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A Beam Adjustable Leaky-Wave Antenna Using a Moveable

Dielectric Slab inside a Waveguide Theoretical Analysis and
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Abstract

In this dissertation, we presented a beam adjustable antenna made up of a slitted waveguide
and a dielectric slab. In order to steer the radiation main-beam angle, we changed the phase
constant of the waveguide mode by inserting a moveable dielectric slab to perturb its field
distribution. The direction of radiation main-beam can be steered dynamically by changing
the position of the dielectric slab. In theoretical analysis, the dispersion relation to obtain the
phase and attenuation constants, were determined by solving the transverse resonance
equation. An agreement between the theoretical and experimental radiation pattern verifies
the beam-steering mechanism. Up to 23° beam-steering angle can be achieved in Ku-band

using this approach.
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CHAPTER 1. INTRODUCTION

1.1 Motivation of This Research

Recently, the demands of integrated data packets over RF carriers are increasing rapidly.

As the number of users in a given wireless-communication systems increases, the service
quality of the system becomes more and more stringent. To warranty a reliable
communication over a radio channel, the system should overcome interferences like
multi-path fading. By using the beam-steering technology as the smart antenna achieves in
wireless communication, it is possible to enlarge system coverage, to achieve interference
mitigation, and to improve signal to noise ratio. = The beam steering techniques thus have
recently received increasing interest to improve the performance of a wireless radio system.

It has been shown how smart antennas, with spatial processing, can provide substantially
additional improvement when used with CDMA digital-communication systems [1].
Perhaps the most important feature of a beam steering antenna system is its capability to
remove co-channel interference. Co-channel interference is the radiation from cells that use
the same set of channel frequencies in the system. Thus, co-channel interferences in the
transmitting mode can be reduced by focusing a directive beam in the direction of a desired
user and nullifying in the directions of the other users. In receiving mode, co-channel
interference can be reduced by pointing antenna to the directional location of the signal
source. There are also many applications in military or space area that require fast beam
steering capability for the tracking in the direction of an incoming signal.

It is based on these reasons to develop a simple, low-cost, reliable, and easy to operate beam
steering antenna without using the conventional expensive ferrite or solid-state phase shifters

for the applicable needs of wireless application.

1.2 Background of This Research and the Related Literature

Ever since the first invention of the first directional antenna, a lot of techniques have been

developed to steer the antenna main beam. Gimbaled type antenna system was developed in

the beginning to direct the antenna main beam with fixed pattern to a desired direction. The



advance of the antenna in a radar system was detailedly recorded in [2]. Those mechanical
scanning radar systems are inherently characterized by consuming considerable dynamic
response time, and may not be acceptable for some systems, which require specifically fast
reaction time.

Electronic beam steering has been developed for a long time by using a phased array antenna
through shifting the phase in each array element [3-8]. The electronic beam-steering system
possesses a fast switching rate; however, the mechanical type has a consistent radiation beam
pattern during the beam scanning [9-10]. Electronic beam steering needs, generally,
expensive ferrite or solid-state phase shifters or a complex beam-forming network.
Therefore, such a system is not cost-effective and is mainly applied in military or space-borne
systems. Nowadays, because of the demands for beam-steering antenna system in wireless
communication system and ITS (Intelligent Transportation System) applications, a low-cost

and robust beam-steering system attracts considerable attentions.

Various novel beam-steering technigues have been proposed in the past. To mention a few,
an actuator perturbing the propagation constant of a microstrip line was used as a phase
shifter [11-13]. A moveable grating was used to perform a beam-steering leaky wave
antenna [14]. They also used the moveable metal plate to perturb the dielectric image line
and then to change the phase constant of the transmission line [15-17]. The grating with PIN
diodes or MEMS-based switch was utilized to switch the direction of radiation main beam
between two angles [18-20]. A re-configurabie photonic band-gap structure was employed
to serve as a phase shifter in a phased array system [21]. A slotted-microstrip line perturbed
by metal strips was developed to act as a multi-functional device including the phase shifter
and feeding network [22]. Some researchers used the photo-induced semiconductor plasma
layer as a re-configurable grating antenna to dynamically change the phase constant and then

scan the beam pattern [23].

Waveguide-based leaky-wave antennas have been developed for many years. For example,
the slits on the metal waveguide sidewall were implemented theoretically and experimentally
[24-31]. The slitted leaky waveguide array for mobile reception of DBS (direct broadcast
from satellite) were successfully designed and implemented by Ando [32-35]. This paper
theoretically and experimentally demonstrates the feasibility of a novel low-cost
beam-steering antenna based on a leaky-wave structure. The structure under consideration
is a rectangular waveguide cut with a slit in the center of the waveguide narrow wall. The

theoretical formulation was well developed by using model transmission line method [28-30].



To add the beam-steering capability to the leaky-wave antenna, we added a dielectric slab
longitudinally inside the slitted waveguide. Moving the dielectric slab along the transverse
direction, the electric and magnetic fields in the waveguide are perturbed. Consequently, the
propagation constant, including the phase and attenuation constants of the leaky mode, varies

accordingly. Furthermore, the leaky-wave beam patterns could be changed.

In the theoretical analysis, we model the structure as a slitted waveguide filled with
inhomogeneous medium.  The transverse resonance equation was employed to calculate the

dispersion relation of the waveguide. The finite integration method (FIT), CST™

Microwave Studio, was also used to compute the radiation pattern. Besides, we fabricated
an antenna and measured its far-field radiation pattern under various perturbation conditions
(displacement of the dielectric slab away from the waveguide center). Three samples of
dielectric slabs were used to examine the beam-steering characteristics. Good agreement

between theoretical and experimental results verifies the present beam steering mechanism.



CHAPTER 2. STATEMENT OF PROBLEM AND METHODS OF ANALYSIS

2.1 Basic Theory of the Leaky-Wave Antenna

Radiation from a continuous uniform slitted waveguide has been known as a traveling wave

with a complex propagation constant(kZ =4, - jaz). This traveling wave propagates along

the waveguide with its phase velocity greater than that of light, and its amplitude being
continuously attenuated as it travels. Thus, the waves feature having continuous leakage of
energy and is known as leaky waves. In figurel, a leaky wave above a partially open
waveguide together with its coordinate system is given here to demonstrate the leaky wave

phenomenon [36-37]. Let the wave-number in the X, y, and z directions bek,, k and k,,

respectively.  And assuming the system is y-axis independent, that is k, is zero, such that
kz :ﬂz_jaz (1a)
Ky = By — ioy (1b)

Let the free space wave number bek,, then

k02 :kf +k22 =(ﬂx - jax)2 +(ﬂz - jO{z)2

2 2 2 2 - (2)
:(ﬂx —a, +ﬂz -a, )_Zj(ﬂxax+ﬂzaz)
The imaginary part of the above term must vanish, so
ﬁxax +ﬂZaZ = 0
©)

lgxax = _ﬂzaz
p,, o, and g, are all positive and real for a traveling leaky wave, we have negative «, .

In the region x>0, the leaky structure radiates with wave amplitude variation given as,

g X . g A (4)
This corresponds to an exponentially increasing of wave amplitude in the x direction.
Though it may seem unphysical, it does represent the field solution in the restricted region of
an open waveguide. Again in figure 1, the semi-infinite uniform leaky waveguide is fed by a
closed waveguide. The radiation slot of the leaky structure lies in the x=0 plane. It starts

radiation at z=0 and the field may extend in the positive z direction. That is, the leaky wave



ever increases its amplitude as it propagates in the x direction. Despite the improper
transverse characteristics, leaky wave can validly represent the radiation field within a sector
of space, that is, the portion of space lined in figure 1. And they can never reach infinity
unless the source is placed infinitely far away, which means the feeding waveguide is
infinitely far away (this is the case not physically realizable). To show the confined region

where the leaky wave validates the representation of the radiation fields, let & be the angle
of radiation departed from broadside, and ¢ :%— ¢ be the angle departed from end-fire of

the leaky wave antenna, given as,

0 =sin™ % (5a)
9

or 0 =sin Pr (5b)
kO

or ¢ =cos™ % (5¢)
0

where 4, =2—” is the guide wavelength of the leaky wave in the z direction, ko and 1 are

the free space wave-number and wavelength, respectively. Since the amplitude of the leaky
wave decays as the wave propagates along the z direction, the amount of radiation per unit
length decreases with increasing z. Note that at any point z>0, the field intensity increases
along the x direction upto x=z-tan¢. In this region, the field amplitude depends on x as
given in equation 4. For x>z-tan¢g the field intensity must decrease drastically in this
region. So, confined in the region x < z-tan ¢, the leaky wave has finite amplitude and is a

valid representation of the radiation field.

2.2 Perturbation Method

It is known that the electromagnetic field problems can be expressed in integral integration

form or in differential equation form. While the differential equation form gives an exact
solution of the electromagnetic problem, on the contrast, the integral equation form is
especially useful for obtaining approximate solution. Owing to the above characteristics, the
integral equation can be employed in perturbation method for approximate solutions of

propagation constant of the specified waveguide systems.



To “perturb” means to change the status of a system slightly. The perturbation method is
useful to calculate the changes of a physical quantity due to a small change in the system.
There are two circumstances involved in the analysis of a perturbation system. First is the
“unperturbed” one, which is with known solution of certain parameters. Then is the
“perturbed” one, which is perturbed slightly from the *“unperturbed” one in the system.
Considering two types of perturbations in a cylindrical waveguide, or a waveguide has
identical cross section. One type is on the perturbation of the width of the waveguide wall,
and the other type is on the addition of a dielectric material inside the waveguide. The
following perturbation formulae for the change in propagation constant in the loss-free
waveguide are derived in the Harrington’s textbook [38], however we re-write, use the results,
and modify the results to show the physical insight of the two kinds of perturbations
mentioned above for beam steering. In the first case the perturbation is on the constituent

material inside the waveguide, the change of phase constant from unperturbed value g,to g
due to perturbation is given as:
” (Age e, +Auexh, ) Zy0s

p- ”Lxh+6><h )zds ©)

And, in the case of a waveguide wall perturbation, the change of phase constant from

unperturbed value g,to g due to perturbation is given as:

f x0T

jIL(%XMXm)-Z_odS

B=py=- (7)

In the case of shallow, smooth deformation of the waveguide wall, e and h can be

approximated by eg and hy, respectively. So, equations (6) and (7) can be approximated by

” (Ag‘eo‘ +Au‘h ‘ )ds
h- J.J.(elxh +eyxhy ) z,ds

(8a)

and

[l — el s

F=hom J‘J‘ eoxh+exh)zods

(8b)

An example demonstrates waveguide perturbation is shown in figure 2. It shows a slitted
waveguide beam steering antenna. The idea of this beam steering mechanism is to change

the longitudinal field propagation constant by changing the waveguide width, that is, by



deforming the waveguide sidewall longitudinally. Concerning the dominant TE;o mode, the
operating region where the transverse fields are perturbed is with weak electric field strength
but strong magnetic field strength. In this case equation (8b) can be reduced to

) ”Asﬂ|h°|2ds 9)
J-js,(e_éxh+§xh_§)-ﬁds

B=p

Change of the propagation constant is approximately proportional to the magnetic field
energy stored in the deformed region of the waveguide transverse plane, where magnetic field
is of the strongest strength.  The slitted waveguide antenna steers its main beam by changing
its width of waveguide wall. Assuming that the perturbation is shallow and slight, and the
magnetic field strength can similarly as above assumed to be approximately constant over the

region of waveguide deformation. Then equation (9) can be further reduced to

:U|ht|2a
B =Py = ; -Ab (10)
I

e_oxn+gxh_g)-ﬁds

Where a is the height of the waveguide, Ab represents the deformed width of the waveguide,
and hy is the magnetic field strength in the deformed waveguide region. Note that the change
in propagation constant depends nearly linearly on the deformation width in the waveguide.
This technique has been realized and demonstrated successfully during WWII on the
air-borne beam steering radar developed for the aircraft B-29 bomber [2].

The other case of inserting a thin dielectric slab in the waveguide with moderately low
relative dielectric constant as shown in figure 3(a), that is we have slight dielectric

perturbation. Then equation (8a) becomes

~ _”S Ag‘irds }
T T X e,y s i

/B_/Bo

It is obvious that maximum change in propagation constant exists when the dielectric slab is
inserted in the area where the electric field is of maximum magnitude. This is certainly the
case that we put the dielectric slab around the central region of the waveguide, for TE;o mode
field under consideration. In this case, the antenna radiation main beam may experience the
largest angle shifting. If the dielectric slab is thin enough, it is reasonable to assume that the
electric field is almost concentrated and being almost constant within the volume of dielectric

slab, then equation (19) can be further approximated to



(Ag-t)ae_t2

p-fr=o (12
Il

(ix&+e_oxh_o*)-ﬂds
Where a is the height of the waveguide, and t is the thickness of the dielectric slab and e is

the electric field strength in the dielectric slab. It shows that the change of the propagation

constant can be approximately proportional to the value of(Ag-t), as long as the perturbation
is shallow and smooth, that is, assuming product term (As-t) is small. That means a

smaller angle scan in the antenna maim-beam results when we put a thinner dielectric slab
inside the waveguide. Similarly, when we put the dielectric slab closer to the waveguide
sidewall, where the electric field is relatively weak in comparison with the other position,
smaller angle scan in the antenna maim-beam is derived. By using the variational principles
for electromagnetic resonators and waveguide, the variation of propagation constants
(between exact and approximate results) vs. frequency for dielectric slab of various widths in

a rectangular waveguide could be found in [39].

2.3. Mathematical Analysis of the Leaky Wave Antenna

2.3.1 Basic Idea of the Beam Steering Scheme

Before the mathematical analysis for the propagation constant in such a non-homogeneous

leaky waveguide we fabricated in this thesis, it is show here its physical mechanism for beam
steering. It is known that, when a homogeneous waveguide (without slot and dielectric slab)
Is operated in the presence of dominant mode (TEjo) only, the field strength merely depends

on X, which can be written as:
. X ]
E,(x,2) = E,sin ;exp(—sz) (13)

From equation (13), we know that the field strength is non-uniform in x direction. When we
place a dielectric slab perpendicular to x-axis and move this dielectric slab, the field
distribution inside the waveguide will vary accordingly. This leads to a change in the
propagation constant of the dominant mode of the waveguide. Thus we know that the
placement of an additional dielectric slab will perturb and re-configure the field distribution

within the waveguide, since the electromagnetic field tends to be more concentrated on the



region having higher dielectric constant. The variation of the propagation constant x versus
the position of the slab will be demonstrated by numerical analysis and the feasibility of this
conceptual design of the leaky-wave antenna will be confirmed later. Due to the change of
the propagation constant, the antenna will steer its main beam toward a certain direction.

This is the basic idea of beam steering.

2.3.2 Basic Idea and Analysis Model

A rigorous mathematical formulation of such a class of leaky wave antenna can be traced

back to 1959 proposed by Goldstone and Oliner [26]. They had derived the transmission
line network representation, including the lumped circuit model of the slit for treating the
problem of continuous spectrum, and had employed the transverse resonance equation to
solve the propagation constant which contains the phase and attenuation constant. In this
paper, to steer the radiation main beam of the antenna, we have placed a moveable dielectric
slab inside the leaky-wave antenna as shown in figure 4(a) and numerically compute the
variation of the propagation constant versus the position of the dielectric slab. When the
propagation constant is determined, the radiation far field pattern can be calculated by using

the equivalence principle, and then the probleim can be solved.
2.3.3 Eigen-Modes in Closed Waveguide

As for the theoretical formulation, we assume that the slit is uniform along z direction, thus

we can separate the fields inside the waveguide into two types of eigen-modes: E,; = 0 (H;
mode) and H, = 0 (E; mode), to avoid treating the coupling problem due to an improper choice
of eigen-modes [28]. As these two types of modes are designated, the tangential electric and

magnetic field components can be written as follows:

EO(x,2) = Y v (x)¢, () exp(- jxz) (14)

HY (x,2) = X i (X)¢, (y) exp(- jxz) (15)

for TE (H,) mode, and

HO(x,2) = Y i (X, (v) exp(~ jxz) (16)



E} (x,2) = 2 vy ()¢, (v) exp(- jxz) (17)

for TM (E;) mode,

where the eigen-function of the parallel-plate waveguide for TE and TM modes are given as

follows:

\/;sngTny n=1,23,..for H, mode
¢, (y) = : (18)
\/%cosTﬂy, n=01,23,..for E, mode

where & =1 forn =0 and & = 2 for n is not equal to zero. The superscript i denoted the
region in the waveguide. As shown in figure 3(a), inside the leaky-wave waveguide, we
partition it into three sub-regions; region ‘r’ and ‘I’ in the right- and left- hand side regions,
whereas the central region is filled with dielectric slab and is designated as ‘d’, which the
relative dielectric constant is & and the thickness ist.  The voltage and current wave satisfy
the transmission line equations (the detailed derivations are shown in the Appendix 1), which

are given as follows:

(i)
a0z i (19)
dx
i o
B0 v v (20)
X

Where k! is the propagation constant along x direction and Z®(Y®) are the

corresponding characteristic impedance (admittance). They can be determined by the

following equations:
. n 2
kQ:J@g—@gj—xz (22)

2’ z
|(o‘c"i_
kle —Kx?

a)goglkxn

) = (22)

, and ¢, is the relative dielectric constant in each region. Note that the propagation

constant along z direction x must remain the same in each region. In general, it is a complex
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number for a leaky-wave waveguide and is to be determined in the following section of

analysis.

2.3.4 Transmission Line Network Representation

By the electromagnetic boundary conditions, the tangential electric and magnetic field

components are continuous at the interfaces between air and dielectric slab, those are the
interface planes at x=[—h—a7_tj and x=(—h—a7+tj, as given in figure 3(g). In

view of this, it is convenient to cascade these three sections of finite-length transmissions
lines, as mentioned in the above section, to form a transmission line network. As for the
terminations of the transmission line network, we can apply the electromagnetic boundary
conditions to determine the terminations of the transmission line network. Moreover, one
must make some efforts to treat the discontinuity problem, in particular for the case of

waveguide opening immediate to a half space.

We look at the left-hand side of the waveguide first. Based on the electromagnetic boundary
condition, the tangential electric field vanishes on the surface of PEC (perfect electric
conductor) wall (x = -a). Since the tangential electric field is related to the voltage wave of
the transmission line, as depicted in equation (14), it means that the voltage at the left-hand

side must be zero, that is, v(-a) = 0, this shows a short-circuit termination at x = -a.

On the other hand, at the right hand side, the slit is an immediate opening to the half space.
It is a problem of continuous spectra rather than the discrete modes in a closed waveguide.
By the approximation formulation in Waveguide Handbook [27], we could obtain the lumped
circuit elements, which contain a conductance (G) and a susceptance (B) to model the
radiation and storage energy, respectively, in the vicinity of the slit discontinuity. The
detailed mathematical derivation can be referred to [27] (Waveguide Handbook). With the
equivalent lumped circuit at the right-hand side and shorted circuit at the left-hand side, one
can obtain a complete transmission line network, where the values of conductance G and

susceptance B can be referred to [26-27] and given as:

S -2 (23a)
Y, 2a

B o= Pinesc ™y 2in 28 (23b)
Y, a 2b” a u
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, Where e = 2.718 and y=1.781.

2.3.5 Transverse Resonance Equation

With the transmission line network representation shown in the above section, the complete

network can be drawn in figure 3(h). Because the wave is propagating along a uniform
waveguide along the z-direction, we are able to apply the resonance condition in the
transverse plane, which is the vanishing sum of input impedances seen when looking into left
and right of this reference plane (x=-c, where c is smaller than the waveguide width a). This
transverse resonance equation defines the dispersion relation of the waveguide. The
reference plane to perform the resonance condition can be chosen at any position within the
network. However, according to our experience, to obtain an accurate dispersion root, one
could choose the transverse resonance reference plane at the plane where the field strength is
relatively strong. Here, both the input impedance seen when looking into left or right are

functions of propagation constant «, and the dispersion relation can be expressed as,
Z(x)+Z(x)=0 (24)

, the symbol Z(K) and Z(zc) represent the wave impedance seen when looking into left and

right, respectively, from some arbitrary reference plane. If we choose the reference plane

asx= —(h + aTth) , then the input impedance of a section of short-circuited transmission line

with length @— h —%j is given as:

Z(x,) = jz tan{kS)(i— h —l)} (25)
2 2
, where
(1 _ WHy
o qu)
, and
k" =ko" —k,°
X 0 z
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Z," and k" represent the characteristic wave impedances and the wave propagation
constants along x direction. As for the wave impedance seen when looking to the right of the
reference plane

= 1+T
Z(k)=2"=""— 26
(k) =24 1T (26)
, Where
=7
ey e j2k§r)(3—£+ h) 27)
Z, +2Z¢ 2 2

, and the conductance G and the susceptance B have been given in equation (23)

z, =(G+jB)" (28)
kO =k = k2 - k> (29)
(n _ O,
(U k (r)

Thus, the analytical dispersion relation is derived for solving k, = S, — j&, by substituting

equations (25)-(29) into equation (24). To obtain the dispersion roots in equation (24), we
will use the conventional root-searching algorithm such as Newton’s method. To accelerate
the root-searching process, the analytical solution of the leaky-wave waveguide free of
dielectric slab, which is listed in [26], can be used as an initial point for further iteration
process. The propagation constant x; in general is a complex number. Imaginary part of x;
represents the attenuation of wave propagating along the longitudinal direction of the
waveguide and characterizes the power leakage from the slit into the open half plane. This

shows the basic physical mechanism of the leaky-wave waveguide antenna.

2.3.6 Far Field Radiation Pattern

To compare the theoretical and the experimental results, we have to calculate the radiation

pattern of the leaky waveguide antenna with the propagation constant which has been already
found from the above derivations. Assuming that the antenna slit width is relatively small
compared with the waveguide height. This makes the electric field across the antenna slit

uniform in the y-direction, and propagates in the z-direction with its amplitude proportional to

13



exp(-jSz)exp(-a,z).  With the field distribution known inside the cavity, it is thus convenient
to use the equivalence principle to find the far field radiation pattern of the antenna
concerned.

The equivalence principle states that two sets of sources producing the same field within a
region of space are said to be equivalent within that region. If we are interested in the fields
in a specific region, we are free to choose an equivalent set of source such that they produce
the same field distribution within that region. Actual information about the original sources
is not really required, equivalent sources will serve as well [38]. The equivalence principle
is shown in figure 4(a) and figure 4(b). Figure 4(a) represents the sources internal to a
closed surface S and free space external to S, E and H are the original electromagnetic fields
all over the space. To find an equivalent source to produce equivalent electromagnetic fields
outside the specific surface, it is allowed to choose the fields exist outside surface S the
original field, and the field inside S the null field. To support this field, electric and

magnetic surface currents, Js and Ms, must exist on S according to
J,=AxH (30)

M, =Exn (31)
, Where N is the unit vector directed outward of surface S, and E and H are the original fields
over S. Since the currents are acting into the unbounded free space, we are thus able to
determine the fields from the electric vector potential E for an equivalent magnetic source,
and the magnetic vector potential A for an equivalent electric source, they can be represented

as

[&—M,(r)ds (32)

(33)

where r is the observation position vector and r’ is the source position vector that is

located within S.
2.3.7. The Radiation Far Field of the Antenna

After the propagation constant (k, = £-ja,) is determined by solving the dispersion root with

the transverse resonance equation, we are now in a position to realize the radiation

14



characteristics of this leaky-wave antenna. First, we roughly estimate the angle of radiation

main beam. It can be approximated and re-state equation (5) here:

o ~sin' 2 (34)
K,
In addition to the radiation angle of the main beam, we can also calculate the radiation pattern
by the equivalent sources in front of the shorted circuit of slot. From the equivalence
principle, the equivalent electric- and magnetic- currents J; and M over the slot can be
expressed as equations (30) and (31), where A is the unit vector in the direction normal to
the surface of the slot, E and H are the electric and magnetic field on the slot. Assuming the
presence of a baffle, which is an infinitely extended PEC plane, the equivalent electric current
in front of this PEC plate will not radiate at all. As a result, the radiation pattern is only
from the equivalent magnetic current, and is proportional the integration that is given as

follows:

(zHwdz’ (35)

A

, I is the observation position vector, and r

Is the source position vector which is located
at the z axis. And w is the width of the antenna slit, and L is the antenna slit length. We
assume the field strength is uniform along the width direction of the slit. Since the
magnitude of the magnetic current is proportional to exp(-jZz)exp(-«;z), it can be
characterized as a traveling wave antenna. The parameter oL plays an important role in

determining the amount of power leakage from this waveguide.
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Figure 1. The leaky wave above a partially open waveguide.
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Figure 2. A beam steering leaky-wave antenna for the
airborne radar of B-29 bomber implemented in WWI|I
by perturbation to the waveguide sidewall.
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Figure 3(a). Structural parameters and the coordinate systems
of the leaky waveguide antenna.
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Figure 3(b) A slitted waveguide with
bottom plate removed.

a, -: E

Figure 3(c) A slitted waveguide with bottom
plate removed, then adding the flanges at input
and terminated port.
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Figure 3(d) A slitted waveguide with input and
output ports.

Figure 3(e) A slitted terminated waveguide and
the placed dielectric slab on top of the metal block.
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Figure 3(f) A beam steering slitted waveguide
leaky-wave antenna
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Figure 3: (g) Front view of the leaky wave antenna
(h) Equivalent transmission line network
of the leaky wave antenna
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Figure 4 (a) Original electromagnetic fields
with sources enclosed by a closed surface S.

Null fields inside

J,=nxH
M. =Exn

Figure 4(b) Equivalent sources on S to
produce equivalent electromagnetic fiels.
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CHAPTER3. FABRICATION, MEASUREMENT SETUP, AND COMPARISON
BETWEEN EXPERIMENTAL AND THEORETICAL RESULTS

3.1 Fabrication of this Antenna and the Measurement Setup

The proposed beam steering leaky wave antenna consists of a slitted waveguide, a moveable

dielectric slab, a feed flange and a termination flange has been already shown in figure 3(a).
The slitted waveguide is a Ku-band rectangular waveguide with two slits on the narrow walls
of the rectangular waveguide. The slit used for the leakage of electromagnetic energy is
located at the center of the narrow sidewall, at x = 0, with 1.5mm in width, and 125mm in
length. Contrary to the slit for radiating the electromagnetic energy, a slit is cut in the
opposite narrow sidewall of the antenna slit for moving a dielectric slab. To reduce the extra
power leakage from this slit, the slit width is cut as narrow as possible.  This slit is 125mm in
length and 0.1mm in thickness (y=0to 0.1 mm). A dielectric slab linearly tapered (triangular
tapering with 2cm height) at both ends is mounted longitudinally on top of a thin (0.1mm
thickness) rectangular (125mm length, 50mm width) plastic sheet. This sheet affects
negligibly the electromagnetic field inside the waveguide. Moving this plastic sheet outside
the waveguide moves the dielectric slab inside the waveguide also. This mechanism makes
it possible to change the propagation constant of the dominated mode in the waveguide.
Thus, the radiation angle of antenna main beam can be steered to a desired direction.
Another version of mechanical setup to move the dielectric slab conveniently is to put the
dielectric slab on a stationary metal block, then move the slitted waveguide (with the bottom
wide plate removed also) on top of this metal block. This version of fabrication process is
further demonstrated by the photographs shown from figure 3(b) to figure 3 (f). Figure 3(b)
shows the slitted waveguide with its bottom plate removed, and figure 3(c) shows the flanges
to add the above slitted waveguide. Figure 3(d) is already with the input port and the output
port, where figure 3(e) is with an additional dielectric slab on top of the sliding metal block.

Figure 3(f) is the overall beam steering antenna with the sliding metal blocks attached.
3.2 Measurement Setup

As for the experimental setup, there is a PC-based controller with a built-in data acquisition

board, a vector network analyzer (VNA), a two-stage cascaded Ku-band amplifier, an
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anechoic chamber equipped with a turntable and a receiving horn antenna.  Test frequency is
selected at 15 GHz, though this antenna can be scaled to any desired operation frequencies

with a careful re-design.

In conducting experiment, the PC-based controller drives the turntable, initializes VNA, and
records the measured data. Amplifiers after VNA portl amplify the received signal to
compensate system loss due to system loss, including cable and path losses. The amplified
output is coupled to the antenna mounted on the turntable in the chamber.  Step-motor of the
turntable is with an angle resolution of 0.9 degrees. Angular error due to alignment should
be controlled much smaller than 0.9 degrees. At the time the antenna is radiating and
rotating on the turntable, the receiving horn antenna in the chamber delivers the received RF
signal to port 2 of the VNA, where the received signal strength is measured. The acquisition
board collects the data of received power versus the angular position of the turntable. A post

data processor in the controller is used to plot the antenna pattern.

Far field radiation pattern should be measured in the quiet zone of the chamber with a
distance greater than that of Fresnel zone (2D°/4), where D is the maximum length of the
antenna under test. That corresponds to 156cm in the test requirement for the desired test
antenna. However, at the time we tested the antenna pattern, we were constrained to do
measurement in a chamber with limited Fresnel zone distance of 140cm. The antenna
patterns of various perturbation conditions (a combination of variant dielectric constant,
dielectric slab width, and position) are measured to verify the beam steering capability of the

designed antenna in this thesis.

We have also developed a chamber calibration procedure by applying the Friis’s transmission
formula and the Purcell’s method for antenna gain measurement. Before conducting the
antenna gain test, we are thus able to know the quietness of our chamber first. The above
calibration procedure for quality control of antenna gain measurement has been shown in
[40].

3.3 Comparison between experimental and theoretical results

To demonstrate the beam-steering capability of the leaky-wave antenna, three examples

described previously were employed to verify this mechanism. The structural parameters of
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the antenna have been described above in the second section. The electrical length of the
antenna slit is 6.25 4, where A is the operation wavelength. To reduce the reflection from
the output port, the antenna was terminated with a matched load. This could further reduce

the backward wave radiation.

After solving the propagation constants to the dispersion relation in equation (24), we
obtained the distribution of propagation constant (k, = £-ja;) versus shift distance (h) of the
dielectric slab. These plots were shown in figure 5-7 for casel, case2, and case3,
respectively. And we summarized the results of all the three cases in figure 8. As shown
in the inset in these figures, the shift distance of the moveable dielectric slab is defined as the
distance from the center of the waveguide to the center of the dielectric slab. To avoid
directly perturb the antenna slit, the dielectric slab was placed at the position from the central

waveguide to its side wall opposite to the radiation slit, i.e. from x = -0.5a to x =-a+ 0.5t.

Since the electric field distribution of TE;; mode within the waveguide is non-uniform, the
maximum field strength is around the waveguide central part and the minimum field is at the
edge. If the dielectric slab wes placed around the center of the waveguide (x=-0.5a), it will
strongly perturb the field distribution; and result in heavily perturbing its propagation
constant (compared with the case without dielectric slah). Conversely, if the dielectric slab
is positioned at the edge of the waveguide, it will (x=-a+0.5t) affect the field distribution
lightly. Consequently, the normalized phase constant is close to that of the homogeneous
waveguide (0.6972k, ).

In figure 5 to figure 8, the variation of normalized attenuation constant (a4) versus the shift
distance (h) for each of the previous three samples was shown, where the wavelength 4 and
waveguide width a are 20 mm and 15.68 mm, respectively. Since the attenuation constant
determines the power leakage rate of the leaky-wave antenna, it facilitates us to estimate the
radiation efficiency of this antenna. The variation of the attenuation constant will reflect in
the level of power leakage. The numerical results showed that the maximum variation of

attenuation constant was less than 14% for the second sample case.

Another factor affecting the radiation power is the impedance match at the antenna input port.
We have measured the return loss S;; at antenna input port for each case with various shift
distances. The results showed that S;; was decreased as the shift distance was increased.
Lower return loss occurs when the dielectric slab is located near the waveguide sidewall,

where the electric field is comparatively weak. On the other hand, significant influence on
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the return loss was observed as the dielectric slab was moved to the center of the waveguide,
since the field strength is relatively strong and being perturbed by the dielectric slab in this
region. In this experiment, the measured S;; at 15GHz was less than -12dB as the shift

distance took the values from Omm to 7mm.

The power leakage could be estimated using 1-e2*, where « is the leaky constant and L is the
antenna slit length. Note that, the leaky constant « depends on the slit width S of the
antenna. By solving the dispersion relation in equation (24), we could obtain the phase and
attenuation constant for a given slit width S. In figure 9, we calculated the function of
antenna slit length (normalized to free-space wavelength) against power leakage (1-e%%)
for the three cases with slit widths S=1mm, 1.5mm and 2mm. Note that, the dielectric slab
was placed at the position with h=4mm, where the attenuation constant was of minimum value.
This enables us to determine the minimum antenna length to meet a required power leakage
specification. This analytical result showed that the wider the slit width the more the
radiated power, which confirms the physical intuition.  This figure provided us a criterion to

determine the antenna slit length for a given percentage of radiation power.

To show the beam steering capability of the proposed antenna, far-field radiation pattern of
the antenna at different shift distances of the dielectric slab was studied. The first dielectric
slab used was the casel dielectric sample described in the second section. The radiation
patterns were measured with 1mm increment in shift distance. Results were taken, at eight

shift distance values: Omm to 7mm, as shown in figure 10 to figure 17.

The overall results in this case, both the MLTM and the experimental main beam radiation
angles as functions of shift distance of the dielectric slab were summarized in figure 18.

Both the angular excursion developed in this case is 9.9° according to the results.

Then, we moved to measure the far-field antenna radiation pattern at different shift distances
for case 2 dielectric slab. The radiation patterns were measured with Imm increment in shift
distance, either. Results were taken, at eight shift distance values: from Omm to 7mm, as
shown in figure 19 to figure 26. We observed that the radiation angle can be continuously
steered up to 23.4 degrees as the shift distance varies from Omm to 7mm. The summarized
results, both the Theoretical (MLTM) and the experimental main beam radiation angles as

functions of shift distance of the dielectric slab, were collected in figure 27.
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Figure 28 showed the antenna radiation patterns obtained by using the modal transmission
line method (MTLM) and the experiment. Case2 dielectric slab was used, the relative
dielectric constant and thickness (mm) of the dielectric slab are 2.55 and 1.62 respectively,

and the shift distances h are 0, 4 and 7mm.

The last set of far-field radiation patterns of the antenna at different shift distances were
studied using the case 3 dielectric slab. The radiation patterns were measured with the same
1mm increment in shift distance as the above measurements. Results were taken, at eight
shift distance values: Omm to 7mm, as shown in figure 29 to figure 36. In case3, the
theoretical (MLTM) and the experimental main beam radiation angles as functions of shift
distance of the dielectric slab, were summarized in figure 37. Theoretical angular scan as

shift distance varied from Omm to 7mm was 8.1°, and the experimental one was 10.3°.

For all the theoretical and experimental main beam radiation angles of the above three cases
of dielectric slabs, we have summarized the results in figure 38. Note that the main beam
radiation angles while shift distances are at h=7mm were close to 45° (~sin"*0.6972), because

the normalized phase constant is close to that (0.6972k,) of the homogeneous waveguide

without the dielectric slab’s perturbation. ~ Those measured radiation patterns shown in the
above figures agree fairly well with those obtained by the theoretical (modal transmission line)
method developed in this paper. - In this radiation pattern measurement, the sweep angles ¢
were 0° to 360° in an increment of 0.9° where the angle ¢ was counted from z-axis, as was
depicted in the inset of each figure showed the radiation angle pattern. The antenna
back-lobe level was 15dB below the main-lobe, so we neglect the back-lobe and only display
the radiation pattern between 0° to 90°. In addition, the antenna side lobes of the radiation
patterns were significant both in the measured and the theoretical results, since the antenna
slit was simply rectangular without tapering. Observable difference between these side-lobe
results was probably due to the imperfect environment of our anechoic chamber. However,
the trend of the measured side-lobe agreed with the theoretical one. Besides, due to the
limited far-field distance (1.4 meters) of the anechoic chamber, the antenna slit length
operating in the frequency in this experiment was constrained. In all the above antenna
pattern measurement, numerous results have been taken, all the measured radiation patterns

agreed fairly well with the theoretical results.

Figure 38 showed the variation of theoretical and experimental radiation main-beam angle

versus the shift distance of the three samples of dielectric slab given in the previous section.
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The theoretical radiation angle was obtained by substituting the g/k, in figure 8 into

equation (34). In figure 38, it was observed that the second case has the maximum deviation
in the phase constant. It caused the beam-steering angle to be up to 23.4°. In the
calculation of the theoretical phase constant, it was based on the assumption that uniform slit
and dielectric slab are infinitely extended. In fact, the length of the slit and dielectric slab
are finite. The discontinuities at both ends of the slit introduced some parasitic effects, such
as the excitation of slot mode or cross-polarization. These effects were neglected in our
theoretical analysis. Besides, precise alignment of the dielectric slab in its longitudinal
direction must be carefully performed to approach the ideal case. These uncertainties may

explain the differences between the theoretical and the experimental results in figure 9.

In addition to the experimental verification of an antenna design, we employed a
three-dimensional electromagnetic simulation package based on Finite Integration Technique
(FIT), to simulate such a leaky wave antenna. In figure39, antenna radiation pattern
obtained by modal transmission line method, experimental test and Finite Integration
Technique (FIT of CST Microwave Studio), using dielectric slab of case 2, and the shift
distance of the dielectric slab are 0 and 7mm, respectively. We observed that when shift
distance is 7mm, the angle difference of radiation main beam between the theoretical method
in this paper and that of CST is 1.2°, where it is 3.7° for Omm shift distance. Since the
equivalent source on the aperture was assumed to be uniform along the width direction in our
theoretical calculation, its radiation pattern may have difference compared with the FIT
method. However, from the two numerical results, we found that there was only a slight
difference between those two results, which proves that the assumption of uniform
electric-field distribution is reasonable. Thus both these two numerical methods can be used
to approve the antenna design before its fabrication. Note that, in this case, the computation

resources needed in our method is considerably less than that of the FIT method.

Figure 40 depicted the variation of antenna efficiency and antenna gain against the shift

distance (h) of the case 2 dielectric slab. The antenna efficiency was obtained by

evaluatingl—‘sllz‘—‘Szf‘, because that such a leaky-wave antenna could be regarded as a

two-port device. Notably, the dielectric slab employed in this numerical simulation was
assumed to be loss free. Therefore, the power loss for this two-port device was totally

attributed to the radiation loss.

Besides, comparing figure 40 with figure 6, we found that they share the similar tendency of
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variation. The smallest normalized attenuation constant occurred around h=4mm, which
corresponds to the lowest antenna efficiency shown in figure 40. It was evidently to know
that the larger the attenuation constant, the larger amount of power leakage from the
waveguide. In addition to the antenna efficiency, we also calculated the antenna gain for the
same antenna in figure 40. The variation of antenna gain against shift distance (h) was
plotted in this figure. Observe that the antenna gain maintained a value between 12.5 dBi
and 15 dBi for changing the position of the dielectric slab. This means that the antenna gain
IS not so sensitive to the variation of the position of dielectric slab. It also proved the

reliability of the beam-steering mechanism developed in this research.
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Figure 21. Theoretical(MTLM) and experimental antenna
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, While shift distance h=2mm.
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Figure 22. Theoretical(MTLM) and experimental antenna
radiation patterns using case 2 dielectric slab with relative
dielectric constant and thickness 2.55 and 1.62mm respectively
, While shift distance h=3mm.
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Figure 23. Theoretical MTLM) and experimental antenna
radiation patterns using case 2 dielectric slab with relative
dielectric constant and thickness 2.55 and 1.62mm respectively
, While shift distance h=4mm.
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Figure 24. Theoretical MTLM) and experimental antenna
radiation patterns using case 2 dielectric slab with relative
dielectric constant and thickness 2.55 and 1.62mm respectively
, While shift distance h=5mm.
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Figure 25. Theoretical MTLM) and experimental antenna
radiation patterns using case 2 dielectric slab with relative
dielectric constant and thickness 2.55 and 1.62mm respectively
, While shift distance h=5mm.
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Figure 26. Theoretical(MTLM) and experimental antenna
radiation patterns using case 2 dielectric slab with relative
dielectric constant and thickness 2.55 and 1.62mm respectively
, While shift distance h=7mm.
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functions of the shift distances using the case 2 dielectric slab.
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Figure29. Theoretical (MTLM) and experimental

radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=0mm.
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Figure 30. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=1mm.
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Figure 31. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=2mm.
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Figure 32. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=3mm.
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Figure 33. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=4mm.
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Figure 34. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=5mm.
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Figure 35. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=6mm.
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Figure 36. Theoretical (MTLM) and experimental
radiation patterns using case 3 dielectric slab with
relative dielectric constant and thickness 3.84 and
0.38mm respectively, while shift distance h=7mm.
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Figure 37. Radiation angles of the leaky-wave antenna
as the functions of the shift distances using the case 3
dielectric slab. Antenna radiation angles are obtained
by theoretical modal transmission line method and
experimental tests.
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Figure 38. Radiation angles of the leaky-wave antenna
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are obtained by theoretical modal transmission line
method and experimental tests.

64



0 10 20 30 40 50 60 70 80 90
\\\\\\\‘\\\\\\\\\‘\ \\\\\\\\‘\\\\\\\\\‘\\\\\\ \\\‘\\\\\\\\\‘\\\\\\\\\‘\\ \\\\\\\‘\\\\\\\\\

Antenna Main Beam

0

$=900-6
(I) z-direction

N,
>

Antenna;Slit

-10

-20

Antenna Main Beam
G————© MTLM, 0 mm shift distance

— A——7A——2\ Measured, 0 mm shift distancel
| [—F—F] FIT, 0 mm shift distance

- @—@—@ MTLM, 7 mm shift distance
[——/—\ Measured, 7 mm shift distance

B—E— FIT, 7 mmi shift distance

HHHH‘HHHH\‘\HH\H\‘HHHH\‘HHHH\‘HHHH\‘HHHH\‘HHH\H‘HHH\H
10 30 40 50 60 70 80 90

Radiation Angle ¢ (degree)

Relative Received Power (dB)

-30

o

Figure 39. Antenna radiation pattern obtained by modal transmission
line method, experimental test and Finite Integration Technique

(FIT of CST Microwave Studio), using case 2 dielectric slabcase 2, and
the shift distance of the dielectric slab are 0 and 7mm, respectively.
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CHAPTER 4 POSSIBLE APPLICATIONS OF THE PROPOSED ANTENNA AND
FUTURE WORK

4.1 Possible Application of the Fabricated Antenna

A useful application of this antenna is on the millimeter wave car warning radar, which

features high resolution and compact size. The antenna beam-width and coverage angle are
approximately 3° and +8.5°, respectively. In this thesis, we designed an antenna using a
W-band waveguide and a dielectric slab (with 0.3mm thickness and 2.55 relative dielectric
constant). The structural parameters and configuration are the same as the Ku-Band antenna
shown in figure 3. The operation frequency was chosen at 77GHz. The width and height
of this leaky waveguide are 2.55mm and 1.25mm, respectively, and the slit is 0.05mm in width
and 24.35mm (6.254) in length. Theoretical results of the variation of the main beam
radiation angle versus the shift distance of the dielectric slab were shown in figure 41. The
two samples have two different substrate thicknesses, which are 0.22 mm and 0.3 mm,
respectively. The main beam radiation angles scanned from 39.9° to 55.6° (15.7° angle scan)
in the 0.22mm case, and scanned from 34.2° to 54.9° (20.7° angle scan) in the 0.3mm case.

This confirms the rule that the factor &t is closely related to the antenna scan angle. To

further inspect the steering of the beam pattern, the antenna radiation patterns were calculated
based on the second case. Figure 42 demonstrated the radiation patterns with five shift
distances, Omm, 0.3mm, 0.6mm, 0.9mm and 1.125mm, respectively. The antenna main beam
scans from 34.2° to 54.9°, which meets the prescribed requirement of +8.5° coverage angle.
The beam width did not meet the specification of 3°. However, although not shown here, we
resolved this problem by increasing the slit length of antenna to 150 mm. as shown in figure
43.

Notably, the spurious radiation may occur due to slot-mode propagation in this type of leaky
wave antenna [41] without dielectric slab. The cutoff frequency of the slot mode could
extend to low frequency. Moreover, it cannot be suppressed by tapering the slit at both ends.
In fact, the excitation of slot mode had insignificant influence on our measured results, since

the operating frequency chosen here (15GHz) was far away from the cutoff frequency and
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those data were measured at far-field rather than near-field.

68



Radiation Angle (degree)

60

50

40 AAAAA

AW W

30 N I EO ‘ | Tt i ‘ N O A A I B

Shift Distance h (mm)

Figure 41. Radiation angles of a leaky-wave antenna versus the
shift distance of the dielectric slab h, obtained by using the modal
transmission line method, the operating frequency is 77 GHz

and the relative dielectric constant of the dielectric slab

Is 2.55, and the thicknesses are 0.22 and 0.3 mm, respectively.

69



!
9

et OmMM
=t 0.3mm
(G——© 0.6mm
[—=—*F1 0.9mm
[l 1.125MmM

@

'
[«

'
©

-12 —
-15 —

-18
A

-21 e i \

24 | —

27 ——

Relative Received Power (dB)

-30 HHH\H‘HHH\H‘H\HHH‘HHH\H‘\HHHH‘H\HHH‘HHHH VO
0 10 20 30 40 50 60 70 80 90

Angle (degree)

Figure 42. Antenna radiation paiterns obtained from modal transmission
line method, operating at 77 GHz, which has 6.25A (24.35 mm) as slit
length, the relative dielectric constant and thickness (mm) of the dielectric
slab are 2.55 and 0.3 respectively, the shift distances are 0, 0.3, 0.6, 0.9,
and 1.125mm. The corresponding maximum radiation angles are at 34.2,
34.2, 39.6, 49.5 and 54.9 degrees, respectively.

70



e o e (Omm

'
(&)

-10

-15

-20

I U L A
\.
\Q
=

N
o

(

Relative Received Power (dB)

\\\\\\\‘\\\HHH‘\HHHH‘HHHH\‘\HHHH‘HHH\H‘HH\ b N
10 20 3 . 40 50 60 70 80 90

Angle (degree)

w

o
o

HTTTTH ]

Figure 43. Theoretical radiation patterns of a leak-wave antenna,
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Chapter 5 Concluding Remarks

In this thesis, we have demonstrated theoretically and experimentally the feasibility of adding

the beam steering capability to a slitted leaky-wave antenna using a moveable dielectric slab
inside the waveguide. Several examples with different dielectric constant and thickness of
substrate are employed to examine the performance of this antenna. As a rule of thumb, the
larger the factor (&t), the larger the propagation constant deviates from its unperturbed value.
That means the antenna will experience a large beam-steering angle in a small shift distance.
Consequently, precise control of the shift distance is required in the real application. The
characteristics of low-cost, robustness and reliability of this antenna show the promising
applications such as point-to-point wireless communication and car collision avoidance radar
systems. In addition, since the mechanism is frequency independent, it can be applied in any
frequency band without any difficulty. Excellent agreements of the radiation pattern

between the measured and numerical results confirm the validity of this design.
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Appendix |

It is desired to show that the voltage and current wave of tangential components of electric
and magnetic fields satisfy the transmission line equations. Assume TE to x

Mode, then there exist a vector potential F = _Oz//(x, y,z)such that E=-V xF , where Xy

is the unit vector along x axis.

8 o _ o
E=—VxE=—(§§+ﬁ—+@§jxw(x,y,2)

2
v v
=LYy, (1.2

The above equation is equivalent to

E, =0; E =_a_‘/’; E -9V (1.2)

¢ 0 0
VxE=-JouH = xoﬁ—erongzo(T x(&Ey+ﬂEz)
oE oE
=1 P oéFZ+X06EZ_Xo ’ (1.3)
= Oamyeem — M0y — OZ
. O0E, ¢E
— H =2 T 1.4
Jop,H, oy oz (1.4)
. OE,
- Jou,H, =— x (1.5)
oE
- jouH, =—X 1.6
J :uO z 8X ( )
that gives
_ 2 2
H -1 |0V OV (1.7)
Jou, \ oy oz
_ 2
T 8‘”] (1.9
Jaou, \ 00y
2
T ‘W] 1.9)
Jou, \ oxoz

w(X,Yy,z) must satisfy the Helmholtz equation and the boundary condition of the waveguide.
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Assuming

w(xy.z)=e "A(X)B(Y)

Since
oy oy
and the boundary condition requires
E,(x,y=0,2)=0; E,(x,y=b,z)=0
which gives
& |,
and
& |
So,
B(y) = <:os—7zy
and

w(xy,2) =€ A(x)cos o

Then we have
E =0

Let

E, =+ ijA(x)(

E

z

H

H

H

() o

dA(x)

y

7y

nzy

COS——

n Je_ i
b

= ﬂ A(X{Sin n_ﬂyje‘j"z
b b

_ -1 (n_ﬂj
jou, \ b

_ — ik, dA(x)

T jou, dx
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and

or

Where

Then

Similarly

v(x) = Jk,A(X)

j dv(¥)
o, dx

i(x) =

H, =+ j(”{jkizi(x)(sin ”T”y)ew

H, = i(x)(cosnTﬂyje‘j’“

VxH = jos,E

V><ﬂ=—ja)goE=[§%+&

0 0 .
_&Hz +EHX = Ja)EOEy
iHy —EHX = jog,E,
OX oy

Choose the first equation, we have

0
oy

0
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(1.26)

(1.27)

(1.28)

(1.29)
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(1.31)

(1.32)

(1.33)

Jx(&Hy +ﬁHy+ﬁHz)
(1.34)
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. 2
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Also, knowing that

2
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Then we have

di(x)
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