined. To design a circularly polarized
conical beam spherical slot array antenna, the concentric conducting spherical
cavity is first designed to excite the slot array. When the number of slot pairs is
fixed, the mode number m (the number of cycles along the tangential
circumference of the cavity) can be determined to be one half of the number of
slot pairs. We found from (2.1) that the spherical radii depend on the mode
number 7, therefore, n must be appropriately chosen for a particular directivity.
Since the field distribution in the cavity depends on the mode of the cavity,
hence the dimension, the slot position and the feed probe position are different.

Fig 2.4 and Fig 2.5 show the graphical characteristic in the radial and the
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elevational direction of the TM,,, mode for m is fixed at 3 and # is varied from 6
to 8 and for m = 3,6 with n is fixed at 8. To estimate the orientation of the slot
and the probe position for the TM;; mode, the electric and magnetic fields are
revealed as depicted in Fig. 2.6 and Fig. 2.7, respectively.

0'6i /"\/r\k/ AN

0.4

N : . o
Jn(kR) | / / ‘\\ \

Ay [ l ]

Yo(kR) \
n(kR) 02 7y \ ‘

0 0.25 0.50 0.75 1.00 1.25 1.50
R/A
Fig.2.4 Graphical characteristic in the radial direction of the 7M,,, mode
(n=6,7,8)

38975
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Fig 2.5 Graphical characteristics in the elevational direction of the TM,,, mode

(m=3, n =6,7,8 and m=3,6, n=8)
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Table 2.1 summarizes the aforementioned quantity for four different mode
cavities. In case of TMjs, for instance, the ratio of outer radius to inner radius
(Rp:R,) is 9:8 and the outer spherical radius is / .432. The conical angle can be at
43.96°, 67.34° or 90.00 ° while the feeding probe position is either at 29.08° or
55.42° The slot position is either at 16.19° 42.77° or 64.94° Let us compare
the quantities of TMjs aﬂd TM;ss modes surrounded by dashed lines, we can
realize that even though they are somewhat different, the outer radius and the
slot position (6’:) are not significantly different. In such case, we can excite the
different mode cavities with similar dimension of the outer radius and slot
position. Therefore, the number of slot pairs can be increased to provide

uniform azimuthal pattern by using the same antenna size.

Table 2.1 Dimensions of a concentric conducting spherical cavity, the feeding

probe position and the slot position

mode | RyR, Ry/A 0.0 a0 0.9
M | 7:6 111 58.52 38.83 24.45
90.00 74.12 57.26
121.48 90.00
™;; | 8:7 1.27 50.16 33.22 20.91
76.93 63.34 48.91
103.07 76.64
™M | 9:8 1.43 43.96 29.08 16.19
| 67.34 55.42 4277 ]
90.00 64.94
Mg | 9:8 143 | L7504 56.79 4113 ]
104.96 90.00 74.05
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In order to design the antenna with the appropriated dimensions and slot
positions, any values of those parameters can be chosen. After the cavity is
designed and the probe position is set at R, <R, <R,+l,, 6= §, ,¢, = 0°then
the first slot pair is cut at a position of ¢ equal to ms#/N away from the probe.

The second slot pair is at the position of 2ma/N .The arrangement of the

progressive slot pairs is in the same manner as described above.

2.4 Radiated Fields from the Antenna

The radiation fields of a circularly polarized conical beam spherical slot
array antenna designing based on the higher mode of the cavity model are
formulated in this section. The radiation patterns of the spherical slot array
antenna are determined from the combination of the slots in the pairs, and these

slot pairs are arranged as the spherical array, subsequently. Let us consider the

slot located at the local coordinate (R,,&,4) as shown in Fig.2.8.

t

X

Fig.2.8 Local coordinates of the slot on spherical surface
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The radiation pattern of a slot on a spherical conducting surface can be
derived by solving the electromagnetic boundary value problem. The aperture
field distribution along the slot is reasonably assumed to be sinusoidal to
simplify in calculation. The radiation fields can be expressed by the summation

of eigenfunctions in the spherical coordinates as follows:

jAl% 1 dBM(cosk)

fe(Rp,80)= 2 X fm(j)"{

m=0 n=m o h’(12) (kRy) dg,
. (2.6)
A [ m
4 Zmn kRy, mby .(Cgos £) cos(ml)
o 2 sin
[ka 1 (kRy )I
- | JALE 1 mP,)" (cos &)
fe®Be. 0= T fu)"| T -
m=0 n=m o pE(kRy,) SN
. (2.7)
m
N Apn kRy, dP, ;ZOS £) sin(ml)
4 2
b )|
The coefficients are given as follows:
L (1 - cos(kl)) m=0
Tthb ’
£, =41 singen) .m = kR, 2.8)
TtRb
1 2Ry 5 [cos(Ln—l—) — cos(kl)] ; elsewhere
T (kRpy)> — m Ry
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where h,(z2) () denotes the spherical Hankel function of the second kind of order

n, and P."(-) denotes the associated Legendre function of order (n,m). The
primed bracket designates for the derivative of the function in the bracket with
respect to the argument (kR,). The radiation fields of the spherical slot array
antenna can be written as the combination of the field from the total number of

slots which are arranged to form the circularly polarized conical beam as [2-5]

= N 2 i cosé;i+y;
E@.0)= 33 f(Ry, &y, L )e” oY) 2.9)
j=li=1

and

Ry, &i:,C3)= fr Ry, &5, & )cosy; —siny; 1y,

S 2.10)
— fe (Rp, &5, &y)lcosy; +siny; 163

where fy and f jj are unit vectors along the slot local coordinates, respectively,

and y; is the phase of the slot number i. It is noted that the phase difference
between the two slots (y,-,) is assumed to be 90°. Additionally, to express the

term of source point (R,,&;,4; ) as the term of the observation point (R,6,d), the

contribution of these coordinate transformations are used:

COS§ij =f (2113)

=sina; sinfcos(¢ - B;;) + cosa; cos & (2.11b)
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anc = sin@sin(¢ — B;;) 2.12)
Y cos a; sin @ cos(¢ — p;;) —sine; cosd '

. sine; cos@ cos(p — f;;) — cosa; sinb .
§ij =— ,
ney 2.13
sine; sin(g — By;) , 2.13)
sin é:lj ¢
. sina; sin(¢ - B;) 5
v sin fy
) . (2.14)
sina; cos @ cos(p — Bj;) —cosa; sinf ,

sin 51‘]

where R, is the position vectors of the observation point, Rsi is the position
vectors of the location of slot number i, ¢; is the elevational angle of the slot

number i, and f; is the azimuthal angle of slot number i in the slot pair number

Jj, respectively.

2.5 Radiation Pattern of the Antenna

From the formulations of the radiated fields determined as described in
the prior sections, the radiation pattern of a circularly polarized conical beam
spherical slot array antenna will be disclosed in this section. By consideration
of the external radiation of the electromagnetic fields from the antenna, it is
evident that the parameters impacted on the radiation pattern are the angle of
slot pair position and the spherical radius [2-6]. As the initial parameters as

tabulated in Table 2.1, the radiation pattern of the antenna for various angles of
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slot pair positions are calculated and plotted in Fig.2.9. The outer spherical
radius is fixed at 71.434. It is found that the elevational beam peak is
substantially varied as the angle of the slot pair position is changed. For
instance, if the angle of the slot pair position is located at an angle of 20°¢ the
elevational beam peak directs at an angle of 55° It is observed that the
elevational beam peak position is higher when the angle of the slot pair position

is increased until the certain slot pair position at 45° Then the peak position

will be very high again even the position of the slot is lower.

6=20°_______9=50°

__________ 6,=30° xxxxxxxx 6,=60°

................ 6=40° ananssa 6,=70°

0dB

-10dB

-20dB

30dB |

Fig.2.9 Radiation pattern for various angles of slot pairs

In addition, the radiation pattern for various spherical radii is also investigated.
It is apparent, in Fig.2.10, that the elevational radiation is changed as a function
of the spherical radius. It is found that the larger the spherical radius the higher

the elevational beam peak position.
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Fig.2.10 Radiation pattern for various spherical radii

Another parameter to be mentioned in this section is the number of
elements. It is pointed that for the constant spherical radius and angle of slot
pair position, the azimuthal ripple depends on the number of the slot pairs.
From Fig.2.11, it is obvious that the there are azimuthal ripples in case of the
number of slot pairs is 4. The level of the ripple is /4 dB. It is noted that the
azimuthal ripple is not desirable since the loss of the power occurs when the
mobile terminal is moved. It is / dB in case of the number of slot pairs is &.
When the number of slot pairs is increased to /2, no ripple is observed. This
confirms that in order to yield the nondirectional in azimuthal plane, the

number of elements should be sufficiently large.
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90°

Fig.2.11 Azimuthal pattern for various number of elements

2.6 Conclusion

This chapter shows the antenna configurations. The structure of the
antenna is simple and suitable for mass production. The antenna is designed to
radiate the conical beam with circular polarization. This structure is very useful
to be the antenna for the subscriber unit of the mobile satellite communications
and for the base station of the wireless LAN systems. The expressions of the
radiated field are determined and the radiation pattern is subsequently
investigated. It is obvious that the radiation characteristics of the antenna
depend primarily on the outer spherical radius and the angle of the center of
slot pair position. These parameters are initially chosen as the guideline for the

antenna design.
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Chapter 3

Theoretical Formulations of the Antenna Characteristics

- Using Method of Moments

3.1 Introduction ‘

In order to conduct the phenomenal electromagnetic fields of the
antenna; both inside and outside the cavity, the rigorous formulations of the
integral equations taken into account of all the antenna structure are addressed.
The dyadic Green’s functions are derived to complete the integral equations.
The Method of Moments plays a vital tool in solving the integral equations.
The entire domain basis functions and Galerkin’s method of weighting

functions are reasonably selected.

3.2 Analysis Model
From the antenna configuration depicted in the previous chapter, it
consists of the slot apertures and a linear electric probe inside the cavity as
shown in Fig.3.1(a) again. It is evident that this structure possesses the
discontinuities in structure at the slot and the probe. In order to dispose these
discontinuities, the Field Equivalent Principle [3-1] is applied by following
these conditions:
e For the slot aperture
- Assuming the perfectly electric conducting surface encloses the
original problem as dash lines shown in Fig.3.1(b).
- The magnetic current M is assumed at the slot aperture in both
inside and outside of the cavity. They have opposite direction to

each other i.e., outside the cavity M =Ex#4 and inside the cavity
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M =E x(-#), as illustrated in Fig.3.1(b), where 7 denotes the unit
normal outward vector.
e For the linear electric probe
- Removing the linear electric probe

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

\
Not Pail'
6
S

(b)

Fig. 3.1 Analysis model for the antenna

(a) original problem (b) equivalent model
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In addition, the Field Equivalent Principle is used to divide this analysis model
into two canonical regioﬁs: external region (ext) and internal region (int). By

following all of above conditions, the equivalent model is established as shown

in Fig.3.1(b).

3.3 Integral Equation Formulations
From the analysis model as shown in Fig.3.1, since the discontinuities in
the structure were eliminated, the continuous conditions of the tangential

magnetic fields are automatically satisfied at the slot aperture.

Hxy=H,, (3.1a)
A = B x R (3.1b)
A =(A™ + H™)x R (3.1c)
He = H™ 4+ H* (3.1d)

where A= and H™ represent the external and internal tangential magnetic

fan

fields, respectively. Ho' and H.;are the internal magnetic fields radiated from
the linear electric probe and the slot aperture, respectively. H:denotes the

external magnetic field radiated from the slot aperture. R is the unit normal
vector to spherical surface.
With the aids of the dyadic Green’s functions [3-2]-[3-3], it is feasible to

immediately calculate the magnetic field of each term, namely
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H=(R) = joe, jj'_ m (R,R) (E(E')xﬁ)dS'

= jos, jj’_ v (R,R')- M(R")dS' (3.2)
and

H™(R)= Jwgojj'_ m (R,R) (E(E')x-ﬁ)dS'
=—]@80Ir Gun (R,R')- M(RYS', (3.3)

H"™R)= HF;HJE R')-J(R")dS' (3.4)

=x¢ext,int ==int

where Guw (R,R') and G (R,R’) denote the magnetic dyadic Green’s functions
produced by a magnetic current sheet and electric current density, respectively.
S, and S, are the 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 (3.2) (3.3) and (3.4) into (3.1d) the simultaneous equation across

the slot can be obtained as:

joo, ﬂ{a‘;‘; (R R} G (RR) B (R s - Ha‘;;n J(®Ys=0  (3.5)
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Alternatively, not only is the boundary condition on the tangential electric field

along the probe considered, but the delta gap electric field at the bottom of the
probe is also considered as the excitation. Therefore,

EM=0 (3.6a)

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

Ep =(E™-R)+E, (3.6b)
where E, is the applied field, defined by delta gap modeling as
E,=6(R-R") (3.6¢)
and E™ denotes the internal scattering field, given as
E™=E"+EM (3.64d)
Following (3.6a), (3.6b) can be rearranged as
E™.R=-E,. 3.7

The complete condition can be stated by using delta gap model as (3.6¢)

(Er+Er)-R=-6(R), (3.8)
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&

where E]” and E* are the internal electric fields radiated from the slot aperture

and the probe, respectively. —5(R') is the assumed voltage source from the

delta gap source model.

E™(R)= j[_ w (R,R) (E x—ia)dS'
= [[Gou(RR)- M(R")is' (3.9)
E‘”’(R)——ja)poﬂ_:;';R J(® s, (3.10)

=int ,__ =int

where Gz (R,R') and Gw(R,R') denote the electric dyadic Green’s functions
produced by magnetic current sheet and electric current density, respectively.
Substituting (3.9) and (3.10) into (3.8), the simultaneous integral equation on

the probe can be obtained as:

- [[Geu (R.R)- M (R Jas' - ,wﬂ,,jruﬁﬁ JRus =-8(R).  (3.11)

Sa

Now the integral equations have been obtained as shown in (3.5) and
(3.11). The next step is the unknown evaluation of the magnetic current sheet
and electric current density. This can be accomplished by using Method of
Moments [3-3]-[3-5].

Next, by following the Method of Moments the basis and weighting

functions should be selected. The choice of basis functions should be
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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.

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

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)= a,m, (F) (3.12)

where 7, (R') is a basis function for the slot aperture and a,; is the unknown

coefficients.

In view of a linear probe, the basis function can be written as

J(E’)=gb,}f(1?) (3.13)

where j, (R') is a basis function for the probe and b, is the unknown

coefficients.

Additionally, the selection of appropriate weighting function plays an
important role to obtain the high accurate 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 effectively
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¥

responsible for these requirements. This procedure is to select the weighting
function to be the same as the basis functions.
After applying the Galerkin’s Method of Moments, the following linear

equations for unknown coefficients a,, and b are obtained [3-6].

jowe, Zask{”;’ [ (E'fm +52"L) ﬁzskds,kds,,}+N2bf I L hi, - Gru jdlds, =0
f=1

(3.14)

Zask.l. ([ 3, -Gw S gl +]a)/.102b L[5 Ger-j dldl, =1 (3.15)

sk=1
where [=1,2,...,N,,.

3.4 Dyadic Green’s Functions in Each Canonical Region

The dyadic Green’s functions, inside and outside the concentric
conducting spherical cavity enclosed by the conducting conical surface for
electric and magnetlc fields due to the electric and magnetic current sources,
are derived [3-2], [3-3] to fulfill the requirement of the integral equations. The

details of the derivation are described in Appendix B. The results are

Gitvoo =25 2. An [Z—_L),— SR, ()R, ()9} (0)0} (610, $)P, (#)

I=1 m=1 A=m
2
@ 2
+ L 7
(2 -K*)I sinBsind’
u=m \Ryq 1q

R,(NR,(r)0,(0)0,(6)P,($)P, ()]

(3.16)
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Gros = k:ZZA [xz kz)l — TR ()9, 000,00, ($)0, @)
N qu m ’ ' ' ’
t 2 i s T 00,00, O)2, ), ()]
(3.17)
Ghuso =37 L AT 3 e — T (O, 010,010,010, (90, #)
N K‘IZ m ' ' 4
E 2 T s T OT9,0)0,@)0,9)0,#)
(3.18)
Gl g6 = k,;;Am [Z(Z k,)ll W ()R, ()8, (0)0,(0)0, (0, (@)
) i OREELO8, )2,
(3.19)
G;;;'m=i'EZZA." SR +CRL (1,000, (0)0,(),(#)
F —— R, (R, + DN, ()10, (0)0,(0)2:($)0,(¢)]
sin@sind
(3.20)
Gritos = ZZAMBMH — R () [, () F R (1€, 0)0, (010, ()0, (¢)
£ —R,() [R,()£ DR, ()10, (0)0,(0),()D,#)]
(3.21)
:,;;,e—izlz AyBo | kf, — SRR, (IFCR, ()]0, (0)0, (02, ()P, (#)
£ — WK, () +D,R,()]6,0)8,0)0,($)D, ()]

(3.22)
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” k&
Gt =¥y 2. AuBul i, —0,(6)0,(010,($)0,(¢)

+ R, (N[ R, () +D,R, ()]0, (6)0, (¢ )‘D, (¢)¢! (4]

R, (R, () +CR, N—

(3.23)
G=¢ZZA Z “ kf))',; — =R, (%, ()8, (6)0,,(6)0,($)P,(#)]
(3.24)
Gis == 24, [Z - f" kf;; R, ()R, ()0, (0)8, ()0, ($)D,(#)]
(3.25)

A ppt D, m
Gruso =T 0 Au | ;(K;_k,), — 5 Fu(NR,()0,(6)0,(610,(9),(#)]

(3.26)
Ghes == L2 A, [Z = k,) ," R, (DR, ()0, (6)8),(6)D,#),#)]
(3.27)
in ___L _ 1 gt _n iy
GEJ,rr—kz[ rZSiHQJ(r r)5(0 0)5(¢ ¢)
ST AT LU ¢ 0w (19,60)6,0)0,)P, ()] (3.28)

I=1 m=1 u=m ( - k2 )I

where the common parameters can be defined as below and other notations
have usual meaning as in references [3-2],[3-3].
The expressions of the field in radial direction of the TE and TM modes

inside the cavity can be expressed as the spherical Bessel function and its

derivative as follows

R, (r)=b,(x,r)=j,(x,r)+4,y,(x,r), (3.29)
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ord, (qu)] _ ar(J, (1) +4,, (x,7)]

R, ()= 5 5 (3.30)
For the outside the cavity counterpart, the field in radial direction will be
R, (r)=b,(kr)=j,(kr)+ 4,y,(kr), (3.31)
R (r)= a[rbéikr)] _ olr(J, (kr) ; By, (k)] , (3.32)
R, () =h? (), (3.33)
N;(ﬁ:ﬂm. (3.34)
or
The field in @-direction can be written as
©,(0) = L (cos8) = B (cos ) + 470, (cos0) , (3.35)
o= (ac;)sﬁ) _ (B (c0s0) gec;"am (cosf) (3.36)
The field in ¢-direction can be written as
@, (#) = {:‘:: mg =cosmg + jsinmg, (3.37)

sin
co

<D2(¢)={ Sm;zﬁ:sinm¢+jcosm¢. (3.38)
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In addition, the modal coefficients can be written as

A,,,—2 : (3.39)
5m={(1{,223’ | (3.40)
e os

- ’{:‘;)((_kli)) , (3.42)

_ [kR,j,(kR,)] (3.43)

" RRAD (KR,

Tk ;,[ or a0 sind

[

o " 2 - 2
T {u’ (0411 J, (), ()P (cosO)F + L (" WLUAL ')][(ap‘ (°°59)] +('"" ,(°°59)] J}sinadrda
R,

(3.44)
3.5 Method of Moments

The following basis/testing functions on the slots s, and on the feeding

probe j, are used, assuming that the slots are narrow and the cavity is thin [3-

8]:

Sm{ (_2" b |¢f sk I)}
g =é‘:sk.fsk(¢sk)gsk (Csk)':é’sk S (3.45)
s1n k "‘ ’
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Jy=F , (3.46)

where [, and ¢, are the length and the width of slot £, &, and £, are the local
co-ordinates originating from the center of the & slot along the length and the
width. By utilizing the co-ordinate transformations as in [3-9] and solving the
unknown currents, the antenna characteristics can be subsequently determined

by using these currents.

3.6 Conclusion

The expressions of the integral equations of two canonical regions of a
spherical slot array antenna are formulated by applying the Field Equivalent
Principle and the boundary condition in which the magnetic fields are
continuous throughout the slot aperture and the delta gap source is modeled at
the bottom of the cavity. The dyadic Green’s functions are examined by using
the eigenfunction expansions. The entire domain basis functions and the
Galerkin’s Method of Moments are applied to solve those integral equations.
The midpoint integration is applied for the numerical integration. The
convergent of the numerical solution is obtained by using a few terms of the
summation of the basis function. However, the time consumming for the

computation is still relatively high.

References

[3-1]C.A. Balanis, Advanced Engineering Electromagnetics, New York: Wiley
and Sons. 1989.

[3-2]C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Dyadic Green’s

functions of the concentric conducting spherical cavity,” Proceedings of the



44

1997 Asia-Pacific Microwave Conference, Hong Kong, vol. 2, pp. 757-760,
Dec. 1997.

[3-3]C.T.Tai, Dyadic Green Function in Electromagnetic Theory, 2™ Ed. New
York: IEEE Press, 1993.

[3-4]R.F.Harrington, Field Computation by Moment Methods, Rebert E.
Krieger Publishing, Inc., 1968.

[3-5]A.R.Djordjevic and T.K.Sarkar “A theorem on the Moment Methods,”
IEEE Trans. Antennas Propagat., vol. AP-35, no. 3, pp. 353-355, Mar.
1987.

[3-6]J.H. Richmond “On the variational aspects of the Moment Method,” IEEE

Trans. Antennas Propagat., vol. 39, no. 4, pp. 473-479, Apr. 1991.

[3-7]J.Takada, N.Araoka and A.Tanisho “Method of moments analysis of small
aperture radial line slot slot antenna using the rectangular cavity Green’s
function.” IEE Proc.-Microw. Antennas Propag., vol. 144, no. 6, pp. 498-
500, Dec. 1997.

[3-8]).Takada, “A study of the slot design for Radial Line Slot Antennas,”
Doctoral Dissertation of Tokyo Institute of Technology, Dec. 1991.

[3-9]C.Phongcharoenpanich, M.Krairiksh and J.Takada, “MoM analysis of a
circularly polarized conical beam spherical slot array antenna,”
Proceedings of the 2000 International Symposium on Antennas and

Propagation, Fukuoka, vol.4, pp.1625-1628, Aug. 2000.



Chapter 4

Radiation Characteristics of the Antenna

4.1 Introduction

The radiation characteristics such as radiation pattern and directivity of
the spherical slot array antenna are primarily investigated in this chapter. The
radiation characteristics for various parameters such as the outer spherical
radius and the angle of the slot pair position are investigated. The parameters
that yield the conical beam radiation are analyzed. The elevation angle of the
conical beam 1s necessarily examined. The directivity is calculated to find the

condition that meets the requirement of the applications.

4.2 Radiation Pattern

By applying Method of Moments to solve the integral equations, the
unknown coefficients of the current density are examined. Subsequently, the
electromagnetic fields outside the concentric conducting spherical cavity-
backed slot antenna can be determined by integrating the Green’s functions
outside the cavity and the magnetic current sheet along the slot. The resultant

electric field can be expressed as [4-1]

E®)= [Gou(®RE)-ME®)dV". 4.1)

For the magnetic field counterpart, it should be

HR®) = [Gm (R E)-MER)dV". (4.2)
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The far-field expression of these electromagnetic fields can be carried out by
utilizing the asymptotic expression of the spherical Hankel functions and its

derivative with the large arguments as follows [4-2]

+n+1

K () ~ %eﬂ*’ 4.3)
and

(icrh§2>(kr))' ~ jm (i’%ll- j]e’ﬁ’. (4.4)

The far zone expression of the spherical slot array antenna can be found by
combining the field from all of the two-slot (slot pair) around the ring. The total

radiated electric field can be written as [4-3]

Er(8,8)=Y Y Ei(6,4), (4.5)

je=l =l

where i is the index of the slot number in a pair and j denotes the number of the
slot pairs around a ring, respectively.

It is pointed that the far zone magnetic field is related to the electric field
by the relation

Er(0,4)=nHr(6,4) . (4.6)

As previously mentioned that the spherical slot array antenna in this thesis is

designed to radiate the circularly polarized pattern, the co-polarized pattern is
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significantly contributed to the application. The co-polarized field in the sense
of clockwise rotation or right-hand circular polarization can be determined by

employing [4-4]

Ec,,(e,¢)=Er(e,¢)-9—}2j—¢ @4.7)

The cross-polarized field will be characterized in the next chapter as the
information of the polarization characteristics.

To illustrate the radiation pattern of a circularly polarized conical beam
spherical slot array antenna, let us demonstrate a model of the slot array
oriented at an angle of slot position (6,) of 40° on the spherical cavity of the
radius (R,) of /.434 and the azimuthal spacing (s4) of 0.48/4. Other antenna

parameters used in the model is tabulated in Table 4.1.

Table 4.1 Antenna parameters used to find the numerical results

Slot length (I,) 0.51
Slot width (w;) 0.0174
Outer spherical radius (R,) 1.43
Inner spherical radius (R,) 1.272
Shorted conical angle (6,) 67.34°
Center of slot pair angle (6,) 40. 00 °
Azimuthal spacing between slot pair (s,) 04814
Elevational distance between slot in pair (dg) 0.224
Number of slot pairs (V,) 12
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It can be seen that the elevational radiation pattern possesses the null in
the boresight direction and the beam peak is at 40 °as shown in Fig.4.1 by the

solid line. Fig.4.2 shows the azimuthal radiation pattern at 8 = 40° It is evident
that the omnidirectional radiation is obtained. The directivity of this antenna is

about 6./ dBi.

6

F—

00

0[B 300
-10 B
204 60°
-30
L oo

Fig.4.1 Simulation results of elevational radiation pattern
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Fig.4.2 Simulation results of azimuthal radiation pattern at =40 °

4.3 Elevation Angle

The elevation angle of the conical beam antenna is another significant
parameter to use this antenna to practical application. The desirable elevational
beam peak is different corresponding the location of the installation unit. For
the mobile satellite application, the lower of the elevational beam peak is useful
for the mobile subscriber unit located far from the equator. For the wireless
LAN system, the antenna that provides the low elevational beam peak can
enhance the coverage service area but it was done at the expense of the weak
field strength in the boresight direction of the antenna. Therefore, this
parameter can be arbitrarily chosen according to several aspects of the actual
applications. The elevational beam peak can be determined by determining the

maximum radiation pattern in elevation plane as

e (dE150) = B[ Eo(0,4). (4.8)
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Fig.4.3 shows the elevational béam peak position as a function of the
outer spherical radius for various angles of slot pair positions. It can be seen

that when the radius is larger, the elevational beam peak position tends to be
higher. There 1s no trend observed in the case of 6, equals 50 °. However, when
we compare among the different 6, it is found that when 6, is increased 6, will
be getting lower until &, equals 50° 8,,. will turn to be higher and it will be

lower again due to the increment of 6,. From this information, we can say that
the elevational beam peak position is changed as the function of the spherical

radius and angle of slot pair position.

O max(degree)

0 155 1.60 165 1.70

o o

1.20 1.25 130 1.35 140 145 1.
Rb/}L

Fig.4.3 Simulation results of elevational beam peak position as a function of

the outer spherical radius for various angles of slot pair positions

The elevational beam peak position as a function of the angles of slot pair

positions for various outer spherical radii is illustrated in Fig.4.4. We can
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explicitly observe that for all different spherical radii the elevational beam peak
position will be lower as the descending of the angles of the slot pair positions
except for the angle of around 45 <55 ° that the variation is inverse. Hence, we
have to investigate the relation between the elevational beam peak as the
function of the angle of the slot pair position and spherical radius in order that

we can make the antenna design.

— R,=I24 ---R~=134 ----R

—— Rb=1.5/1 - Rb=1.6/1 -0- R
90 b , . ; -

=1.42
=1.74

b
b

i SNy SN S N
85 o S A T N
80 L. N I o L. N D

75 i | 1 1 I 1 “l *_ _________

O max(degree)

Fig.4.4 Simulation results of elevational beam peak direction as a function of

the angles of slot pair positions for various outer spherical radii

To extend the explanation about the radiation characteristics, the half power
beamwidth of the antenna is also investigated. The half power beamwidth as a
function of the spherical radius and angle of the slot pair position are illustrated

in Fig.4.5 and Fig.4.6, respectively. We can see that the wide beamwidth is

observed when 6, 1s 50° The result of the beamwidth is also influenced to the

elevational beam peak and the directivity.
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Fig.4.5 Simulation results of half-power beamwidth as a function of the outer

spherical radius for various angles of slot pair positions
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Fig.4.6 Simulation results of half-power beamwidth Directivity as a function of

angles of slot pair positions for various outer spherical radii



53

4.4 Directivity

Directivity is another characteristic that is used to evaluate the merit of
the antenna. Directivity can be calculated as the ratio of the radiation intensity
of the antenna to the radiation intensity of isotropic source [4-5]. The
directivity of the circularly polarized conical beam spherical slot array antenna

can be estimated by using

} 47 (B (0.9),, ) ‘

2r ®

Directivity(dBi) =10log
I IIET , ¢)|2 sin 6d0d¢‘
00

(4.9)

Directivity (dBi)

! 1
1 l

1.20 1.25 1.30 135 140 145 150 155 1.60 165 1.70
Rb//l

Fig. 4.7 Simulation results of directivity as a function of the outer spherical

radius for various angles of slot pair positions
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Fig.4.7 shows the directivity of the antenna as a function of the outer
spherical radius for various angles of slot pair positions. It is apparent that the
directivity is not significantly changed much when we adjust the radius of the
sphere because the azimuthal spacing is slightly changed. However, it can be
found that the directivity of the antenna with the radius between /.24 and 1.74
is around 4.5-7.0 dBi.

— R=124 —-—- R=131 ---- R=14A
—a— Rb=1.5ﬂ, —D—_Ijb=].6l -o-- R =174

Directivity (dBi)

0 _(degree)

Fig. 4.8 Simulation results of directivity as a function of angles of slot pair

positions for various outer spherical radii

Fig.4.8 illustrates the directivity as a function of angles of slot pair
positions for various outer spherical radii. It is evident that the directivity is
almost the same for different spherical radii. When the angle of the slot pair
position is varied, it can be observed that the directivity is declined in the case
of the angle ranged from 45 °to 55 ©. This phenomenon is caused by the dilation

of the beamwidth for these angles. Thus, if the high directivity is necessary the
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angle of the slot pair position should be appropriately chosen to be around 30

35°

4.5 Azimuthal Ripple

The azimuthal ripple is the notable parameter of the antenna to form the

conical beam pattern. If the azimuthal ripple occurs, the conical beam cannot be

completely realized. Hence, the antenna parameters should be appropriately

chosen to keep away from the azimuthal ripple. The azimuthal ripple can be

determined by

Azimuthal Ripple (dB)

: . Eo, (Gpaer 0|
Azimuthal Ripple (dB)=20l oAU MU L 4.10
muthal Ripple (dB) Og(Ew(emﬂ)lm] (4.10)
— 6=20° —— 8=30° ---- 0=40°
0=50° -0 0=60° -+ 6=70°
25 4o O T SRR
¢ ! ! ——— .f_’_. _____ P LA A Pl
J—_—_".'a--é‘""'—-é’:‘;';'ié:..-‘-“é‘ _‘?____ : L : _____ —E
1.5 2 o R N |
1.0 . e N
4 S 4 T W

120 125 130 135 140 145 150 155 160 165 170
R,/

Fig.4.9 Simulation results of zimuthal ripples as a function of the outer

spherical radius for various angles of slot pair positions
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From Fig.4.9, the azimuthal ripple is observed for the case that the angle
of the slot pair position exceeds 50 °. The variation of the spherical radius does
not notably affect to the azimuthal ripple such as the angle of the slot nair
position. This is because the azimuthal ripple will be occurred in case of the
azimuthal spacing is not sufficiently small to be greater than 0.54 and the angle

of the slot pair position has more pronounceable contribution than the spherical

radius.

— R=1.22 --- R=1.34 ---- R,=1.44
—— Rb=1.5/1 —-- £b=].6/1 -0 Rb=1.7/1

Azimuthal Ripple (dB)

Fig.4.10 Simulation results of azimuthal ripple as a function of angles of slot

pair positions for various outer spherical radii

The azimuthal ripple as a function of the angles of the slot pair positions
for various outer spherical radii is plotted as shown in Fig.4.10. It can be found

that for most of the spherical radii, the azimuthal ripple appears when the angle
of the slot pair position is more than 45 ° Accordingly, the conical beam pattern

can be realized for 6, less than 45 °for the radius /.24 and 1.7A.
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Fig.4.11 Simulation results of azimuthal ripple as
a function of azimuthal spacing
Fig.4.11 illustrates the results of the azimuthal ripple as a function of azimuthal
spacing. We found that the azimuthal ripples will be absent when the azimuthal
spacing is less than around 0.6A. This condition should consider for the antenna

design to realize the conical beam pattern.

4.6 Back Lobe Ratio

Back lobe ratio is defined as the ratio of the maximum field radiated in
the front side of the antenna to the maximum field radiated in the rear side of
the antenna. It is desirable for the antenna to posses the low back lobe ratio
since it should radiate as less as possible"ir'i/ the back side. However, this
circumstance is difficult to avoid since the spherical cavity has the finite radius.

The back lobe ratio will be infinity or it can be no back lobe only if the radius

0.70
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of the sphere is infinite extent and the spherical surface becomes the plane. The

back lobe ratio can be determined by using

|E,(050<7/2,6)| ]
B(@/2<027,0)| |

Back Lobe Ratio (dB)=20log (4.11)

To extend the investigations of the effect of the finite radius of the
sphere, the back lobe ratio for various sizes of the sphere is plotted as shown in
Fig.4.12. As expected, the larger the radius of the sphere the larger the value of
the back lobe ratio. The constraint of the back lobe ratio is that the values
become infinity (no back lobe) when the radius of the sphere is infinity

(spherical surface becomes planar surface).

___________________

__________________________________________________

B I TR SN IR

____________________________

Back Lobe Ratio (dB)
~N
Co

Fig.4.12 Simulation results of Back lobe ratio as a function

of the outer spherical radius



59

It is noted that the back lobe ratio is calculated under the assumption that
the dyadic Green’s function outside the cavity is the free space dyadic Green’s
function with the presence of whole sphere. Therefore, in the actual situation
the accuracy of this results is not reasonable due to the truncation at the edge of
the cavity and the diffracted field has more pronounce effect. So, the reality
back lobe ratio can be further obtained from the measurement and it is left for

further investigations.

4.7 Design Criteria

0 (degree)

10 20 30 40 50 60 70 80
Slot Position, 6 (degree)

Vs

Fig.4.13 Simulation results of contour of directivity as a function

of the angle of slot pair position (R, = 1.431)
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Fig.4.14 Simulation results of contour of directivity as a function

of the spherical radius (6, = 409

To design the circularly polarized conical beam sph:arical slot array
antenna, the design criteria are provided. The contour of directivity as a
function of the angle of slot pair position (6,) and the spherical radius (R,) are
shown in Figs.4.13 and 4.14, respectively. These contours are plotted in case of
the azimuthal spacing is fixed to be 0.481A. Other design parameters are listed
in Table 4.1 [4-6]. By this way, to design a circularly polarized conical beam
spherical slot array antenna for a specified directivity, the angle of slot pair
position (6,) and the spherical radius (R,) can be determined by using Fig.4.13
and Fig.4.14, respectively. Fig.4.13 shows the contour of directivity when R, is
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fixed at /.43A. From this graph, we can observe that the antenna provides a 6.5
dBi directivity at an angle (6) of 45 ° when the angle of slot pair position is at
30° For example, when the desired directivity is 7 dBi, an appropriate angle (6)
of 60 °at an angle of slot pair position (&) less than 75 °can be chosen. Fig.4.14
shows the contour of directivity when 6, equals 40° If one chooses the
spherical radius of 1.24, é 6 dBi directivity can be obtained at an angle around
40°to 55° However, when the azimuthal spacing is fixed, the angle of slot

position (6,) and spherical radius (R,) cannot be arbitrarily varied because the
number of slot pairs should be discrete value as the integer. Accordingly, the
directivity in a particular direction can be designed from these contours of

directivity.

4.8 Conclusion

The radiation pattern of the antenna appears to be the conical beam
radiation i.e., the null occurs in boresight axis, the elevational beam peak varies
between 20-80 degrees (measured with respect to the horizontal line) and the
azimuthal pattern possesses the identical field strength. The elevation angle can
be adjusted by varying the radius of the cavity and the angle of the slot pair
position. The directivity of the antenna is determined to fulfill the specification
of the actual applications. The contour plots of the directivity for various
elevational beam directions as the functions of the spherical radius and the
angle of the slot pair position are illustrated as the guideline for the antenna

design.
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Chapter 5

Impedance, Polarization Characteristics and

Bandwidth of the Antenna

5.1 Introduction .

This chapter presents the impedance, polarization characteristics and
bandwidth of a circularly polarized conical beam spherical slot array antenna.
The initial parameters from the previous chapter are used for characterizing the
impedance characteristics. The parameters yielding the optimum matching
condition will be clarified. The axial ratio is investigated to show the circularity
of the pattern radiated from the antenna. The theoretical bandwidth of the

antenna is also included.

5.2 Impedance Characteristics

The input impedance at the feeding point is the most significant
parameter to clarify the matching condition between the antenna and the
transmission line. The input impedance is defined as the ratio of the voltage
excitation to the current excitation. From the known current distribution of the
feeding probe that is obtained from Chapter 3, and with the reference at the
feeding point, the input impedance is inversely proportional to the current
excitation while the voltage is set to be unity to simplify the calculation. It can

be written as [5-1]

n (5.12)

or
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Z, = !
in J(R}=Ra’6f=0n,¢f=0°)

(5.1b)

The other impedance characteristics which is also necessary to be
specified are the reflection coefficient and the standing wave ratio. The
T : . . . :
formulations to determine the reflection coefficient and the standing wave ratio

can be written as [5-2]

=2 (5.2)

where I is the reflection coefficient, Z,, is the input impedance of the antenna

and Z, is the characteristic impedance of the transmission line.

Reflection Coefficient (dB) =20log|T]| (5.3)
and
swr =+ (5.4)
1-|r

5.3 Impedance Bandwidth

Impedance bandwidth is the frequency range that the sufficient matching
condition is obtained. To realize the impedance bandwidth, the standing wave
ratio less than 2.0 is used as the indicating value. The antenna should possess
the standing wave ratio less than 2.0 over these frequency ranges. The

impedance bandwidth of the antenna is obtained from the following formula:
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Impedance Bandwidth (%) = J8SWR S 20)-f, (SWR <2.0)

x100 (5.5)

where f is the operating frequency.

14
12
10

Impedance Bandwidth (%)

S N A & ©

0, (degree)

Fig.5.1 Impedance bandwidth and minimum SWR

as a function of the shorted conical angle

Since this antenna is designed by using the preliminary parameters as
determined in chapter 2, the radiation characteristics are first investigated to
reveal the parameters that affect to the radiation pattern, elevation angle,
directivity and azimuthal ripple. It can be clarified that these radiation
characteristics depend on the angle of the slot pair position and the spherical
radius. In addition, the angle of the slot pair of 40°and the spherical radius of
1.432 are used as the design parameters to obtain the conical beam pattern with

the elevational beam peak of 40° and the directivity of 6./ dBi. However, the

shorted conical angle is fixed at 64° as the initial parameter. From the
investigation, it is obvious that this parameter is another parameter that can be

adjusted to meet the optimum impedance matching. Fig.5.1 shows the
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impedance characteristics such as the impedance bandwidth and minimum

SWR as a function of the shorted conical angle. It is apparent that the shorted

conical angle of 70° yields the minimum SWR and widest impedance
bandwidth. Therefore, this parameter is also used to be the design parameter for
further investigation.

From the antenna parameters selected in the previous section, the result
of the input impedance for various frequencies is shown in Fig.5.2. It is found
that the impedarice exhibits as the capacitive reactance when the frequency is
lower than 0.94f, and it becomes inductive reactance when the frequency is

higher. The impedance at the operating frequency (f,) is 40.9 +j0.1 Q.

Marker 1 f/f =0.9
Marker 2 f/f0=1.0
Marker 3 f/f =1.1

Fig. 5.2 Input impedance of the antenna
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Fig.5.3 and Fig.5.4 illustrate the frequency response of the reflection

coefficient and the standing wave ratio. From these two graphs, we can find the

impedance bandwidth that the reflection coefficient is not greater than —9.542
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dB or the standing wave ratio is less than 2.0. Seemingly, the impedance

bandwidth of /2% is observed [5-3].

5.4 Polarization Characteristics

Principally, a spherical slot array antenna is designed to radiate the
conical beam with the right-hand circular polarization. In this event, the
component of the field in the left-hand circularly polarized rotation should be
substantially examined. This field component is referred to as the cross-

polarized pattern. It can be found by using [5-4]

E,(6:4)=E(6,9)- _T" (5.6)

The next parameter that expresses the polarization circularity is the axial
ratio. The axial ratio is defined as the maximum field component (major axis of
polarization ellipse) to the minimum field component (minor axis of
polarization ellipse) radiated from the antenna. The axial ratio can be

determined from

|Eoo|+ B
IECOI_ Exp

Axial Ratio (dB) =20log 5.7
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The cross-polarized pattern is shown in Fig.5.5. It, can be inspected that
the cross-polarized level is —26 dB less than the co-polarized one at the
elevational beam peak. The axial ratio of this antenna is also estimated to
perform the polarization characteristics. Fig.5.6 shows the axial ratio at the
elevational beam peak as a function of the frequency. At the operating
frequency, the axial ratio of 1./ dB is attained by this antenna. Moreover, the
purity of the circular polarization can be realized by optimized the slot design

such as the slot length and slot location. This topic is under investigation.

5.5 Polarization Bandwidth

Polarization bandwidth of the antenna radiating circularly polarized
pattern is the frequency range that the polarization circularity is still acceptable.
Normally, the nominal value of 3 dB axial ratio is extensively used as the
standard, therefore, the axial ratio over this frequency range must be less than 3
dB. Theoretically, the polarization bandwidth of this antenna can be found by

using

f,, (3 dB axial ratio)-f, (3 dB axial ratio)
f

(]

Polarization Bandwidth (%) = x100 (5.8)

IMlustrated in Fig.5.6, the axial ratio of the antenna is lower than 3.0 dB
over the frequency range between 0.9f, and 1.If,. Therefore, from the viewpoint
of the polarization characteristics, the bandwidth of 20% is obtained with the

less than 3 dB axial ratio [5-5].
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5.6 Pattern Bandwidth

| The pattern bandwidth is the frequency range in which the pattern is
applicable in view of the applications. In case of a spherical slot array antenna,
it 1s designed to radiate the conical beam pattern. In the dynamic range of the
operating bandwith, the conical beam pattern should be obtained. For instance,
the elevational beam peak directs to the desired direction, and the azimuthal
ripple should be as small as possible or it is nearly zero. The directivity should
be high enough for the application requirements. Fig.5.7 shows the radiation
patterns, both elevational and azimuthal patterns, of the antenna for various
frequencies. It can be observed that the conical beam is procured for over a
wide range of the frequencies. The elevational beam peaks are different when
the frequency is changed. The azimuthal pattern is completely circle. Hence,
this antenna can provide the conical beam pattern over the frequency range as
portrayed in Fig.5.7. For further application, the pattern bandwidth of the
antenna is restricted by the deviation of the elevational beam peak from the
desired one. For example, if the antenna is installed at the location where the
elevational beam peak of 30°is required and the deviation of the beam peak

should be less than 5 ¢ the frequency range that enables the beam peak between

25°and 35 °will be termed the pattern bandwidth.
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90°
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(b) Azimuthal pattern

Fig.5.7 Radiation patterns for various frequencies
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Fig.5.8 shows the frequency response of the elevational beam peak. From this

graph, it is obvigus that the elevational beam peak varies proportionally to the

frequency. The higher the frequency, the higher the elevational beam peak.
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Fig.5.9 shows the azimuthal ripple as a function of the frequency range.
Obviously, the level of the azimuthal ripple is relatively low over a wide range

of the frequencies.

8.5

Directivity (dBi)

4.5

3 +
T T T

0.58 0.65 0.72 079 086 093 100 107 1.14 1.21 128 1.35
f/fo

Fig.5.10 Frequency response of the directivity

Fig.5.10 shows the frequency response of the directivity. It is found that
the directivity of 5.7-7.5 dBi can be obtained over the frequency ranging from
0.72f, to 1.35f, of the operating frequency with which this antenna can fulfill

the requirement of the mobile satellite communication system.

5.7 Conclusion

The impedance characteristics of the antenna are analyzed to clarify
matching condition of the antenna when connected to the transmission line. The
matching condition can be improved by adjusting the distance between the

position of the slot pairs and the location of the shorted conical angle. The
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bandwidth of the antenna for many of shorted conical angles is investigated.
The axial ratio is calculated to find thé optimum condition' of the circularly
polarized radiation. According to the results of the analysis, the antenna with
the acceptable properties can be designed. The experimental verification will be

presented in the next chapter.
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Chapter 6

Antenna Measurements

6.1 Introduction

To verify the proposed principles that have been explained in the
preceding chapters, the 'prototypes of the antenna that the parameters are
optimized as mentioned in the previous chapter were fabricated. The antenna
measurements were set up to test the characteristics of a circularly polarized
conical beam spherical slot array antenna. The radiation patterns in both
elevational and azimuthal directions are measured. The impedance
characteristics such as the input impedance are tested by using the Network
Analyzer. The axial ratio is experimented by using the circular component

method.

6.2 Antenna Fabrication

To verify the conical beam radiation, the experiment was set up at the
frequency of 2.4 GHz (standard frequency of land mobile satellite
communication) to measure the elevational and azimuthal radiation patterns.
The dimensions of the circularly polarized conical beam spherical slot array

antenna are summarized in Table 6.1 [6-1].



Table 6.1 Antenna dimension used for fabrication

Slot length (/,) 6.25 cm
Siot width (w) 021 om
Outer spherical radius (R,) 17.88 cm
Inner spherical radius (R,) 15.88 cm
Shorted conical angle (8,) 70.00°

Center of slot pair angle (6, 40.00°

Azimuthal spacing between slot pair (s) 6.01 cm
Elevational distance between slot in pair (d) 2.75 cm
Numbers of slot pairs (V,) 12

77

The fabricated antenna consists of two parts of conductors; the outer

spherical conductor with a number of slots cut on it and the inner surface with

the ring of the shorted conical conductor. The metal plates of those two parts

are projected from the spherical prototype, and they are duplicated to the curve

surface by compressing with the mold. The slots on the outer spherical surface

are cut by using the computer-numerically controlled (CNC) machine. The

tolerance of the machine used to fabricate is + 0.1 gm. The probe of /.6 cm in

length, made of the metallic conductor is connected via N-type connector to

feed the antenna at the center of the cavity. The photograph of the prototype

antenna is depicted in Fig.6.1.
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to the angle of the elevational beam peak. Then, the antenna under test is rotate

10° per step from 0°to0 360°. It is noted that the azimuthal pattern has to be
measured for full circle because the field strength of the conical beam pattern
should be identical to all directions of the antenna. This characteristic is

necessary because the tracking system will no longer necessary.

A Spherical Slot Array Antenna Right Hand Helical Antenna

90°Rotation

Fig.6.2 Measurement set up of the elevational co-polarized pattern
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Right Hand Helical Antenna

LF_D
360°Rotation

A Spherical Slo} Array Antenna

Fig.6.3 Measurement set up of the azimuthal co-polarized pattern

Experimental result of radiation pattern in the elevational plane is plotted
and compared with the calculation as shown in Fig. 6.4. From this comparison,
we can see that these results are in good agreement i.e., the beam peak is at 40
however, there are some errors on account of the diffraction at the edge of the
cavity, the imperfect fabrication and the test-site situations [6-4]. Fig. 6.5
shows the azimuthal pattern of the antenna at the elevational beam peak
direction (6=409). The theoretical and experimental results are comparatively

illustrated. These results agree very well and are completely omnidirectional.
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Fig.6.4 Elevational radiation pattern
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Fig.6.5 Azimuthal radiation pattern at 8=40°
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6.4 Input Impedance

To measure the input impedance of the antenna, the experiment is set up
as shown in Fig.6.6. The measured results are plotted and compared with the
theoretical one as figured in Fig.6.7. It is obvious that the theoretical results are
coincided with the experimental ones. However, the experimental result and
theoretical results are different in that the bandwidth of VSWR < 2 of
experimental results is slightly less in narrow than the theoretical ones due to

the use of the finite series of the basis function of the Method of Moments.

Network Analyzer

Fig.6.6 Measurement set up of the impedance characteristics
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Marker 1 £/f=0.9 | ___ Theory
Marker 2 f/f =1.0
Marker 3 f/f =1.1 ) ------- Experiment

Fig. 6.7 Input impedance of the antenna

6.5 Cross Polarization and Axial Ratio-

The measurements of the cross-polarized pattern and the axial ratio are
carried out by using circular component method [6-5]. The cross-polarized field
components in elevational and azimuthal planes were measured by replacing
the right-hand circularly polarized antenna with the left hand one as illustrated
in Fig.6.8 and Fig.6.9. The result of the cross-polarized pattern is shown in the
same graph as the co-polarized pattern in Fig.6.4 and Fig.6.5, respectively, for
elevational and azimuthal radiation patterns. It can be seen that the maximum
cross-polarized level at an elevational angle of 20°is —9 dB below the co-

polarized one. The cross polar level at azimuthal direction is relatively low that
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is not greater than —2/ dB. Then, we calculate the measured axial ratio by using

(5.7). Fig.6.10 shows the axial ratio at & equals 40°and ¢ equals 0 ° for various
frequencies. Obviously, the experimental result of axial ratio at the operating
frequency is around /.2 dB. The experimental polarization bandwidth of /6%
can be observed. Obviously, it is narrower than the theoretical one. The
difference between the experimental and numerical results is because of the
incompleteness in polarization of the transmitting antenna for which the helical

antenna of the axial ratio of 0.4 dB is employed in the measurement.

A Spherical Slot Array Antenna Left Hand Helical Antenna

90°Rotation

Fig.6.8 Measurement set up of the azimuthal cross-polarized pattern



Left Hand Helical Antenn

360°Rotation

A Spherical Slo Array Antenna

Fig.6.9 Measurement set up of the azimuthal cross-polarized pattern

35
3.3————o'———j Theory .

® ® ® e e Experiment

Fig. 6.10 Frequency characteristics of the axial ratio (6=40°, =09
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6.6 Antenna Bandwidth '

The bandwidth of the antenna means the frequency range in which the
antenna can be well-operated. In the case of a circularly polarized conical beam
spherical slot array antenna, the characteristics that have to be considered
consist of the radiation pattern, the impedance matching and the polarization
circularity. The pattern should be the conical beam with the desired elevational
beam peak. The impedance condition must be well-matched viz., the standing
wave ratio with no more than 2.0. The polarization circularity should possess
the axial ratio with no greater than 3.0. The frequency band that meets all of
these requirements is nominated to be the bandwidth of the antenna. From the
information as described above, it is obvious that the antenna bandwidth is
constrained by the impedance bandwidth that is around /2% of the operating
frequency [6-6].

6.7 Conclusion

The experiments of the radiation pattern, input impedance and axial ratio
were set up to verify the antenna characteristics that are theoretically
investigated. It is apparent that the theoretical and experimental are reasonably
meet in agreement. These results exhibit that the antenna can work well in the
practical situation. In addition, the circularly polarized conical beam spherical
slot array antenna is suitable for applying to the mobile satellite

communications and wireless LAN systems.
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Chapter 7

Discussions and Conclusions

Synopses of this thesis and discussions of the future studies are included

in this chapter.

7.1 Summary of Preceding Chapters

As mentioned in the first chapter, this thesis proposes the so-called
Spherical Slot Array Antenna. This antenna type is categorized into the group
of conformal antenna. The advantage of this antenna type is that its structure is
simple since the power divider and the feeding structure are integrated into a
single structure. Furthermore, this thesis is concentrated on the design of this
antenna type to radiate circularly polarized conical beam pattern for applying to
the land mobile satellite communications and wireless LAN system.

Then, the preliminary principle of the antenna design is illustrated in
Chapter 2. The antenna structure is revealed and the principle of the antenna
design is addressed. The electromagnetic field radiated from the antenna is
primarily investigated. The radiation of the antenna appears to be the conical
beam radiation. Moreover, the radiation pattern of the antenna substantially
depended on the angle of the slot pair position and the radius of the sphere. The
rigorously theoretical investigation is subsequently conducted in Chapter 3.

In Chapter 3, the integral equation is first established by using the Field
Equivalent Principle and the boundary conditions. The equivalent model of the
analysis is shown. The dyadic Green’s functions are readily derived to fulfill
the integral equations. Method of Moments is served as a vital tool in solving

the integral equations. The entire domain basis functions and the Galerkin’s
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method of weighting functions are reasonably selected in order to determine the
unknown currents.

Chapter 4 shows the radiation characteristics of the antenna. The
radiation patterns both elevational and azimuthal ones are obtained. The
elevational angle is also shown to clarify the feasibility of the antenna
applications for different locations of the land mobile satellite communications.
It is obvious that the elevational beam peak significantly varies as the angle of
the slot pair positions. The outer spherical radius of the cavity is the second
parameter that affects the elevational angle. The directivity of this antenna is
calculated to find the optimum parameters that is sufficient for using in
practical applications. The azimuthal ripple is characterized to find the
parameters in which the conical beam is completely realized. The back lobe
ratio is determined to illustrate the field radiated in the réarward direction.
Ultimately, the contour plots of the directivity as the function of the elevational
beam angle for various angles of the slot pair positions and the spherical radii
are provided for further guideline of the antenna design.

Chapter 5 expresses the impedance characteristics such as the input
impedance, reflection coefficient and standing wave ratio to characterize the
situation of the connection between the antenna and the transmission line. The
bandwidth of the antenna is calculated and found to be wide enough for the
possible applications. The polarization characteristics such as cross polarization
and axial ratio are investigated to find the polarization circularity. The angle of
the shorting cone is adjusted to improve circularly polarized purity.

Chapter 6 verifies the principle and theory presented in the previous
chapters. With the appropriate parameters, the antenna prototype is fabricated
to test its characteristics. The experiments were set up to measure the radiation
pattern, the input impedance and axial ratio of the antenna. The reasonably

agreement between the theoretical and experimental results are acquired. From
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the comparison, it confirms that this antenna is very useful and serviceable for
the applications of mobile satellite conifmunications and wireless LAN systems.
Finally, the summary of the material in this thesis and the discussion for
the future studies are included in chapter 7, the last chapter.
Appendices consist of, the first, includes the spherical Bessel function
and the associated Legendre function, and the second describes derivation of

the dyadic Green’s functions.

7.2 Remark for Future Studies

Since the aim of this thesis is to study the spherical slot array antenna,
the antenna characteristics are investigated and analyzed. The ultimate goal of
this thesis is to design the antenna to radiate the circularly polarized radiation
for the specific application as previously described. However, there are many
strategies to design this antenna for various aspects of the applications.
Therefore, the antenna feature will be different from one presented in this
thesis, for example it is possible to employ this antenna to radiate the steerable
beam that is out of scope of this thesis. However, the antenna design to radiate
the linear polarization is also left for further study.

In addition, this thesis is mainly concermned with the investigation of the
spherical slot array antenna. The feasibility for applications of the mobile
satellite and wireless LAN system are offered. Nevertheless, to really apply this
antenna to these systems, the propagation model taken into account that the
environment should be significantly conducted. This is left for further works as
well.

Moreover, the radome that is very useful to prevent this antenna from
any environmental damage is another topic that is open for other researchers.

In the theoretical viewpoint, since the assumption of the calculation is

based on the entire sphere of the external dyadic Green’s functions, the effect
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of the shadow region of the sphere is néglected. Therefore, the diffraction effect
of the finite spherical surface should be taken into consideration to get more
precise results. This work is left for future investigations.

Last but not least, the wall thickness of the concentric conducting
spherical cavity enclosed by the conducting conical surface in this thesis is
ideally assumed to be very thin and disregarded. For more accurate results, this

phenomenon should be taken into account in the calculations.



Appendices

92



93

Appendix A

Special Functions in Spherical Coordinates

A-1 Spherical Bessel Functions
One set of the Bessel and Hankel functions, referred to as the ordinary
spherical Bessel and Hankel functions, is satisfied the ordinary spherical

Bessel’s differential equation

Ei- nn+1) _
g2 K0+ [1-——5—"]xb,(x) = 0 (A.1)

where b, (x) are
Jn(x) : ordinary spherical Bessel function of the first kind of order #,

¥, (x) : ordinary spherical Bessel function of the second kind of order n,
h,(l) (x) : ordinary spherical Hankel function of the first kind of order n and

h{? (x) : ordinary spherical Hankel function of the second kind of order .
The ordinary spherical Bessel and Hankel functions are related to the
regular (cylindrical) Bessel function as

) = | 5B (A2)
2

where B, (x) is the regular Bessel function of order n.

Another set of the Bessel and Hankel functions which are usually used in
determining the electromagnetic field in the spherical geometry are refered to
as the Schelkunoff spherical Bessel and Hankel ﬁmcﬁons satisfied the

Schelkunoff spherical Bessel’s differential equation
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24
énj(x) {x? d di"z(x)}+x2 -nm+1) =0 (A3)

where I§,, (x) are

J »(x): Schelkunoff spherical Bessel function of the first kind of order n,

Y, (x): Schelkunoff spherical Bessel function of the second kind of order n,

AV (%) : Schelkunoff spherical Hankel function of the first kind of order n and

1?,(2) (x) : Schelkunoff spherical Hankel function of the second kind of order .
The Schelkunoff spherical Bessel and Hankel functions are related to the

regular Bessel function and the ordinary spherical Bessel function as

A X
B,(x) = \/;BM

A-2 Associated Legendre Functions

1(%) = xby(x) (A.4)
2

Associated Legendre functions are the function satisfied the associated

Legendre’s differential equation as

d’I™(x) . dL™(x) m?
2
(1-x°) dxnz -2 c;x +[n(n+1)—]

— 7/ = 0 (AS)

where the solution L} (x) is

Ly (x) = A1B"(%)+ B0y (x) (A.6)
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where

P (x) : the associated Legendre function of the first kind of order (n,m) and

Oy (x) : the associated Legendre function of the second kind of order (n,m).

The relationship between the associated Legendre function and the

ordinary Legendre function is

,d™Ly(x)

Lyx) = (-)"(1-x* )" o

(A.7)

where L, (x) are
P,(x) : the ordinary Legendre function of the first kind of order n and
O, (x) : the ordinary Legendre function of the second kind of order .
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Appendix B

Dyadic Green’s Function Derivations

From the structure of the concentric conducting spherical cavity in the

spherical coordinate system (R, ,¢) illustrated in Fig.3.1, the cavity consists of
two parts of concentric conducting spheres of which the inner and outer

spherical radii are R, and R,, respectively. This structure is enclosed by a part

of a conducting cone with the conical angle of ..
The eigenfunction expansion method is used for determining the

electromagnetic field in the source region. A lossless homogeneous medium is

considered and the time convention €“ is omitted. The scalar eigenfunction

(o, () ) is a solution of the homogeneous Helmholtz equation [B-1]

Vio+x p=0. (B.1)
In the spherical coordinate system, it is considered in the form of

Pu e () =, (¢, R) L (cosO) { s mp, (B.2)

where b,(x,R) denotes the linear combination of the spherical Bessel function

of the first kind (j4{x;R)) and the second kind (y£x;R)) of order &. It satisfies

the spherical Bessel differential equation [B-1]

%[xbf(x)]+[1—§(§ +1)]xb¢(x) =0, - (B.3)

x2
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where x is &R, with the unknown normalized coefficient A (x,)

by (x,R) =j,(x,R)+ A; (1, )y (xR). (B.4)

K¢ 1s either &, or x, corresponding to TE and TM mode, respectively.
By applying the boundary condition that the tangential electric field in

the radial direction vanishes, the unknown coefficient Ag(xy) can be

determined from the characteristic equation [B-1]. For TM mode

JiR) _ iRy

A (K )=_ ’ (3 ’
e y;(K;Ra) yg(K;Rb)

(B.5)

where the prime denotes the differentiation with respect to the argument. This

characteristic equation gives the solution

KR, =x., (B.6)
and

KR, =x , (B.7)
such that

x,(R,-R,)=x;,, (B.8)

where x' denotes the roots of zero of derivative of the ordinary-spherical Bessel

function ratio and y is the interval between the roots @ and £. yis equal to a-f
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corresponding to the order of the root interval. For TE mode counterpart, the

characteristic equation becomes

A(x,) = -

j{(K{Ra) —

_ Je(K Ry)

J’;(K R))

The solution of the above equation are

K;Ra =X,

and

K‘;Rb =X, 5

such that

K, (R,-R,) = Xpys

Ve(K,R,) '

(B.9)

(B.10)

(B.11)

(B.12)

where x denotes the roots of zero of the ordinary spherical Bessel function ratio

and q, f, y are the same as declared before.

The function Lj(cosd) denotes the linear combination of the associated

Legendre function of the first kind ( B"(cos6)) and the second kind (0} (cos6))

of order (£m) which satisfies the associated Legendre differential equation

[B-1]

1
sin@ d@

._i[sma 5 Lt (cost)] + [E(5+ ) -

]L’" (cos8) = 0(B.13)
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with the unknown normalized coefficient B; .
L7 (cos8) = B;" (cos) + B;'Q;' (cosb). (B.14)

The unknown coefficient By can be obtained by enforcing the finite condition

of the dyadic at fequals /80 °as [B-2]
.2
B} = —;tan[z(§+m)] . (B.15)

In the event of the concentric conducting spherical cavity enclosed by the
conducting conical surface at 8 = 0 °and 6,, because 8 = 0°is contained, hence
Bg' =( is caused by the integer of &

The eigenvalues m 1s determined from the dimension in the azimuthal

direction of the cavity. £ is either 4 or A and can be determined from the

auxiliary equation [B-1]

dL7 (cos6)

40 |a=9,=0 (B.16)

and
L3(c058) g, = 0. (B.17)

They satisfy the field in the TE and TM mode, respectively.
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The eigenvalues x;is x, or k, that after being multiplied by the certain
radii of concentric conducting spheres of the spheérical coordinate system are

the roots of the indical equation [B-1]

b, (pr)|,,=& =b, (pr)[Mb =0, (B.18)
for TE mode, and
d[szbg(qu)]h:& _ d[qubg(qu)]h:Rb 0 (B.19)
(x,R) d(x R)
for TM mode.

In the method of magnetic dyadic Green’s function (Em), for the
configuration of the conducting spherical cavity, the eight sets of solenoidal
spherical vector wave functions with discrete eigenvalues are required. They

arc

Min () = V[0, ()R], (B.20)

N;mg(l('{) = -’;I—VxVx[%mé(K;)E]. (B.21)
¢

Where & and £ can be either 4 or A and p or g, respectively. Both of these

functions are the solutions of the vector wave equation

VxVxF—x}F= 0, (B.22)
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where F is M or N, satisfying the symmetrical relationships

Nen(k,) = KLVXM ne () (B.23)
¢

and

— ] —
Mﬁm{(’f;)= "'K‘—"VXN:rnf(K;) . (B.24)
¢

By substituting the eigenfunction into (B.23) and (B.24), the complete
expressions of the vector wave function will be obtained and written in the

form of

JL; (cosH) { .

M;".;(Kc)=$—én’—z-§b5(K§R)Lm(cose){“"m¢9 b, (x,R) “msp,  (B.25)

cos a 0

E(E+]) " cos 1 J[Rb(x R)] IL;(cosb) .,
Nime (1) = S R (cos8){ s mpR + o R {iimg6
m m sin 7
?ng(COSQ){mm‘ﬁ‘ﬁ]-
(B.26)

To derive the dyadic Green’s function of the structure under

consideration, the method of G. approach will be applied. The magnetic type
of dyadic Green’s function was first derived by using [B-1]

VxV % G2 (R, R) —k*Gnz (R, R) = VX[ISR - R, (B.27)
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where Gn. denotes the magnetic dyadic Green’s function of the second kind

that satisfies the boundary condition
1xVxGuz(R,R) = 0 (B.28)

at R equals R, and R, fequals 0°and 6, for the concentric conducting spherical
cavity. k is the propagation constant of the medium which equals \/71—5; , @ 1S
the operating angular frequency, x and & are the permeability and permittivity
of the medium, respectively, ] is the Idem factor and S(R-R') is the three
dimensional delta function.

According to Ohm-Rayleigh method, the source function in case of the

concentric conducting spherical cavity is expanded in the form of solenoidal

vector wave functions
Vx[I6(R-R)]= D> Nima(x,)Coma(x,)+ > Mimi(k,)Dimu(x,)],  (B.29)
Im 2 H

where the number [/ represents the numerical number for the discrete
eigenvalues x, and «,. Cim(x,) and Dim(x,) are two unknown vector
coefficients to be determined. By taking the anterior scalar product of (B.29)
with _1\—1";,,,4'(/:;,) and E[m';m,,'(zc;), respectively, integrating the resultant equation
throughout the cavity configuration domain and using the orthogonal

relationship between the vector wave function, one obtains

(2-6,)x,

EW (x,) = 2xl
ip

M'om(x,) (B.30)
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and
_ 2— —
Dims(x,) = oo i, (B31)
2rl,,
where
1 %R A SLRj (x R)] JLRj, (<, R)]  OFf(cosb)
e = oy | [ E+ D (R R eost) + ==L P ==L Iy
mE" , = .
+(—)* 1} sinOdRd6.
sinéd

(B.32)

&C1s Ap and ugq, respectively, and &, represents the Kronecker delta function.

To find Gn., we will expand Gz by using the same expression of the source

function as shown in (B.29), but the two different scalar unknown coefficients

E(x,) and F(x,) as

Gn(R,R) = > 2= 0n [Z;—pE(l{p)N;mz (1, )M sma (k) + Z;—qF(I{q) M 5mu (K, )N"smu(x,)]
I,m A

2r Ap # Tuq

(B.33)
By substituting (B.33) in (B.27), the unknown coefficients E(x;,) and F(x,) can

be determined

_ 1
E(x,)= 0 (B.34)

P
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F(K'q)= m (B.35)

and Emz can be written in the form

= (BT . M _ " . N';
Gma(R,R') = Z [Z _k,)ll Nima(ic, )M smi(x,) + ;Oc;_k,)IMM,mp(xq)N,w(xq)]

(B.36)

After Gn, was derived, by considering the singularities of the source point and

using the Maxwell’s coupled differential equation in dyadic form,
VG =IS(R-R)+k*Gar, (B.37)

where G. denotes the electric dyadic Green’s function of the first kind that

satisfies the boundary condition
nxGu(R,R)=0. (B.38)

Gu(R,K) could be derived as [B-3]

2

= B 12z T K Vi 7
G,,(R,R)=——k—2—15(R—R)+ Z N 1';2)1 M sma(K )M sma(x,)
Ap

(B.39)

2

K — —
+24N§Mﬂ(’f N emu (k)]
(] — k), 7 7
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Based on the electric dyadic Green’s function of the first kind, the primed
functions ( M’ and N' ) are the excitation functions and the unprimed functions

( M and N ) are the field functions. The former and the latter terms correspond
to the transverse electric and transverse magnetic modes, respectively.
Alternatively, by using the symmetrical relationship between the electric
and magnetic dyadic Green’s functions, the electric dyadic Green’s function of
the second kind and the magnetic dyadic Green’s function of the first kind can

be expressed as

2

Kp _z —;¢
Ga(R, R)-—;—Ié(R R+ _y; Dy Noma (1, )N ma(xc, )
; ’ ’ (B.40)
> Moem (kM sma(k, )]
+”(K';—k2)lpq oMU\ g oMU\ g /1
and
G $) _' = 2—5'" Kp _—e A _’l A ———-——Kq [ —;¢
G“’(R’R)‘,,z,. . [Z} Y M zma(,)N'sma(x,) + Z R Nimu (K, )M smu (k)]
(B.41)

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

Ga =Gy (B.42)

Gmi =EEM (B°42)

Ge: = G (B.43)
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and

G =G, (B.44)

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

electric current density. Gem (R,R ) is the electric dyadic Green’s function
produced by magnetic current sheet. G (%,R’) is the magnetic dyadic Green’s

function produced by a magnetic current sheet. G (IT R ’) represents the
magnetic dyadic Green’s function produced by electric current density.

Therefore, these nomenclatures are used in chapter 3.

References

[B-1]C.T.Tai, Dyadic Green Functions in Electromagnetic Theory. IEEE Press,
New York, 1993.

[B-2]J.R.Descardeci, “A note on using dyadic Green’s functions on spheres and
cones,” IEEE Antennas and Propagation Magazine, vol.38, no.l1, p.59,
Feb. 1996. )

[B-3]C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Dyadic Green’s
functions of the concentric conducting spherical cavity,” Proceeding of
the 1997 Asia-Pacific Microwave Conference, Hong Kong, vol. 2, pp.
757-760, Dec. 1997.



107

List of Publications

. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Investigations of
Radiation Characteristics of a Circularly Polarized Conical Beam Spherical
Slot Array Antenna,” IEICE Trans. Electronics, vol. E82-C, no.7, pp.1242-
1247, July 1999.

. M.Krairiksh, C.Phongcharoenpanich, K.Meksamoot and J.Takada, “A
Circularly Polarized Conical Beam Spherical Slot Array Antenna,”
International Journal of Electronics, vol.86, no.7, pp.815-823, July 1999.

. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “A Concentric
Conducting Spherical Cavity-Backed Slot Array Antenna Radiating
Circularly Polarized Conical Beam,” Proceeding of the 1999 Progress in

Electromagnetics Research Symposium, Taipei, vol.2, p.708, Mar. 1999.

. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Dyadic Green’s
Functions of the Concentric Conducting Spherical Cavity,” Proceeding of
the 1997 Asia-Pacific Microwave Conference, Hong Kong, vol. 2, pp. 757-

760, Dec. 1997.

. C.Phongcharoenpanich, M.Krairiksh, K.Meksamoot and J.Takada,

“Radiation Characteristics of a Circularly Polarized Conical Beam Spherical

Slot Array Antenna,” Proceeding of the 1998 Asia-Pacific Microwave

Conference, Yokohama, vol. 3, pp. 1229-1232, Dec. 1998.

. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Impedance

Characteristics of a Circularly Polarized Conical Beam Spherical Slot Array

Antenna,” Proceedings of the AP2000 Millennium Conference on Antennas

and Propagation, Davos, vol.1, p.203, Apr. 2000.

. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “MoM Analysis of a

Circularly Polarized Conical Beam Spherical Slot Array Antenna,”



108

Proceedings of the 2000 International Symposium on Antennas and
Propagation, Fukuoka, vol.4, pp.1625-1628, Aug. 2000.

8. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Polarization
Characteristics of a Circularly Polarized Conical Beam Spherical Slot Array
Antenna,” Proceedings of the 5" International Symposium on Antennas,
Propagation and Electromagnetic Theory, Beijing, pp. 638-641, Aug. 2000.

9. C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Characteristics of a
Circularly Polarized Conical Beam Spherical Slot Array Anteﬁna,”
Proceedings of the 2000 Asia-Pacific Microwave Conference, Sydney,
pp-38-41, Dec. 2000.

10.C.Phongcharoenpanich, M.Krairiksh and J.Takada, “Performance of a
Circularly Polarized Conical Beam Spherical Slot Array Antenna,”
Proceedings of the 2000 Asia-Pacific Symposium on Broadcasting and
Communications, Bangkok, pp.145-150, Dec.2000.

11.C.Phongcharoenpanich, M.Maruekin, M.Krairiksh and J.Takada, “A
Circularly Polarized Conical Beam Spherical Slot Array Antenna for Land
Mobile Satellite Communication,” Proceedings of the 39" Kasetsart
University Annual Conference, Bangkok, pp.217-226, April 2001.

12.C.Phongcharoenpanich, M. Krairiksh, and J.Takada, “Theory and
Experiment of a Circularly Polarized Conical Beam Spherical Slot Array
Antenna,” Proceedings of the 2001 IEEE International Symposium on
Antennas and Propagation and USNC/URSI National Radio Science
Meeting, Boston, vol.3, pp.380-383, July 2001.



109

Curriculum Vitae

Author: Chuwong Phongcharoenpanich
Date of Birth: September 11, 1974
Bachelor Degree: B.Eng.(Hons.) in Telecommunication Engineering
Institution: Faculty of Engineering,

King Mongkut’s Institute of Technology Ladkrabang
Year of Graduation: 1996

_Master Degree: M.Eng. in Electrical Engineering

Institution: Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
" Year of Graduation: 1998
Master Thesis: Electromagnetic Field Analysis of the Conducting Spherical
Cavity and Segment
Undergraduate Research:
1. The Design of the Planar Slotted-Waveguide Array
Antenna (1995)
2. The Design of Variable Phase Shifter (1994)-
3. The Design of Phase Shifter from Partially-Filled
Rectangular Waveguide (1994)
Awards: Outstanding paper contribution in 5™ International Symposium on
Antennas, Propagation and Electromagnetic Theory at Beijing, China
on August 15-18, 2000
Scholarship: Local graduate Scholarship from the National Science and
‘Technology Development Agency: NSTDA (1996-1997)



110

Experiences: - Graduate Research Assistant in Steerable Spherical Slot Array
Antenna Project under the career development award of the
National Science and Technology Development Agency:
NSTDA (1997-1999)
- Lecturer of Department of Telecommunication Engineering,
Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang (since 1999)





