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Student: Hsueh-Chun Lin Advisor: Dr. Christina F. Jou

Institute of Communications Engineering

National Chiao Tung University

Abstract

This thesis presents the condition of leakage and mode distinction at first; then the
well-known full-wave method, spectral domain approach, is applied to investigate the
propagation characteristics of the first higher-order mode of the single-conductor strip
structure. In this case, the normalized phase constant is very close to 1 in the space-wave
leaky region. By the leakage angle equation of leaky-wave antenna, we find that the main
beam of this antenna is fixed in the end-fire direction over a broadband region. For the first
higher-order leaky mode in this structure, a virtual perfect electric wall is assumed at the
center of the strip, this means that the longitudinal currents are odd-symmetric and the
transverse currents are even-symmetric with respect to the center. A broadband planar feeding
structure based on the balanced microstrip lines and the inverted balanced microstrip lines is
developed to feed this single-conductor strip structure and thus excite the first higher-order
leaky mode. Then, a high gain and wideband leaky-wave antenna is implemented.

From the radiation patterns of our single-conductor strip leaky-wave antenna, we observe
that the back lobe is quite large. After analyzing the single-conductor strip leaky-wave

antenna, we conclude that the feeding structure of this antenna causes this undesired effect. In



order to alleviate this undesired radiation from the feeding structure, we turn two broadband
planar baluns upside down and attach themselves to the left and right sides of the feeding
structure, respectively. Experimental results show significant improvement of the

front-to-back ratio of this antenna.
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Chapter 1

Introduction

1.1 MOTIVATION

The printed-circuit type antenna is the best choice for the trend in antenna development,
which is compact, relatively inexpensive, and highly reliable. In RF and narrow-band
applications, resonant type antennas are most widely used since the matching network design
is simple, and the antenna size is.small when using a higher dielectric constant substrate.
However, in millimeter wave and wide band applications, the resonant type antenna (usually a
patch one) is no longer the best choice due to its inherent nature such as a narrow operational
bandwidth, complexity in matching network design for array applications, and serious
tolerance requirement in fabrication. So the printed circuit type leaky wave antenna.is a better
candidate in millimeter wave applications owing to its advantages such as simplicity in array
design, broad band, beam-scanning capability, and relaxed requirement of tolerance.

In [1], experimental verification of a microstrip-line higher order mode leaky-wave
antenna was conducted without explaining the physics underlying the design of the antenna.
In [2], [3], Oliner explained the physics underlying the leaky-wave antenna design
constructed in [1], and presented analysis data for the antenna design. In [4], [5], the familiar
spectral-domain analysis was used, with the appropriate choice of branch cuts and integration
contours. Thus, numerous issues about leaky-wave antennas are subsequently investigated,
such as full-wave analysis of leaky modes, feeding structures, antenna arrays, etc.

In [6], A leaky-wave broad band antenna that has only a single-conductor strip on a
substrate but no ground plane was presented. That absence of a ground plane allows both TE,

and TMy surface-wave modes to exist in this single-conductor strip structure. The main
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feature of the single-conductor strip leaky-wave antenna is that the main beam is fixed in the
end-fire direction over a broad band region. This pattern feature is useful in some applications
that require a main beam in the end-fire direction. From the radiation patterns of this
leaky-wave antenna, we observe that the back lobe is quite large. In this thesis, a novel

method is proposed to alleviate this undesired radiation.

1.2 ORGANIZATION OF THIS THESIS

This thesis is divided into four parts. In chapter 2, we introduce the condition of leakage
and mode distinction. In chapter3, the full-wave method, spectral domain approach is used to
analyze the propagation characteristics of the first higher-order leaky mode of the
single-conductor strip structure. The numerical results are calculated to decide the operating
frequency band of leaky-wave antenna. In chapter 4, in order to alleviate the large back lobe
of the single-conductor leaky-wave antenna, the feeding structure is modified with two

broadband planar baluns. Finally, some conclusions and future work are made in Chapter 5.



Chapter 2

Physical Properties of Leaky Waves

Most planar transmission lines used in microwave and millimeter-wave frequency region
can exhibit several new propagation phenomena. They have relevance to leaky modes that
leak power in the form of the surface wave and/or the space wave. Both the surface wave
leakage and the space wave leakage on planar transmission structures can produce unwanted
crosstalk between neighboring parts of a circuit and undesired package effects, or can be used
to create new circuit components.and antennas. In this chapter, we will explain when leakage

can occur.

2.1 LEAKAGE CONDITION

In_general, leaky modes can be divided in two types: surface-wave leaky modes and
space-wave leaky modes [3]. The surface-wave leaky modes are those modes that leak power
in the form of surface waves on the surrounding substrate as they propagate. The space-wave
leaky modes leak power in the form of space waves radiating into space as well as surface
waves.
2.1.1 Surface-Wave Leaky Mode

Fig. 2.1 illustrates the structure of a coplanar waveguide (CPW). As shown in Fig. 2.2,
the surface wave leakage condition can be examined from the top view of a metal strip lying
on the air-substrate interface, where this strip can represent the center strip of CPW, or the

strip of microstrip line, or whatever. From the figure the relation below is observed
k2 = k2 — B2 (2-1)

where f is the phase constant of the dominant mode guided along the z-direction, k, is the
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transverse wavenumber, and k, is the propagation wavenumber of the surface wave
supported on the substrate in the vicinity of the guiding strip. If g > kg, Eq. (2.1) results in

kZ < 0, then k, is seen to be imaginary, it means that the modal field decays transversely in

K2 = k2~ B
B
= -1
0 = cos k]
Fig. 2.1 Coplanar waveguide structure. Fig. 2.2 Top view of a metal strip lying

on the substrate, showing the angle 6
of leakage into the surface wave k, on

the surrounding substrate.

the x-direction and the mode guided in the z-direction is purely bound. On the other hand, if
B < kg, Eq.(2.1) results in k2 >0, then k, is seen to be real, it means that power will leak
from the guided mode at an angle 6 in the form of surface waves on the surrounding
substrate, or a parallel-plate mode if there exists a top cover above the substrate. The angle 6
can be defined by
cost = B/ks = (B/ko)/(ks/ko) (2-2)
where k, is the free space wavenumber. For this reason, the surface wave leakage occurs
when the condition B < k, is satisfied, or, dividing both sides by k,, that can be written as
B/ko < ks/kq (2-3)
Truly, when leakage occurs, the wavenumber of the guided mode becomes complex S — ja,

where « is the attenuation constant. Eqg. (2.2) is no longer exactly correct, but it is still a
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good approximation.

We observe from the dispersion curves for a CPW in Fig. 2.3 that Eq. (2.3) is satisfied
when frequency f is greater than the critical frequency f. at which the two curves cross in Fig.
2.3 [7]. All of the uniplanar lines will leak power above some critical frequency. The power
will radiate away in the lateral direction at an angle that varies with frequency, and the
leakage rate is also frequency-sensitive. The manner in which the dominant mode becomes
leaky, and the critical frequency at which this occurs, are quite different for each of the
guiding structure. For example, the dominant mode of conductor-backed coplanar waveguide
(CBCPW, see Fig. 2.4) is leaky at all frequency as shown in Fig. 2.5. Nevertheless, the
fundamental physical idea for all various planar transmission line structures can be made easy

with the illustration shown in Fig. 2.2.

(1) bound = (11) leaks
20 == '
g I S N VO S|
E IR i ks/ko
15 4 | i
' <
: ./
' ”
14 4 2 B/ ko
7
7 H
12 H
“ / :
o '
o '
1 10~¢-—-‘-:: —————— E __________
08 T T f‘Ci T
10 20 0 &0 50 60

Frequency(GHz)

Fig. 2.3 A typical dispersion plot for a CPW. For f > f, the

mode becomes leaky, in accordance with Eq. (2.3).



149 ,U/ko

— beta/k0
- - o o ks/0

Frequency(GHz)
Fig. 2.4 Conductor-backed coplanar  Fig. 2.5 Dispersion curves of the normalized phase

waveguide structure. constant of the surface-wave leaky mode for a CBCPW.

Fig. 2.6 depicts the structure of a conductor-backed slotline (CBSL), the effective
dielectric constant, &, of the slotline is between ¢, and 1, where k. = ko\/e, > f =
kO\/.g_e; > ko [8]. The characteristic parallel-plate propagation constant, k. = ky/e,, is
unconditionally greater than £, which results in an unconditional leakage effect, independent
of frequency or parallel-plate thickness. We see the top view of a CBSL as shown in Fig. 2.7,
the point a and b receive the characteristic waves originating respectively from the points

a’ and b’ along the slot, where 8 = cos™1(8/k,). When the slotline is lossy because of the

" z

y N

A

N

al
I
“—> y 10

9 h

&

r il Z \?b,/
|

x<—T !

|
Fig. 2.6 Conductor-backed slotline structure. Fig. 2.7 The amplitude decays in the z direction

(b’ > a’) due to leakage loss, but in the x direction at a

given z, the amplitude increases exponentially (b > a).
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leakage effect, the electric field on the slotline has an exponential decay along the propagation
direction, resulting in a larger value at b’ than at a’. Hence, the field magnitude at b tends to
be larger than that at a, which explains an increasing trend of the electric field in the
transverse direction.
2.1.2 Space-Wave Leaky Mode

Let us consider the microstrip line (see Fig. 2.8) as an example, of which the cross
section is shown in Fig. 2.9. With similar discussion to explain the condition of surface wave
leakage, the radiation condition into space wave is given, in.good approximation, by S < k,,
or, dividing both sides by k,, that can be expressed as

B/ky <1 (2-4)

On the other hand, the relation k¢ > k, is always held, so that the leakage condition into
surface wave k¢ > B is always satisfied, this new mode leaks power in the forms of both the
surface wave propagating on substrate and space wave radiating into space. Therefore, this
mode is physical in the fast-wave (8 = w/v, <ky) region, and we call it here the
space-wave leaky mode that corresponds to radiation at an angle 6 = cos™*(8/k,) (This
again is not rigorously true for complex g — ja, but provides a fairly good approximation),

the value of this angle changing with the frequency.

y
A
iy ko
y ky = k§ — B*
B
— -1
LZ 0 :ﬁ 0 = cos k_o
&r &r
Fig. 2.8 Microstrip line structure. Fig. 2.9 Cross section of a microstrip line.



Also, with similar discussion to explain the exponential growth of the electric field in the
transverse direction for the surface wave leakage case, one can explain in this case a
nondecaying field in the normal direction (b > a) (see Fig. 2.10) for the space wave leakage.
Interestingly, any forward wave that decays in the longitudinal direction due to leakage loss
must increase exponentially in the surrounding air region. The leaky wave is often described

as being "improper" or "nonspectral”, meaning exponentially increasing in the air region [9].

Fig. 2.10 Radiation leakage in a microstrip

line at the air-substrate interface.

2.2 MODE DISTINCTION
After our previous discussions, we will follow the classification by Lin in [10], [11] to

divide the frequency range into the following four regions:

1. B<ky a>p (large a)--=-==---- reactive cutoff region.

2. B<ky B>a (smal a)---------- surface wave and space wave leakage region.
3. k¢ >p > kg, (small a) ------------- surface wave leakage region.

4. B> ks, a =0 -----mmmmmmmmmmmeeeo bound mode region.

In the radiation region (8 < k) with a larger attenuation constant is reactive and below cutoff,
and has a different mode nature from that with a smaller attenuation constant. Therefore, this
radiation-frequency region can further be divided into two regions with decreasing frequency:

the antenna-mode region (8 < k,, B > a) where most of the guided power leaks away in the
8



forms of space wave and surface wave, and the reactive cutoff region, where most of the
power is reflected back to the feed line, however, the propagation constant is still a complex
number with a small real part, B, and a large imaginary part, ja, indicating that the mode is
not strictly cutoff, but a very small portion of energy still propagates down the transmission
line. In design of leaky-wave antennas, this distinction of mode nature in the radiation region
Is essential since the antenna efficiency is low in the reactive-mode region. We can simply
define the lower frequency edge (f;) and the upper frequency edge (fy) of the usable
frequency range for the leaky wave antenna:
B = alfi) (2-5)
B(fu) = ko (2-6)
Fig. 2.11 shows the normalized propagation constant for the first higher-order mode of
microstrip line as an example. For this case (w = 15 mm, h = 0.508 mm, &, = 3.55), the

usable frequency range for the leaky wave antenna is approximately 5.1 to 6.1 GHz.

=

M
)
)
)
)
|
)
=

2
&

=]
=3
&

Normalized Propagation Constant

4.0 4.5 5. 5.5 6.0 6.5

Frequency (GHz)
Fig. 2.11 Behavior of the normalized phase constant /k, and the attenuation constant

a/k, as a function of frequency for the first higher-order mode of the microstrip line.
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Chapter 3

Analysis and Numerical Results

Planar transmission line analysis in the Fourier transform domain (or spectral domain) is
superior to many numerical methods in the spatial domain. The spectral domain approach
(SDA) was presented by Itoh and Mittra [12], this method is basically a modification of
Galerkin’s approach adapted for application in the Fourier transform domain, or spectral
domain (In SDA, Galerkin’s method is used to yield a homogeneous system of equations to
determine the propagation. constant). The Fourier transform is taken along the direction
parallel to the substrate and perpendicular to the strip. The main reason the SDA is
numerically efficient is that it requires a significant analytical preprocessing. This feature in
turn imposes a certain restriction on the applicability of the method. One of the limitations is
that SDA requires infinitesimal thickness for the strip conductor. It is also difficult to treat the
structure with a strip having finite conductivity. No discontinuity in the substrate in the
sideward direction is allowed. In spite of these limitations, however, SDA is one of the most
popular and widely used numerical techniques.

In this chapter, the general approach (field approach) is described [13].

3.1 SPACE DOMAIN TO SPECTRAL DOMAIN

Before the detailed formulation process is presented, let us compare the types of
equations obtained by the SDA and those obtained by a typical space domain formulation [13].
Fig. 3.1 shows a shielded microstrip line with its cross-sectional view as an example. In
conventional space domain analysis, the structure can be analyzed by first formulating the

following coupled homogeneous integral equations.
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Fig. 3.1 Corss-sectional view of a shielded microstrip line.

The equations will then be solved for the unknown propagation constant .

[[2., =% y)3, () + Z,, (x =x", ), (x)] dx' = E, () (3-1)

[[Z,, =X 3, (x) + Z (x =x,9)3, (x) ] dx "= E, () (3-1b)
Where E, and E, are unknown electric fields on the boundary at y = d +¢, J, and J,

are the longitudinal and transverse current components on the strip (y =d +t), and the

spatial Green’s functions (Z,,, Z,., Z,, Z,)are functions of (. The integration is over the

2z ¥ X Xz !

strip where E,(X) and E,(x) are zero, as the strip i1s perfectly conducting. The left-hand

sides of the equations are therefore required to be zero on the strip. These equations can be

solved if Z,,, Z,,, Z,, and Z_ are given. As we will see shortly, the following algebraic

z ! X1 Xz

equations, instead of the coupled integral equations, are obtained in the spectral domain

formulation. These equations are Fourier transforms of the coupled integral equations.

Z,, (ke d +0)3, (k) + Z, (k. d +1), (k,) = E, (K, d +1) (3-2a)

Z,q (ke d +1)J, (k) + Z (ke d +1) T, (k) = Ec (K, d +1) (3-2b)

Where quantities with tildes (7) are Fourier transforms of corresponding quantities.
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The Fourier and inverse Fourier transform are defined as

(k)= j:@(x) e¥xdyx (3-33)

D(x)= 1 [~ d(k,) e dk, (3-3b)
2m I

The right-hand side of Egs. (3-2) is no longer zero because the Fourier transform requires
integration over all X, not only over the strip. The equations contain four unknowns J,, J

X!

E,, E, with unknown B. E, and E,, however, will be eliminated in the solution process

z!

based on the Galerkin procedure.

3.2 SDA ON SINGLE-CONDUCTOR STRIP STRUCTURE
3.2.1 Field Approach
Z,,Z

In_this section, the Green’s-impedance functions Z Z,. will be derived

2785 X ! Xz 1

for the single-conductor strip structure in Fig. 3.2. Only one perfect conducting and infinitely
thin strip.is located at the interface between a semi-infinite air layer and an isotropic lossless
substrate, with a dielectric constant of &, and a thickness of h. This structure is assumed to
be uniform and infinite in both x- and z-directions. First, the hybrid fields are expressed in
terms of Superposition of TE-to-y and TM-to-y expressions [14] with scalar potentials 7°

and " as follows:

€ Region 1
w
-— >
y=~h
h &-& y Region 2
- t o
o Region 3

Fig. 3.2(a) Single-conductor strip structure. Fig. 3.2(b) Cross-sectional view of a single-conductor

strip structure.
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Where ¢ is permittivity, p is permeability, the time convention e/“¢ is implied, and the z
dependence e~/*z% is assumed. Each field quantity in (3-4) is a Fourier transform of a
corresponding quantity in the space domain (see Appendix A). The Fourier-transformed

Helmholtz equation is expressed as. (see Appendix A)
82
(—kf'Fy—kf]V;"'kzlﬁ:O (3‘5)
The solution for this homogeneous differential equation is described in the form of

w =c coshyy+c,sinhyy, 7°=k>+k’—k’ (3-6)

with appropriate coefficients ¢; and c,. When the boundary conditions at y =0, y =h

and y — +oo are satisfied, the scalar potentials in each region are given as follows:

Region 1:
gy = Ae 0 g = Alg D (3-7)
Region 2:
w,=BSinh,y+ C° cogh (3-8)
ws=Btoshy+ C"simf
Region 3:
7 =D ) =D'e” (3-9)
where each subscript refers to the corresponding region and A°, A", ..., D" are unknown
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coefficients. y is the propagation constant in the y-direction and may be written as y = jk,,.

Solution of (3-7)—(3-9) into (3-4) yields the field expressions in the three regions:

EXl — ij}/ylAee-n(y-h) _ jkz AN (y-h)

E,, =—ik,7,,(B° coshy,y +C*sinhy,y)— jk,(B" cosh y,y +C"sinh y,y)
E,; =—Jk7,;D%€" — jk,D"e""*

~ 1 e~-7 (Y-

Ey1=7(7/12+k12)Aell(y "

Y1

~ 1 € i e

Eyz:y_(722+k22)(8 sinh 7,y +C* cosh 7,Y)
2

~ 1, ., 2\ ent7ay

Ey3 :A_(ys +k3 )D €

3

Ezl — ij]/ylAee'yl(y_h) + ijAhe-n(y-h)

E,= — jKy7y2 (B cosh y,y +Csinh,y) + jk (B" coshy,y+C"sinhy,y)
E,s = -k, 7,sD%" + jk D"e*
|_~|X1 L= jszee-n(y-h) + ij],ZlAhe-n(y—h)

H,, = jk;(B®sinh y,y +C® cosh ,y) — jk, 7,,(B"sinh 7,y + C"cosh y,y)
H,, =ijkDfe™ — jk y,,D"e’7

I

R Y

1

~ 1 :

H,, = 2_(722 +k,“)(B" cosh 7,y + C"sinh 7, y)
2

Hys :%(732 +k;*)D"e
3

I

L= _jkx Aee-n(y-h) + jkzynAhe-h(y—h)
H,, =—jk, (B®sinhy,y+C®coshy,y)— jK,7,,(B"sinhy,y+C" cosh y,y)
H,, = jk D% — jk,y,,D"e"™

7i2:kxi2+kzi2_ki ? yyi:@ yzi:é i
Yi Z;

(3-10)

where each subscript refers to the corresponding region. The unknown coefficients A°,

A"...., D" are eliminated by imposing the boundary conditions at each interface. The

boundary conditions in the spectral domain are obtained as the Fourier transforms of those in

the space domain. In space domain, the boundary conditions are written as follows,

14



At y=h:

E,=E, forallx
E,=E,, forallx
J,(x) X<w/2
Hie =Hy = {0 Xl<w/2
=Ju(X)  [X<w/2
Hip=Ha = {o X<w/2
At y =0:
E,=E; forallx
E,,=E,; forallx
H,,=H, forallx
H,,=H,, forallx

where J (x) and J,(x) are the unknown surface current distributions on the strip at y = h.

Notice these quantities need to-be-introduced so that the boundary conditions are specified for

the entire range of x. Otherwise; it is not possible to take Fourier transforms. In the spectral

domain, the boundary conditions are now given by the following equations.

At y = h:

At y =0:

(3-11)

(3-12)

where J,(k,) and J (k) are Fourier transforms of unknown surface current components

J,(x) and J,(X) onthestripat y = h.
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Finally, the algebraic equations are derived in matrix from as follows:

[E]-[6., ][] = [EH? iH” (3-13)

X

. 1 ~ ~

Zzz =W(kzzze+kfzh) (3'14)
~ —kk - ~

sz = kz _;ikzz (Ze _Zh) (3-15)
Z, (3-16)
Z, (3-17)
Z, (3-18)
Z = (3-19)
702 e

Y=

}/yO =

The derivation of these formulations is detailed in Appendix B oted that there is

one more set of boundary conditions not used up to this N

E,-E =0 fo (3-20)

pace domain, it is

This set of conditions is incorporated in the solution process as we will see below.
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3.2.2 Choice of Basis Functions

In order to solve (3-13), the unknown jz and jx should be expanded by known basis

functions J, and J

xm

mjzm (kx)

e
m (3-21)

J,
jX dmjxm (kx)

Where ¢, and d_ are unknown coefficients. These approximations are assumed that J,

and jx have known forms, and the only unknowns in their representation are the amplitude

coefficients ¢, and d,. The basis functions must be chosen to correspond to the odd or

even symmetry of the currents for the mode of interest. The current is nonzero only on the

strip. Therefore, the basis functions J, (k,) and J.. (k) must also be chosen such that

their inverse Fourier transforms are nonzero only on the strip |x| <Ww/2. The accuracy of the

numerical results can be increased by selecting higher values of M and N, but it is relatively
low efficiency because of taking more time during numerical computation. It means that the
accuracy and efficiency depend on the numbers of basis functions. As shown in Fig. 3.3, due

to the structural symmetry, a virtual perfect electric wall is placed at the center of the single

Fig. 3.3 Cross-sectional view of a single-conductor strip structure. A virtual perfect

electric wall is placed at the center of this structure for the first higher-order mode.
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conductor strip structure for the first higher-order mode, so odd basis functions for J, and

even basis functions for J, are chosen [6]. Here, the following set of basis functions is
employed [13]:

_sin[(2m-1)zx/w]

I (x)=  m=12,.. N 3-22
m(X) ) m (3-22)
3 (%)= coslGme ¥/l oo M (3-23)

J=@xiw?

Note that the definitions given above are only over the strip |x| <w/2 and the functions are

zero elsewhere. The functions in (3-22) incorporate the correct edge singularity. The shapes of
the first three functions are shown.in Fig. 3.4. The Fourier transforms of (3-22) and (3-23) are

(see Appendix C for derivations)

jzm (kx) :ﬂ.\l 3, wk, +(2m-1n o wk, —(2m-1x (3-24)
4j | 2 4

5 (k ):M ] wk, +(2m-1n L3 WK, — (2m-1)n (3-25)
Xm X 4 I 0 2 0 2

X (mm)

Fig. 3.4 Shapes of basis functions
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3.2.3 Method of Solution

In this section, an efficient method for solving (3-13) is presented. It is noted that the two

equations in (3-13) contain four unknowns J,, J, E, and E,. The latter two unknowns

) X!

EZ and EX, however, can be eliminated by applying Galerkin’s method in the spectral
domain [12], [13]. The first step is to expand the unknown jz and J~X in terms of known
basis functions J, and.J_ as shown in (3-21). After substituting (3-21) into (3-13), one
takes the inner products of the resultant equations with the known basis functions J (k)

J, (k) respectively, for different values of k and I. This process yields the matrix equation

jk [JszZZZCszm +JszZXdeJxm}dkx =0, k=123..N (3-26a)
3 m=1 m=1
~ ~ N ~ ~ ~ M ~
) {JHZXZZCszm +JX,ZXXdeJxm}de =0, 1=1,2,3.M (3-26b)
X m=1 m=1

The right hand sides of (3-26) are zero by virtue of Parseval’s theorem, because the currents

J,(x), J,(x) and the field components E,(x,h), E,(x h) are nonzero in the

complementary regions of x. For instance, if the inner product of E, on the left-hand side of
(3-13)and J, (k) istaken, one obtains

[ T (B ()dk, =2r [ I, (E,,(-X)dx =0

In the above, J, (X) is zero outside the strip and E, (x) is zero on the strip, thereby the
integrand J,, (X)E,;(—x) vanishes for any value of x. Therefore, the final boundary condition

(3-20) is now used.
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Equations (3-26) will be expressed in matrix form as follows

where

M
Koo, +> K&2d, =0, k=12,..,N
m=1

M= 21

M
K|(n31)cm +Z K|(n2{2)dm =0, 1=12,..,.M

m=1

I
=

m

K&y — fw J k)Z,, (k. k), (k)dk,

K& f: T k)Z, (k k). (k) dk,

K@D f; T (k)Z ,(ky, k)T, (k) dk,

K@ - [‘; Ju(k)Z,, (K, k)T (k) dk,

(3-27a)

(3-27b)

(3-28)

(3-29)

(3-30)

(3-31)

For example, if one basis function for J, “and two basis functions for J, are assumed, the

matrix form of (3-27) with N=1 and M=2 becomes

J.k ~le~zz ~zl Ikx jzlzzx ~x1 J.kx ~zlzzx ~x2 i C1
jxlzxz jzl ka jxlzxx jxl '[kx ~le~xx ~x2 d1
ij ~xz ~zl Ik ~x2 ~xx‘]~><1 -[k ~x2 ~xx ~x2_ d2

(3-32)

In order that c, and d_, have nontrivial solutions, the determinant of the matrix must be

zero, and it is calculated with an assumed value of k,. Then, by applying a root-seeking

process, the true value of Kk, is obtained at each frequency.
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3.2.4 Discussion of Integration Contours
The main feature of interest in the spectral-domain analysis is the appropriate path of
integration used to compute the matrix elements listed in (3-28)-(3-31) from which the

propagation constant k, of a specific wave mode is to be found. Since the path is an open
contour in the k, plane, from —oo to +oo, different solutions for k, are possible
depending upon the choice of the integration contour. The conventional path, which lies along
the real axis in the complex  k, -plane (contour C, of Fig. 3.5), yields the solution for the
proper (bound) mode. The other two paths C, and C, in Fig. 3.5 are used to obtain
leaky-mode solutions [15]. The absence of a ground plane allows the TM, and the TE,
surface-wave modes to exist in-the single-conductor strip structure [6]. Because both of the

TMy and the TEy surface-wave modes exist for a dielectric slab structure (see Appendix D), so

two proper surface-wave poles of k,, , and k., .. are present in the Kk, plane. As seen

in Fig. 3.5, the path C, detours around the poles of the integrand in the k, plane that

correspond to the TMy and the TE, surface-wave modes of the dielectric slab structure, and

lies entirely on the top Riemann sheet of the k, plane, which is the proper sheet for the

vertical wavenumber k, [16]. This path is used to obtain the solution for a leaky mode that

has leakage into only the TM, and the TE, surface waves [8]. In order to yield the solution for

a leaky mode that energy leaks into both the space wave and the surface wave, the path C, is
utilized. This path lies partly on the improper sheet of the k, ~plane in the region between the

branch cuts and includes both proper surface-wave poles for the TM; and the TE, modes [6].
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Im(k
( X)
Top proper sheet

Im(k ;) <0

Bottom improper sheet

Bottom improper sheet

Im(k, ) >0

>< - proper surface wave poles
(TMo, TEo)
:-branch point
MWWWW ' branch cut
——> ! integral path

Top proper sheet

Im(K 4)<0

Fig. 3.5 Integral paths of the inverse Fourier transform onthe k, plane.

For the first higher-order leaky mode of a single conductor strip structure:

1) propagation constant k, =/f- ja (3-33)
2) kyozi,‘/kj—kf—kf, (proper sheet "—", improper sheet "+") (3-34)
3) branch points (k, =0): ke =4[k —K? (3-35)

These branch points define a two-sheeted Riemann surface in the k, plane. Using the

Sommerfeld choice  for  defining the  corresponding branch cuts,
22



Im(k,,) = Imm =0, the two sheets correspond to the vertical wavenumver
k,, being proper (imaginary part negative) and improper (imaginary part positive). The
derivation is detailed in Appendix E.

4) TMo poles: Ky, =%fkZny, —k2 (3-36)
where k; r is the wavenumber associated with the TMo surface wave mode of the
dielectric slab structure.

5) TEo poles: k, re =#[k2r, —k2 (3-37)
where kg . is the wavenumber-associated with the TE, surface wave mode of the

dielectric slab structure.

For the integration of the products in Egs. (3-28)-(3-31), the Green’s functions meet

poles along the k, integral path. These poles are encountered when the denominator of Ze

or Z, isequal to zero. The zeros of the denominators of Z, and Z, correspond to the odd

TM and odd TE surface wave modes in the dielectric slab waveguide, respectively. That is,

the zeros of the denominators of Ze and Z, give the phase constant of the surface waves
(krm, and k¢ ) existing in the dielectric slab waveguide. Substituting k; ;, into Eq.
(3-36) and k¢, into Eq. (3-37), we obtain the locations of the TMo and TE, surface wave
poles (k,, rv, and Kk, ¢ ) in the complex k, plane. By further deforming the path C, in

Fig. 3.6, we obtain a simple contour C, that encloses tk ., and xk, . in the residue

sense. This means that the integrands of Egs. (3-28)-(3-31) involve four residual contributions

which correspond physically to excitation of the TMy and TE, surface waves; therefore we
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can rearrange each of them as the quotient form as follows:

5k )7 (k) (k)= P& 3-38
(k)Z(k)JI (k) ak) (3-38)

where p and g are both analytic at surface wave poles k

and p(k,)=#0, ack,)=0,

xp !

q'(k,,) = 0. It can be shown that the residue is

Res p(kx) .4 p(kXP)
k=Kyp q(kx) q,(kxp)

(3-39)

Thus, the spectral integrals need to be evaluated along C; and can be simplified to

Re(-ky) Re(ky, ) k

J‘_T’kxb) (.) dkx S J‘;‘(*_bkm) (') dk" i J—kxb (.) dkx T IRe(—kxb)

(+) dk, + |

xb
Re(kxb)

(+) dk,

improper sheet

Re(ky,) o .
+ jkm () dk, + [ NROL Jzn[Res ()i, . = RES (), +Res () . _ —Res(), }

(3-40)
where () is the integrand of Egs. (3-28)-(3-31).

Im(k,)
A
Top proper sheet

Im(k ) <0

Bottom improper sheet

Im(kyo) >0

Bottom improper sheet

Im(x,,)>0

: proper surface wave poles
(TMy, TEq)
:branch pdint

MWW : branch cut
— :integral path

Fig. 3.6 Integral paths of the inverse Fourier transform on the k, plane.

Top proper sheet
Im(k ) <0
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3.2.5 Numerical Results

Fig. 3.7 plots the normalized phase constant g/k, and the normalized attention
constant «/k, against the frequency of the first higher order mode of the single conductor
strip structure with &,. = 3.55 and h = 0.508 mm for different strip widths. Because of the
resonance of the transverse currents, the leaky region obviously shifts to a higher frequency

for a narrow strip. Also, a narrow strip increases the attention constant.

w=30mm g/k,
w=30mm a/kg
——————— w=40mm pg/k,
——————— w=40mm a/k,

— e B/ko =1

1.2

1.0 -

0.8 -

04 -

02

Normalized Propagation Constant
=
(=
I

0.0 | | | ] | |

Frequency (GHz)

Fig. 3.7 Behavior of the normalized phase constants and the normalized attenuation
constants as a function of frequencies for the first higher order mode of the single

conductor strip structure with &, = 3.55 and h = 0.508 mm for different strip widths.
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Fig. 3.8 plots the normalized phase constant A/k, and the normalized attention
constant a/k, against the frequency of the first higher order mode of the single conductor
strip structure with w = 40 mm and h = 0.508 mm for different dielectric constants. A
substrate with a high dielectric constant will rapidly increase the normalized phase constant.

Increasing the dielectric constant of the substrate also increase the attenuation constant.

12
)=
2 \
: 10 - T. ........ -_--—-_--:__-'_flnl-—-l—iln
(=] ™
@) \
= L
S 08 N\ | mmmaa. e, =355 B/k,
b=~ A T A [ & =3.55 a/kg
%.IJ ST = 615 ﬁ/ko
(=5 0.6 - & = 6.15 a/ko
E — e e e ﬁ/ko =1
o
= 04
N
— ~
ﬂ Sy,
g 02t TN -
- -
z o
0.0 ' ' ' ' :
1 2 3 4 5 6 7
Frequency (GHz)

Fig. 3.8 Behavior of the normalized phase constants and the normalized attenuation
constants as a function of frequencies for the first higher order mode of the single conductor

strip structure with w = 40 mm and h = 0.508 mm for different dielectric constants.
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Fig. 3.9 plots the normalized phase constant A/k, and the normalized attention
constant a/k, against the frequency of the first higher order mode of the single conductor
strip structure with w = 40 mm and ¢, = 3.55 for different substrate thicknesses. When
the thickness of the substrate increases, the normalized phase constant increases, since the
effective strip width is reduced by the fringing effect. The attenuation constant of a thin
substrate is less than that of a thick substrate. Most of the energy is focused under the strip
when the dielectric constant is high or the substrate Is thick. The energy leaks out to the air

more easily if the thickness or the dielectric constant of the substrate is lower or smaller.

1.2

08 - N\ | o_____. h=0.508 mm B/k,

_______ h =0.508 mm a/k,
h =0.813mm p/k,
h=0.813mm a/k,

........ B/ko =1

04

s
-"-.,._
_—
—

Normalized Propagation Constant
o
(o))
I

0.0 | | | | |
1 2 3 4 5 6 7

Frequency (GHz)

Fig. 3.9 Behavior of the normalized phase constants and the normalized attenuation

constants as a function of frequencies for the first higher order mode of the single conductor

strip structure with w = 40 mm and &, = 3.55 for different substrate thicknesses.
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Chapter 4

Antenna Design, Simulation and Measurement

Broadband, high gain, and frequency-scanning are the main features of leaky wave
antennas [9]. In some applications, such as point-to-point communication, the
frequency-scanning characteristic is undesired. In this chapter, we use a single-conductor strip
leaky wave antenna, which is proposed in [6]. Unlike other leaky-wave antennas, whose main
beam changes according to frequency, the single-conductor strip leaky-wave antenna has a
fixed main beam in the end-fire direction over a broadband region. Compared to the resonant
antennas such as microstrip patch-antenna and dipole antenna, whose radiation patterns are in
the broadside direction, the pattern feature of single-conductor strip leaky-wave antenna is
useful in _some applications that require a main beam in the end-fire direction. Finally, to
alleviate the problem of a large back lobe [17], the feeding structure of the single-conductor
strip leaky-wave antenna is modified with two broadband planar baluns [18]. The simulated

and measured results are also presented in this chapter.

4.1 DESIGN OF SINGLE-CONDUCTOR  STRIP LEAKY-WAVE
ANTENNA
4.1.1 Broadband Planar Feeding Structure

As described above, the single-conductor strip structure has only a single-conductor strip
on a substrate without a practical ground plane. For the first higher-order leaky mode in this
structure, an infinite virtual PEC boundary is assumed at the center of the strip, in which the
longitudinal currents are odd-symmetric and the transverse currents are even-symmetric with
respect to the center [6]. As shown in Fig. 4.1, these current distributions help us design an

appropriate feeding structure which generates two out-of-phase currents to feed this
28



<—— PEC symmetry plane

Z
< AW
£
o Y 4 <
_T+ No ground
!

To excite the first-higher-order leaky mode

Fig. 4.1 An appropriate feeding structure which generates two
out-of-phase currents is used to feed the single-conductor strip

structure and thus excites the first higher order leaky mode.

single-conductor strip structure and thus excites the first higher order leaky mode. As shown
in Fig. 4.2, a broadband planar feeding structure which consists of a conventional microstrip
line ~ a microstrip-to-balanced-microstrip-line transition - a balanced-microstrip-line T-junction
power divider and one set of the balanced microstrip lines is changed to form the inverted
balanced microstrip lines i1s developed for the first higher-order leaky mode of the
single-conductor strip line [6]. As shown in Fig. 4.3, gradually tapering the ground plane to a
width equal to the strip width w makes conventional microstrip line a balanced microstrip line,
with a strip of positive voltage on the upper side of the substrate and a strip of negative

voltage on the lower side of the substrate.
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Inverter

(I an - oooany Loav)

Fig. 4.2(a) Diagram ite@e first higher

bal e
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original gra > s stru sts 1) a

conventiona i alance ip-li ansition;

(111 a balanced-microstrip-line T-junction power divider and one set of the

balanced microstrip lines is C 1ged to form the Inverted balanced crostrip lines.

=

Fig. 4.2(b) The strip of the balun Fig. 4.2(c) The strip of the balun

on the upper side of the substrate.30 on the lower side of the substrate.
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[ | |$w  Top layer strip
|

'W Bottom layer strip

he strip

Fig. 4.3(b) Cross-sectional view of a balanced microstrip line,

with a strip of positive voltage on the upper side of the substrate

and a strip of negative voltage on the lower side of the substrate.
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The position of the positive strip on the upper side of the substrate of the inverted balanced
microstrip line structure is exchanged with that of the negative strip on the lower side of the
substrate after a microstrip phase inverter illustrated in Fig. 4.4(a). As shown in Fig. 4.4(b),
each of these positive and negative strips (stripl and strip2) is terminated with a chamfered
right-angled bend in an opposite direction, and each of the subsequent strips (strip3 and strip4)
is also headed with a chamfered right-angle bend but in the other direction. A slanted gap
separates two strips on the same side of the substrate. The bent stubs [, and l4, on the
upper and lower sides of the substrate, respectively, can be used to compensate for the
reactance induced by the via holes and the slanted gaps, and may have different lengths. The
positive strip on the upper substrate is connected vertically through a cylindrical via to the
subsequent strip on the lower side of the substrate. The negative strip on the lower side is
similarly connected to the subsequent strip on the upper side. Hence, the positions of the
positive and negative strips alternate as shown in Fig. 4.4(c). The details of the design method

for such a microstrip phase inverter structure are presented in [19].

_via

/
O

Fig. 4.4(a) Top view of the inverted balanced microstrip line.
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Fig. 4.4(c) Signal flow graph of the inverted balanced microstrip line.
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Using a balanced-microstrip-line T-junction power divider with inverted balanced microstrip
lines substituted for balanced microstrip lines in one of the two output ports, two pairs of

broadband planar baluns can be formed as shown in Fig 4.5.

Fig. 4.5 Two pairs of the broadband planar baluns on the upper and

lower substrate sides, respectively.

The balun on the lower side of the substrate produces a disturbed radiation because no
background metal plane is located beneath the single-conductor strip structure. Fig. 4.2(a)
depicts a method for preventing such disturbed radiation pattern. The strips of the balun on
the lower side of the substrate are connected to each other and returned back to the original
ground plane of the microstrip line. Hence, only the balun on the upper side of the substrate
feeds the single-conductor strip and a closed metal loop is formed on the lower side of the
substrate. As shown in Fig. 4.2(c), on this closed metal loop, two semicircles beneath the two
feeding strips are etched out with diameters equal to the widths of the feeding strips,
respectively, to enhance the electrical field transition from feeding points to the

single-conductor strip.
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4.1.2 Performance of Single-Conductor Strip Leaky-Wave Antenna

Fig. 4.6 shows the geometry of the single-conductor strip leaky-wave antenna with a
strip width of w=325mm and a strip length of L=100mm, on a substrate with a
dielectric constant of & =3.55 and a thickness of h=0.508mm. The substrate used to
design this antenna is Rogers 4003. The geometry of the broadband feeding structure of this
antenna is shown in Fig. 4.7, and the S parameter magnitudes and phase difference of this
broadband feeding structure are plotted in Fig. 4.8(a) and Fig. 4.8(b), respectively. The return
loss is always below -10 dB from 3 GHz to 8 GHz and insertion losses are between -3.4 dB

and -3.8 dB over the frequency range of 5 GHz to 6 GHz. The phase imbalance is calculated

as 180" —| (8, )= £(Sy)|, and is shown to be less than 10" from 3 GHz to 8 GHz. Within

the frequency from 5 GHz to 6 GHz, the phase imbalance is lessthan 2" . Careful attention is
paid to the feeding points in the edge of strip to exploit the leaky-wave bandwidth as much as
possible. As shown in Fig. 4.6, the feeding points are offset from the edges by 8.075 mm. The

length of leaky-wave antenna is related to the attenuation constant a« and can be determined

—2al

by e“*= <0.01 (the inequality ignores dissipative losses in the structure). This design is call

for a 99% radiation efficiency [9].

z
y
53 mm W 110 mm R
X AT == .
b L =100 mm R
= = A
60 mm = w=32.5mm
e AP
8.075 mm v
v

Fig. 4.6 Geometry of the single-conductor strip leaky-wave antenna.
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Fig. 4.7(b) Top view of the broadband planar feeding structure.
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4.8(a) Simulated S-parameter magnitudes of the broadband planar feeding structure.

300 L Phase Difference (port2, port3)
=memmemaes 180 degrees
G e G R e _180 degrees
200 -
ﬁ ---------w------u
100 -
0 -
-100 -
-..-.o-..-..g-..-..-..-..-m
-200 -
300 I I I |
3 4 5 6 7 8
Frequency (GHz)

Fig. 4.8(b) Simulated phase difference of the broadband planar feeding structure.
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The propagation constant of the single-conductor strip leaky-wave antenna is decided by
the strip width w, the thickness h of the substrate, and the dielectric constant e.. Using the
SDA discussed previously, we obtain the normalized phase constant g and the normalized
attenuation constant a of the first higher-order leaky mode of the single-conductor strip
leaky-wave antenna, as shown in Fig. 4.9. For the leaky-wave antenna structure, the
space-wave radiation roughly starts at a frequency that the real power propagating starts to
exceed the imaginary power, and ends when S/k, > 1 [11]. Therefore, the radiation region
of this first higher-order leaky mode is from 2.8 GHz to 7 GHz. According to Fig. 4.9, the
value of the normalized phase constant ranges from 0.91 to 1 in the space-wave leaky region;
this means that the main beam of this antenna is fixed in the end-fire direction over a

broadband region.

1.4

Radiation region

) 2.8 GHz~7 GHz .
\\ ) >
10 — w..-..-..-..-..-..-—.w

12

\
\ B/kg
\\\ [ _ IR _NEY NN ﬁ/ko o 1
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0.4 ~ao
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&= 3.55 -

‘-
- .
w = 32.5mm .
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Normalized Propagation Constant

| | | |
4 5 6 7 8

Frequency (GHz)

Fig. 4.9 Normalized propagation constant of the single-conductor strip structure with a strip width

of w=32.5mm, a dielectric constant of &, =3.55, and a thickness of h=0.508mm.
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As shown in Fig. 4.10, the simulated return loss of this single-conductor strip leaky-wave

antenna is below -10 dB from 4.35 GHz to 6.85 GHz.

0
—— Su
-10 dB
-5
=)
)  435GHz-6.85 GHz
% 10 e . — — ‘———————— —— s S a—
]
o
[
=
ko
ﬂ & -15 -
20
| | | |
{L—rx 3 4 5 6 7 8
Frequency (GHz)

Fig. 4.10 Simulated return loss of the single-conductor strip leaky-wave antenna.

Fig. 4.11(a)-(h) present the simulated E-plane (x-y plane) and H-plane (y-z plane) radiation
patterns of this single-conductor strip leaky-wave antenna at 5.2 GHz, 5.4 GHz, 5.6 GHz, and
5.8 GHz, respectively. According to the simulated H-plane (y-z plane) radiation patterns, we
can see that the main beam of this antenna is always fixed in the end-fire direction as

expected.
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270

Fig. 4.11(a) Simulated E-plane (x-y plane) radiation pattern of the

single-conductor strip leaky-wave antenna with a gain of 6.24 dBi at 5.2 GHz.

180
Fig. 4.11(b) Simulated H-plane (y-z plane) radiation pattern

of the single-conductor strip A%aky-wave antenna at 5.2 GHz.
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270
Fig. 4.11(c) Simulated E-plane (x-y plane) radiation pattern of the

single-conductor strip leaky-wave antenna with a gain of 6.96 dBi at 5.4 GHz.
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Fig. 4.11(d) Simulated H-plane (y-z plane) radiation pattern

of the single-conductor stripé!rtlaaky-wave antenna at 5.4 GHz.



270
Fig. 4.11(e) Simulated E-plane (x-y plane) radiation pattern of the

single-conductor strip leaky-wave antenna with a gain of 7.23 dBi at 5.6 GHz.

180
Fig. 4.11(f) Simulated H-plane (y-z plane) radiation pattern

of the single-conductor strip !&aky-wave antenna at 5.6 GHz.



180

270
Fig. 4.11(g) Simulated E-plane (x-y plane) radiation pattern of the

single-conductor strip leaky-wave antenna with a gain of 7.51 dBi at 5.8 GHz.

180
Fig. 4.11(h) Simulated H-plane (y-z plane) radiation pattern

of the single-conductor strip If??ky-wave antenna at 5.8 GHz.



4.2 REDUCTION OF THE BACK LOBE
4.2.1 Consideration during Design Procedure

From the radiation patterns of our single-conductor strip leaky-wave antenna, we observe
that the back lobe is quite large. After analyzing the single-conductor strip leaky-wave
antenna, we conclude that the feeding structure of this antenna causes this undesired effect. As

shown in Fig. 4.12, one of the reasons why the feeding structure produces this undesired

radiation is the circumfluence fabrication of the feeding structure [17]. In order to alleviate

this undesired radi feeding structure, We broadband planar baluns

upside down and atta i ides e feeding structure,

respectively. Fig. 4.13 sh p leaky-wave

antenna
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. B574e+B08
. 5368e+B08
. 2147 e+E08
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Fig. 4.12 Surface current in the current returning paths in the ground plane.
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Fig. 4.13(b) Back view of the modified single-conductor strip leaky-wave antenna.
45



4.2.2 Broadband Planar Balun

When two microstrip-to-slotline transitions are connected back-to-back-as shown in Fig.
4.14(a), an additional 180" phase shift is introduced in the signal path [20]. This can be
explained qualitatively by considering the E-field distribution associated with the
microstrip-to-slotline transition. Referring to Fig. 4.14(b), we note that the electric field in the
input microstrip line (near the transition) is in the —y-direction. This produces a slotline wave
with the E-field in the x-direction. At the second transition an x-directed component of E will
cause the E-field in the output microstrip to lie in the y-direction. Thus, in addition to the
phase change introduced by the line length, the E-field direction changes from -y toy, which
amounts to an equivalent 180" phase change. This phase change is independent of frequency

(at least in a first-order analysis)-and can thus be used in wide-band circuits.

y
//_\\\ ( .r”,”._‘,$$E }
I ! - -
\_ _/ Microstrip T 7 X
[ i 3 i_ 4 b+—®<-—a | -——0
L 1 e — ﬂ Input
(I / | !
I . 7 IREE
L ] Microstrip! | | -Slotline %
' ISlotline \ ard X
. i o bl ? v
Microstrip | | [ % E: : z
P! e ! !
! 1\1 Output | : . ® |y
o/ ( _EWwE L,

Fig. 4.14(a) Two microstrip-to-slotline transitions connected back-to-back

for 180" phase change and (b) mechanism for 180 phase change.

Fig. 4.15 shows the geometry of the broadband planar balun [18]. The return loss is always
below -10 dB from 2.45 GHz to 5.85 GHz. The magnitude difference has a maximum 0.55 dB

of separation over the frequency range of 3 GHz to 6 GHz. The phase imbalance is calculated

as 180 —‘4(821)—4(831)‘, and is shown to be less than 10" from 4.2 GHz to 6 GHz.

46



19 mm

Fig. 4.15(b) Back view of the broadband planar balun.
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Fig. 4.16(a) Simulated S-parameter magnitudes of the broadband planar balun.
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Fig. 4.16(b) Simulated phase difference of the broadband planar balun.
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4.2.3 Comparison of Simulated Results Between Original and Modified
Single-Conductor Strip Leaky-Wave Antenna

Fig. 4.17 shows the comparison of the surface currents in the current returning paths in
the ground plane between the original and the modified single-conductor strip leaky-wave
antenna, a significant decrease of the surface current is observed. The comparison of the
simulated E-plane (x-y plane) radiation patterns between the original antenna and the
modified antenna from 5.2 GHz to 5.8 GHz is shown in Fig. 4.18(a)-(g). Table 4.1 shows the
simulated results of the gain and the back lobe values. Table 4.2 shows the simulated results
of the front-to-back ratio values, and the comparison between them are plotted in Fig. 4.19.

Simulated results show significant improvement of the front-to-back ratio of this antenna.
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Fig. 4.17 Comparison of the simulated surface currents in the current returning paths in the

ground plane between the original and the modified single-conductor strip leaky-wave
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Fig. 4.18(a) Comparison of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.2 GHz.
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Fig. 4.18(b) Comparison of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.3 GHz.
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Fig. 4.18(c) Comparison of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.4 GHz.
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Fig. 4.18(d) Comparison of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.5 GHz.
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Fig. 4.18(e) Comparison-of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.6 GHz.
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Fig. 4.18(f) Comparison of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.7 GHz.
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Fig. 4.18(g) Comparison of the simulated E-plane (x-y plane) radiation

patterns between the original and the modified single-conductor strip

leaky-wave antenna at 5.8 GHz.

Table 4.1 Simulated gain and the back lobe of the original and the modified

single-conductor strip leaky-wave antenna

Frequency (GHz) 5.2 5.3 54 55 5.6 5.7 5.8

Original antenna
6.24 6.67 6.89 L 7.28 7.31 7.58
gain (dBi)

Modified antenna
5.86 5.67 6.85 7.6 8 8.53 9.03
gain (dBi)

Original antenna
-6.67 -4.2 -3.12 | -2.66 -2.6 -3.29 | -4.16
back lobe (dBi)

Modified antenna
-8.38 | -12.63 | -15.93 | -27.94 -19 -10.6 -6.54
back lobe (dBi)
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Table 4.2 Simulated front-to-back ratio of the original and the modified

single-conductor strip leaky-wave antenna

Frequency (GHz) 5.2 5.3 54 55 5.6 5.7 5.8

Original antenna
1291 | 10.87 | 10.01 | 9.76. | 9.88 | 10.6 | 11.74
front-to-back ratio (dB)

Modified antenna
1424 | 18.3 | 22.78 | 35.54 27 19.13 | 15.57
front-to-back ratio (dB)

40

===  (Original antenna
Modified antenna

35

Front-to-back ratio (dB)

5.2 53 5.4 5.5 5.6 5.7 5.8
Frequency (GHz)
Fig. 4.19 Comparison of the simulated front-to-back ratio between the original

and the modified single-conductor strip leaky-wave antenna.
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4.2.4 Fabrication and Measurement of Modified Single-Conductor Strip Leaky-Wave
Antenna
Based on the design procedures in Sec. 4.1, 4.2.1, and 4.2.2, a modified single-conductor

strip leaky-wave antenna is designed and fabricated as shown in Fig. 4.20.

Fig. 4.20(b) Back view of the fabricated modified single-conductor strip leaky-wave antenna.
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Fig. 4.21 presents the measured and simulated return loss; the measured return loss of this

modified antenna is below -10 dB from 4.31 GHz to 6.85 GHz.

Measurement: 4.31~6.85 GHz
mmmememass  Simulation: 4.24~7 GHz
s S s _IOdB

—_
o

-20

Return Loss (dB)

=30 | | | |
3 4 5 6 7 8

Frequency (GHz)
Fig. 4.21 Meauured and simulated return loss of the modified single-conductor

strip leaky-wave antenna.

The comparison of the measured and simulated E-plane (x-y plane) radiation patterns from 5.2
GHz to 5.8 GHz is shown in Fig. 4.22(a)-(g). Table 4.3 shows the measured and simulated
results, including the antenna gain and the back lobe values. Table 4.4 shows the measured
and simulated results of the front-to-back ratio values, and the comparison between them are
plotted in Fig. 4.23. The measured results of this modified antenna are in good agreement

with the simulated results.
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Fig. 4.22(a) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor strip leaky-wave antenna at 5.2 GHz.
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Fig. 4.22(b) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor strée leaky-wave antenna at 5.3 GHz.
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Fig. 4.22(c) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor strip leaky-wave antenna at 5.4 GHz.
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Fig. 4.22(d) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor stgig leaky-wave antenna at 5.5 GHz.
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Fig. 4.22(e) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor strip leaky-wave antenna at 5.6 GHz.
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Fig. 4.22(f) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor strip leaky-wave antenna at 5.7 GHz.
59



300

240 120

Measurement

= e Simulation

180
Fig. 4.22(g) Meauured and simulated E-plane (x-y plane) radiation patterns

of the modified single-conductor strip leaky-wave antenna at 5.8 GHz.

Table 4.3 Measured and simulated results of the gain and the back lobe of the modified

single-conductor strip leaky-wave antenna

Frequency (GHz) 5.2 5.3 5.4 55 5.6 5.7 5.8

Simulated

5.86 5.67 6.85 7.6 8 8.53 9.03
gain (dBi)
Measured

6.77 4.95 6.48 7.68 7.94 8.57 9.13
gain (dBi)
Simulated

-8.38 | -12.63 | -15.93 | -27.94 -19 -10.6 | -6.54
back lobe (dBi)

Measured
-7.7 -11 -19.97 | -31.03 | -18.86 | -10.98 | -7.65
back lobe (dBi)
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Table 4.4 Measured and simulated front-to-back ratio of the modified single-conductor

strip leaky-wave antenna

Frequency (GHz) 5.2 5.3 54 55 5.6 5.7 5.8

Simulated
14.24 | 18.3 | 22.78 | 35.54 27 19.13 | 15.57
front-to-back ratio (dB)

Measured
14.47 | 15.95 | 26.45 | 38.71 | 26.8 | 19.55 | 16.78
front-to-back ratio (dB)

40
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25 -

Front-to-back ratio (dB)

Measurment

=maas Simualtion

10 | | | | |
5.2 53 54 5.5 5.6 5.7 5.8

Frequency (GHz)
Fig. 4.23 Comparison of the measured and simulated front-to-back ratio of the

modified single-conductor strip leaky-wave antenna.
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Chapter 5

Conclusion and Future Work

5.1 CONCLUSION

This thesis describes the propagation characteristics of the first higher-order leaky mode
of the single-conductor strip structure. Both surface wave modes TE, and TMy exist in the
single-conductor strip structure, so the behavior of the space-wave and surface-wave modes
differs from that of open transmission lines covered with ground planes, and so needs further
investigation. To alleviate the large back lobe of the single-conductor strip leaky-wave
antenna, the feeding structure of this antenna is modified with two broadband planar baluns.
The measured results of radiation patterns reveal significant improvement of the front-to-back

ratio of this antenna.

5.2 FUTURE WORK

In future work, there are still some topics that we can research. For the modified feeding
structure of the single-conductor strip leaky-wave antenna, one challenge is how to design a
wideband balun which has a smaller size. Another challenge is how to increase the bandwidth

of this modified leaky-wave antenna which has the front-to-back ratio more than 20 dB.
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APPENDIX A

Part 1:

Maxwell' equations: Lorentz condition (or gauge):
Vxl%:—jco? —‘M VeA=—jousp = ¢=-— ja),ugV.A
VxH = joD+J magnetic vector potential

potential

Duality prin

Electr

n

1) Ifonly J exists

B=uH,=VxA = |H,=2VxAl (-V-B=0=V:(VxA)
7

VxE,=-joB=-jo(VxA) = VX(EA+ ja)A):OEVX(—V¢)

= E,=-V¢-joA=> |E, =—joA- j—wig V(V-A)
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2) Ifonly M exists

e ——luxr H, = —jo F— 40— (7-6)‘!
& HE
3)If J and M both exist
R o 1o -
E=E,+E =—joA-j——V(V-A)-=VxF
ouE &
- s oo 1_ o NN g
H=H,+H, ==VxA- joF - ]—V(VsF)

Y7,

wue

It is possible to combine the scalar and vector potentials and the Lorentz condition and form a
single vector called the Hertz vector, from which all the field components can be derived. Let

us define the electric Hertz vector 7 such that

A= ¥, = V-A:y(Vol/?e):—ja)yg¢ = ¢:—_1 Ve,
joe
TMy :
A=A (XY,2)4, = 1V (X Y,2)4,
F=0
Let VY=jows , 2= jou , K=& uc
_ : I g AR
E,=—joA-j——V(V-A) and" H,==VxA
wus 7,
__j L O'A 10°Y, y oo L1OA _ oY,
" wue OXoy Y oxoy " u oz 0z
2 2
E =i | T skt |a =t 2 ke w, H, =0
oue \ oy y
£ jt 0°A 10°%, y _LOA oY,
’ oue 0yor Yy oyez “uox 0ox
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TEy:

F= Fy (X' Y, Z)éy = EfPh(X, Y, Z)éy
=0

podl

Let Y=jws , 2=jou , K’=o’ue

E =—1VxF and H, =—joF - j—V(V-F
&

_10F, _o¥,
e oz o1

Y. (X, Y, 2) =w,. (X, y)e—jkzz _FT g

oY
OX

e FT —jk \ii ’ a‘I’e ET _jk \i]
Y a z%e

LPh (X’ y' Z) = Wh(xi y)e_jkzz L)\ilh(kxv y’ Z) = Wh (kx! y)e_jkZZ

ov,
ox

T, kP, Th B g,
0z
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TMy + TEy F.T , neglecte /2

v
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APPENDIX B

Apply the boundary conditions to (3-10):
E,=E, aty=h

ik A — jk, A" =—jk,7,,(B° cosh y,h+C® sinh ,h) — jk, (B" cosh ,h +C" sinh y,h)

(B-1)
E,=E, aty=
i,y Ae ik Ale™ == sinh y,h)
(B-2)
E
(B-3)
E
—JK,7,,B"+ JKE ' (B-4)
5
jk, (B sinh y,h+C* ¢ ,,(B" sinh : jk,A° — jk, 7 A" =T, (K,)
(B-5)

H,-H,=-J (k) aty=h

— jk, (B®sinh y,h+C® cosh y,h) — jk.7,,(B" sinh y,h +C" cosh y,h) + jk, A® — jk y, A" =—-J (k)

(B-6)
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H.-H_,=0 aty=0
jkz De - jkxyzSDh = jsze - jkxyZZCh
H.-H,=0 aty=0

_jkxDe - jkzj/ZSDh = _jkae - jkzyzZCh

(B-7)

(B-8)

Multiply (B-1) by k, and (B-2) by k, -and add the resulting equations; then multiply (B-1)

by k, and (B-2) by k, ‘and subtract the latter from the former. Similar procedures are also

applied to (B-3) and (B-4). The results are

YA =—y,,Bcoshy,h—y ,C°sinh y,h
A" = B" cosh y,h+C" sinh ,h

j/yZBe =7/y3De

B"=D"

(B-9)

(B-10)

(B-11)

(B-12)

From (B-9)-(B-12), derive B%, B", C%, C" intermsof A°, A", D°, D", and substitute

them into Eqgs. (B-5)-(B-8) to obtain

—jk, [FLA° + PzaDe]_ jkx[R12Ah _Q23Dh] = jz
—Jk [F A° + PD° ]+ jkz[Rleh _QzaDh] = jx
jkz[Plee + anDe]_ jkx[_leAh + R23Dh] —0

ik, [P,A° +F,, D]+ jkz[_leAh + stDh] =0
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(B-14)

(B-15)

(B-16)



P ' S N < 4 H—

7,2 tanh y,h 7,2 tanhy,h

722 722

=——t—+4 Ryy=—"F*—+
Ri, tanh 7,h Va 23 tanh 7,h Vi3
2 y,sinhyh 2 y,sinhy,h

_ Y
Qe = Qs sinh y,h
Multiply (B-13) b ar l. ing equations; then multiply

(B-13) by k . a act the latter e . Similar procedures

are also app

—j(k? (B-17)
—ik (B-18)
J(k (B-19)
—ik (B-20)
From (B-
¢ (B-21)
h (B-22)
D*=— (k2+k T ——[Pk,J +PkJ, (B-23)
D" = jW[le . —Quk,J,] (B-24)
Where
I, =F,F,—P,P, r, =R ,R,~Q ,Q
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Substitute equations (B-21)-(B-24) into the next equations extracted from (3-10)

E,=E,(k,y=h)=jk, ;/ylA'“’+jkxAh

1 [k27’y123 kszzs]j_ 1 [kkz7y123 kxszZB]J (B-25)
(ki +k7)" T r, =" (ki+k) T L

e e

E,=E (k,y=h)= Ky A = K, A"

=— 1 [k kl}l)’l 23 kxszZS] 1 [kz}/yl 23 kzszs]j ( B-26 )
(k)f + kzz) 1_‘e F ( : + 2) 1_‘e 1_‘h "
When this process is complete obtain the relatio etween the Fourier transforms of
the electric fields and th nt distributions:

'

Substi
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APPENDIX C

ja _ 1 ey o nd,(alal), J,: zeroth-order Bessel function of the first kind

(0= cos[(2m-1)zx/ w]
J1-(2x/ w)?

m=12,..,M and |x<w/2

T (k) =] 3,0 (x)e

_IVZV cos[(2 m—1)7zx/w]ejkxxdx

A JI-2xtwy’

w w

=FW cos[(2m-1)zX/w] cos(k. x)dx+ JFW cos[(2m—1)zx /[ w]
= J1- (% w)? o 1= (@xwy

sin(k, x)dx

kw+(2m-Dz kw—(2m-1)z
1 coS ¥ X 1w cos ” X
dx+= (3, d
2°5

< Ej“! JLi=(@x/w)y? - (2x/w)

X

Sin{kxw+(2m—1)7rx Sin[kxw—(Zm—l)zz x}
d

_ilp i L 12 W,
JZI? JL—@x/ w)? XHZI”J JL-(@x ] w)? g
| kw+(2m-1) 7 4 | kyw—(2m-1)7 "
= EJ‘VZV de-i-l % udx
275 1wy 275 J1-(2x/wy?
t=2_x/wl l ej[kxw+(22m—l)7r}[ Wdt - ej[kxwf(sz—l)ﬁ} Wdt
B e A N e

el

The other basis functions can be obtained by similar procedure.
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APPENDIX D

First, we will assume that the waves propagate along a uniform guiding structure in the

+z direction with a propagation constant y =« + j£. For harmonic time dependence with an
angular frequency @, the dependence on z and t for all field components can be described by
the exponential factor e 7?e/t =gU™7?) — g el " sing a phasor representation in
equations relating field quantities we may replace partial derivatives with respect to t and z

simply by products with jo and —yz, respectively; the common factor e/ 7* can be

omitted. Then, let us examine the interrelationships among the six components in Cartesian

coordinates by expanding the two source-free (J =0, M =0) curl equations.

From V x E = — jouH FromVxH = jocE

= +yE, =—jouH,  (D-1a) a;yz +yH, = jocE, ~ (D-2a)

e, __ oM (D:1b) srp=lh: _ j,c8 [ (D)
OX OX

oE cH

—y—£=—ja),qu (D-1c) =z jocE, . (D-2c)

ox oy ox oy

Note that partial derivatives with respect to z have been replaced by multiplications by

(—;/). All the component field quantities in the equations above are phasors that depend only

on x and y, the common e™* factor for z-dependence having been omitted. By manipulating

these equations we can express the transverse field components H,, H ,E,, and E  in

terms of the two longitudinal components E, and H,.
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Then we have

where

0o
=

KZ=K?+?

(D-3)

(D-4)

(D-5)

(D-6)

(D-7)

Typically the cross section of the dielectric slab waveguide would be rectangular with

height h. To simplify the analysis of this structure, we reduce the problem to a

two-dimensional one (its length in the X-direction is infinite) so that d/éx=0. We also

assume that the dielectric Is lossless and that waves propagate in the +z-direction, and the

structure 1s infinite in that direction. Let &, =s.¢, and x, be the permittivity and

permeability, respectively, of the dielectric slab, which is situated in free space (g,, 4,). The

behavior of TM and TE modes will now be analyzed separately.

€0y Mo

Even mode

T
h Ed» Up Z4—éx

€0y Mo
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Transverse Magnetic (TM.) Modes: H, =0,H (y, 2),E (Y, 2),E,(y, 2)

The TM, mode fields that can exist within and outside the dielectric slab. Inside and
outside the dielectric region, the fields can be represented by a combination of even and odd

modes as shown in the figure above. For transverse magnetic waves, H, =0. Since there is
no x-dependence, we write the phasor E,(y,z) as E,(y)e” . Therefore, we have a

second-order differential equation as follows:

d’E,(y) [k2
i kéo E,(y)=0 (D-8)
where
kj =740 ey kjo =7+ e, (D-9)

Solutions of Eq. (D-1) must be considered in both the slab and the free-space regions, and
they must be matched at the boundaries.
In the slab region we assume that the waves propagate in the +z-direction without attention
(lossless dielectric); that is, we assume
y=1p (D-10)
The solution of Eq. (D-1) in the dielectric slab may contain both a sine term and a cosine term,
which are an odd and an even function, respectively, of y:
E,(Y)=E,sink y+E, coskyy, |y|£g (D-11)
where
k) = @’ 64 — B° (D-12)
In the free-space regions (y >h/2 and y<h/2) the waves must decay exponentially so that

they are guided along the slab and do not radiate away from it. We have

eat-n2) el D-13a
E (y) = C, y>5 ( )
Cexrid  y< (D-13b)

N>
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where

a’ = B — o e, = kg, (D-14)
Equations (D-5) and (D-7) are called dispersion relations because they show the nonlinear
dependence of the phase constant f on .

At this stage we have not yet determined the values of k, and «; nor have we found the

relationships among the amplitudes E,, E,, C, and C;. In the following, we will consider
the odd and even TM modes separately.

a) Odd TM modes:

For odd TM modes, E,(y) is described by a sine function that is antisymmetric with
respect to the y=0 plane. The only other field compenents, E (y) and H, (y), are
obtained from Egs. (D-3) and (D-6), respectively.

i) Inthe dielectric region, |y|<h/2:

E,(y)= E sink (D-15)
E,(y)= _kj—’g E,cosky (D-16)
H,(y) =jf(’—‘€d E, cosk,y (D-17)

y

i) In the upper free-space region, y>h/2:

k h
E,(y ):(EO S 'H%—Je—“(y—“/ § (D-18)
i k h
E,(y )Z_%[Eo S i—%—je‘“(y‘h/ 2 (D-19)
ja)€0 k.h —a(y-h/ 2
Hx(y)=7 E, s I—Fé— e (D-20)

k,h
Where C, in Eq. (D-13a) has been set to equal Eosin%, which is the value of E,(y)
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in Eq. (D-15) at the upper interface, y=h/2.

iii) In the lower free-space region, y <-h/2:

k h
E,(y )=—[E0 S i—%—je“(y*“/ ? (D-21)
- k h
Ey(y):—%{Eo S 'Hc%—je“(y*“/ ? (D-22)
- k,h
H, (y )=%(Eo s ig—Je“(y*"/ : (D-22)

k h
Where C, in Eqg. (D-13b) has been set to equal —E, sin % , Which is the value of E,(y)
in Eq. (D-15) at the lower interface, y=—h/2.
Now we must determine k —and « for a given angular frequency of excitation «.

The continuity of H, at the dielectric surface requires that H,(h/2) computed from Eqgs.

(D-17) and (D-20) be the same. We have

ik k.h
& IS0 7 L S 0dd T™ modes) (D-23)
k, k& 2

b) Even TM modes:

For even TM modes, E,(y) is described by a cosine function that is Symmetric

with respect to the. y =0 plane:
h
Ez(y): E C0§§/ y!| |$’E (D'24)
The other nonzero field components, E, and H,, both inside and outside the dielectric

slab can be obtained in exactly the same manner as in the case of odd TM modes. Instead

of Eq. (D-23), the characteristic relation between k, and « now becomes

ik k. h
_ J yo =_icot% (Even TM modes) (D-25)
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From Egs. (D-12) and (D-14) it is easy to see that the phase constant, /S, of propagating

TM waves lies between the intrinsic phase constant of the free space, k, = @./14&, , and that

of the dielectric, k; = o1&, ; thatis,

a)af,uogo < B <o e,
As [ approaches the value of @, fﬂogo , EQ. (D-14) indicates that « approaches zero. An

absence of attenuation means that the waves are no longer bound to the slab. The limiting

frequencies under this condition ( S = @, /ﬂogo ) are called cutoff frequencies of the dielectric

waveguide. From Eg. (D-12) we have k, =a’c«/ﬂo€d — ly&, at cutoff. Substitution into Egs.

(D-23) and (D-25) with « setto zero yields the following relations for TM modes.

At cutoff:
Odd TM Modes Even TM Modes
tan(w;’h\/szo cot(w;eh\/mjzo
2nf hytoeq = po&y =N, N=0,2,4,... 2nf hifeq — 1yg, =Nm, N=135,..
f =2h”—\%, N=0,24,. (D-26) fce:%”—\/%, n=135,.| (D-27)
where ¢ = 3x10° r% where ¢ = 3x10° r%

It is seen that f,, =0 for n=0. This means that the lowest-order odd TM mode (TMy)

can propagate along a dielectric-slab waveguide regardless of the thickness of the slab. As the
frequency of a given TM wave increases beyond the corresponding cutoff frequency, a

increases and the wave clings more tightly to the slab.
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Transverse Electric (TE;) Modes: E, =0,E,(y,z),H,(y,2),H,(y,2)
For transverse electric waves, E, =0. Since there is no x-dependence, we write the
phasor H,(y,z) as H,(y)e”*. Therefore, we have a second-order differential equation as

follows:

dsz(y)+{[§§ }Hz(y)=0 (D-28)
dy y0

where ky2 and kyzO are the same as that given in Eqg. (D-9). The solution for H,(y) may
also contain both a sine term and a cosine term:
X h
H, (y) = H, sink,y+H, cosk,y, |y|s§ (D-29)
where k, has been defined in Eq. (D-12). In the free-space regions (y>h/2 and y<h/2)

the waves must decay exponentially. We write

0 Cre =), yzg (D-30a)
VS Cee0h2, y<- (D-30b)

where ¢« is defined in Eq. (D-14). Following the same procedure as used for TM waves, we

consider the odd and even TE modes separately. Besides H,(y), the only other field
components are H, (y) and E, (y), which can be obtained from Egs. (D-4) and (D-5).

a) Odd TE modes:

i) In the dielectric region, |y| <h/2:

H,(y)=H,sink,y (D-31)
Hy(y)=_kji H co (D-32)
Ex(y)z—j‘kﬂ H, cosk,y (D-33)

y

80



i) In the upper free-space region, y>h/2:
k,h
H,(y) = (HO sin %]e‘“(y‘h/z)

i k,h
Hy(y):—m(Ho S i—ﬁ—}e‘“(y‘“/ ?
a 2

i k. h
T LR

iii) In the lower free-space region, y<-h/2:

k.h
)= s g e

i k,h
H (y):—%[HO si—%—je“(y”‘/2

- k,h
E (y)= __J“;”O [Ho S i—%—je"(y*“/ ?

(D-34)

(D-35)

(D-36)

(D-37)

(D-38)

(D-39)

A relation between k, and « can be obtained by equating E,(y), given in Egs.

(D-33) and (D-36),at y=h/2.Thus,

ik k.h
& o a0 (0dd TE.m
Kok, 2

modes.

b) Even TE modes:

(D-40)

which is seen to be closely analogous to the characteristic equation, Eqg. (D-23), for odd TM

For even TE modes, H,(y) is described by a cosine function that is symmetric with

respect tothe y=0 plane.

H,(y)= Hcos y| |syg

(D-41)

The other nonzero field components, H (y) and E,(y) both inside and outside the
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dielectric slab can be obtained in the same manner as for odd TE modes. The characteristic

relation between k, and « is closely analogous to that for even TM modes as given in Eq.

(D-25):

ik, Kk h
= ky =—co{;— (Even TE n (D-42)

It is easy to see that the expressions for the cutoff frequencies given in Egs. (D-26) and (D-27)

e e vest-oraer ( n
quency.

apply also to TE modes. e lowest-order odd TE

mode (TEg) has no /
= M i:’

N 4 |
NG
A\ -
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APPENDIX E

A
v

AAAAA

: proper s
@ : branch point,
MWW : branch cut,  Im(k,,

1) Let Im(k,,)>0: e |= g ILReoor imlya)ly| _ gmie)y _y o ag y s op

2) Let Im(kyo)>0: e+jkyoy — e+l[Re(kyo)+j|m(kyo)]y =e—|m(kyo)y >0 as Y —>—o0
—j —j k. i

3) Let Im(k,)<0: e =le i[Retlo)imko) ]| _ om0y g a5y o0

4) Let |m(ky0)<0: e+jkyoy — e+j[Re(ky0)+j|m(kyo)]y =e—|m(kyo)y 50 as y —> —o0
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B1&B,: The E and H fields propagate along the = y-direction and the amplitudes

increase exponentially with distance along the direction of propagation, respectively.

T1&T,: The E and H fields propagate along the = y-direction and the amplitudes

decay exponentially with distance along the direction of propagation, respectively.

Step2:
kyo = k2 kyo = k3o
Im(k50) Im(k3o)
T2 Tx Bis B,
>& W—»Re(kig) W—»Re(k%)
T13 Tu Bos Bos
T:Im(ky) < 0 B:Im(kyp) > 0
Step3:

1) k2 =k —k% —k? =k — B> +a’ =K% + j2a8, where Kk, = - ja
When k, =0 (branch point), Re(k;)=k; -8 +a’>0, Im(k;)=2a8>0
2 2 2 2 : -

2) ki =ki—ki=kZ-p"+a’+j2ap,where k,=pB- ja

Rek?, 3k%:- 8 %a 2, ImKk2)=2aB>0
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Im(k2)
|
T4 I T13
/vwwvvvvwwwwvv?- - X -X-
i > Re(k,zc)
|
Ta i T2
|
-
Step4:
ki = k,
Im(k,)
Tl4
N R
Tzz\" T ; ¥
\ 21
—— == L Re(k,)
T K Ta % Ty
13’/ \’
: N
7 i

Top sheet: Im(ky) < 0
T3, Tial Re(kyo) >0 ; Tay, Too: Re(ky,) <0

A

Im(k?)

Bottom sheet: Im(k,q) > 0
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