
CHAPTER 3 

A Planar Shaped-Beam Antenna with dielectric grating 

In the previous chapter, a planar shaped-beam antenna using metal grating was 

fabricated, and its radiation patterns at various different operation frequencies were 

measured.  The good agreement between the measured and calculated results was 

obtained.  Besides, the numerical simulation for inspecting the parameters affecting 

the radiation pattern were also carried out.  In this chapter, another planar 

shaped-beam antenna with dielectric grating instead of metal grating was designed.  

Besides, a computer program was developed to calculate the field distribution in the 

structure and the far-field radiation pattern.  We not only demonstrated the calculated 

radiation pattern, but also numerically discussed the variation of the radiation pattern 

against the changes in the following parameters (sensitivity analysis), such as the 

relative dielectric constant, thickness of the dielectric grating layer, and the location of 

the excitation source.  Moreover, since the structure is closed in the backward and 

sideward directions, their radiation is inconsiderable in those directions.  We only 

demonstrated the forward radiation pattern for in numerical examples. 

3.1. STRUCTURE CONFIGURATION 

As shown in figure 14, the antenna under consideration contains an air separator with 

thickness denoted as d1, sandwiched between a metal plate and dielectric rods array 

(dielectric grating) filled in a parallel-plate waveguide.  The width, length and 

thickness of each dielectric rod are a, l and tg, respectively.  The period of the 

dielectric rod array is b.  The structure is excited by a line source made up of a 

monopole.  The distance from the line source to the metal plate is d2.  The width of 

the antenna is (N-1)b+a+2da, where N is the number of dielectric rods along the x 

direction.  To have a symmetric radiation pattern in the forward direction, the line 
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source is placed at the center along the x direction. 

Figure 14: The structure configuration and parameters assignment of the 
shaped-beam antenna 
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3.2. METHOD OF ANALYSIS 

For the theoretical formulation, since the length of the structure along the y-direction 

is greater than five times of the operation wavelength, the structure is assumed to have 

no electromagnetic fields variation along the y the direction.  Accordingly, the 

electromagnetic field problem could be regarded as a two-dimensionally 

boundary-value problem.  The individual polarization (Ey mode) is considered only, 

without dealing with the cross-polarization problem.  Returning to figure 14, since 

the structure has only one open end along the +z direction, the radiation far-field can 

be approximately calculated by the equivalent sources, including the electric- and 

magnetic- source, induced on the outmost surface of the dielectric grating.  To obtain 

the electromagnetic fields on the outer surface of dielectric grating, we have to solve 

the electromagnetic fields in the dielectric grating consisting of dielectric rods.  

Because the eigen-functions on the cross-section direction in the grating region can be 

determined, the mode-matching method was employed to formulate the 

electromagnetic boundary-value problem.  By matching the tangential electric and 

magnetic fields across the discontinuities between the dielectric grating and the PPWG, 

the original electromagnetic fields problem can be converted into the cascades of 

transmission line networks including an excitation current source.   Therefore, the 

modal voltage and current everywhere are determined by solving the 

transmission-line network. 

The electric and magnetic fields in the PPWG can be expressed in terms of the 

superposition of PPWG modes, which are given below. 
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where the V ’s and I ’s denote the voltage and current waves in each parallel-plate 

waveguide, which satisfy the transmission line equations along the z direction given 

as follow 
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where the znk and nZ  ( nY ) are the propagation constant and impedance 

(admittance) along the z-direction, which are written as 
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The mode function and the propagation wave number of dielectric grating filled in 

PPWG is determined utilizing the transverse resonance technique, and the electric and 

magnetic fields in the dielectric grating can be expressed in terms of the superposition 

of these modes, which are given below. 
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Based on the electromagnetic boundary conditions, the tangential electric and 

magnetic field must be continuous the discontinuities between the dielectric grating 

and the PPWG, gtz =  and as shown in figure 10. 0=z

This yields the following equations: 
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We can determine the relationships for the voltage and current on both sides of the 

interface by taking the scalar products on both sides of the two equalities above with 

the mode function of PPWG or dielectric grating. In the matrix form, they are given 

by 

 ( ) ( )−+ = gg tt PVV   (3.12) 

 ( ) ( )−+ = gg tt VVP   (3.13) 

 ( ) ( )−+ = gg tt PII   (3.14) 

   (3.15) { mnP=P }

 ( ) ( )xxP nmmn φφ=   (3.16) 

where V’s and I ’s are the column vectors with Vn and In as their element at the n-th 

entries. P is the coupling matrix with its elements Pmn representing the 

electromagnetic field coupling coefficient between m-th mode in dielectric grating 

region and n-th mode in PPWG region.  In addition, P  represents the transpose of 

matrix P.  After obtaining the coupling matrix between PPWG and grating region, 

we could check the numerical accuracy of the matrix.  If the matrix is not accurate 

enough, the power will not be conserved and the electromagnetic field will not be 

continuous at the interface. Substituting (3.13) into (3.12), we have the unitary 

condition: 

 IPP =  (3.17) 

where I is the identity matrix.  Equation (3.17) may be utilized to check that 
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whether the coupling matrix is accurate or not in numerical computing. 

Having the relationship between the voltage and current wave in PPWG region and 

dielectric grating at the junction discontinuous, we can develop the input-output 

relation of a dielectric grating layer, including the input impedance matrix and the 

voltage transfer matrix. Firstly, if the output admittance of the dielectric grating layer 

is given by 

 ( ) ( )++ = glg tt VYI   (3.18) 

where  represents the output surface position of the dielectric grating, in the 

PPWG region. Substituting (18) into equations (12), (13) and (14), we could obtain 

the output admittance matrix at , which is given below. 

+
gt

−= gtz

 ( ) ( )−− = glg tt VYI   (3.19) 

with PYPY ll =   (3.20) 

When the input admittance matrix is determined, we could derive the input impedance 

matrix at , which is defined in the dielectric grating region, given as += 0z
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where Y is the characteristic admittance matrix along the z-direction in the dielectric 

grating layer. The parameter kz is a diagonal matrix with each element representing 

the z-direction propagation constant of each mode in the dielectric grating layer. The 

matrix T defines the relationship for the voltage waves at the input and output 

 49



interface of the dielectric grating layer which is given below 

 ( ) ( ) ( )++++ →= 00 VTV gg tt   (3.25) 

Moreover, the input impedance matrix, defined at the input interface in the air 

separator layer, and the voltage transfer matrix, defining the relationship between the 

output and input voltage waves through the dielectric grating layer, is given below 

 ( ) ( )PPZZ −− = 00 inin   (3.26) 

 ( ) ( )PPTT ++−+ →=→ 00 gg tt   (3.27) 

where matrix T satisfy the relation 

 ( ) ( ) ( )−−++ →= 00 VTV gg tt   (3.28) 

The next step to be dealt with is the excitation problem.  The line source embedded 

in the air separating layer can also be expressed in terms of the superposition of 

PPWG modes, each of which is viewed as the incident mode for the scattering 

analysis. The line source placed at the center with amplitude I0 could be expressed 

below 
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Taking the scalar products on the both sides of equalities (3.29) with the mode 

functions of the PPWG, we can determine the amplitude of each PPWG modes, as 

given by  
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The modal voltage waves at the position of line source relate to the excitation current 

amplitude and the input impedance of each PPWG mode looking upward and 

downward from the position of excitation; in the matrix form, they are given by  

 ( ) ( ) IYYV 1
21

−+=+− dnupdd   (3.31) 
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where I  is the column vector with nI  as its elements at n-th entries. 

Furthermore, the transmitted voltage (and current) waves of each waveguide mode 

from the position of excitation source to the outmost surface of the dielectric grating 

is determined by cascading the input-output relation derived previously.  After taking 

the superposition for these transmitted voltage and current waves contributed by 

respective incident waveguide mode, the overall electric and magnetic fields 

distribution on the outmost surface of the antenna are obtained.  Since this structure 

has only one open end, the backward and sideward radiations shall be negligible.  

The radiation far-field in the forward direction is determined using the 

two-dimensional Fourier transform of the aperture field on the outer surface of the 

dielectric grating.  The equivalent- electric and magnetic currents on the outer 

surface are given as follows. 
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where V’s and I’s in (3.32) and (3.33) represent the voltage and current waves of each 

PPWG mode on the outmost surface.  Notice that, in this research, we assumed that 

the electromagnetic fields have no variation along the y direction.  Therefore, in the 

far-field radiation calculation, the equivalent sources were supposed to be uniform 

along the length of the radiating aperture, while the electric and magnetic fields are 

assumed to be vanished outside the radiation aperture. 
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3.3. NUMERICAL RESULTS 

3.3.1 Effect of the relative dielectric constant on the radiation pattern 

In figure 15, we fixed the thickness of the dielectric grating and changed the relative   

constant of dielectric rods from 2 to 6 to see the variation on the radiation pattern.  

As the relative dielectric constant increases, we observe that the radiation intensity in 

the two main lobe direction gradually increases.  This phenomenon can be explained 

by the electric field distribution on the output surface of the grating.  As shown in 

figure 16, the electric field magnitude increases, partially, in the dielectric grating 

region (x position from -4 to 4 ) while the relative dielectric constant increases.  

Thus the radiation intensity increases accordingly.  As shown in figure 15, the 

difference between radiation pattern and target pattern is within 1 dB while the 

relative dielectric constant of dielectric grating varies from 3.5 to 4.5.  It means that 

this antenna has the tolerance of 25% variation in the relative constant of dielectric 

rods. 
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Figure 15: Radiation pattern for different dielectric constant at 5.4GHz 
(a=0.5 cm, b=1.0 cm, da=5 cm, tg=0.2 cm, d1=1.05 cm, d2=0.68 cm) 
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Figure 16: Electric field magnitude on the antenna aperture for different 
relative dielectric constant of dielectric rods at 5.4GHz (b=1.0 cm, da=5 cm, 
tg=0.2 cm, d1=1.05 cm, d2=0.68 cm) 
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3.3.2 Effect of the aspect ratio of the grating layer on the radiation pattern 

In Figure 17, we fixed the period of dielectric array (b) and changed the aspect ratio 

(a/b) from 0.02 to 0.8. For the small aspect ratio, the radiation pattern is dominated by 

the radiation intensity of space wave directly radiated by line source.  As the aspect 

ratio increases: however, we observe that the radiation intensity of two radiation peaks 

gradually increases while the radiation intensity in the forward direction varies 

slightly.  We may conjecture that the leaky wave phenomenon gradually become 

significant as the aspect ratio increases.  Besides, the increase in the radiation 

intensity of the two radiation peaks may be explained by the increase of electric field 

magnitude in the output of dielectric grating region as shown in figure 18.  Moreover, 

the aspect ratio of dielectric grating is an important parameter to adjust the intensity in 

the angular spectrum for obtaining the desired pattern. 

 55



0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

angle (degree)

-2

-1

0

1

2

3

4

5

6

7

8

9

10
N

or
m

al
iz

ed
 p

at
te

rn
 (d

B
)

-2

-1

0

1

2

3

4

5

6

7

8

9

10
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Dielectric rod width 
a=0.02
a=0.20
a=0.30
a=0.40
a=0.50
a=0.60
a=0.70
a=0.80
Target

0.40

0.50

0.60

0.80

0.30

0.20

0.02

0.70

Figure 17: Radiation pattern for different aspect ratio at 5.4GHz (b=1.0 cm, 
da=5 cm, tg=0.2 cm, d1=1.05 cm, d2=0.68 cm) 
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Figure 18: Electric field magnitude on the antenna aperture for different 
aspect ratio at 5.4GHz (b=1.0 cm, da=5 cm, tg=0.2 cm, d1=1.05 cm, d2=0.68 
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3.3.3 Effect of the dielectric grating thickness on the radiation pattern 

In Figure 19, we changed the thickness of the dielectric grating to see the variation on 

the radiation pattern.  In this example, the dielectric substrate with the relative 

dielectric constant εr=4.2, and its thickness was varied from 0.10 to 0.40 (0.018λ to 

0.072λ).  We observe that the radiation intensity of two radiation peaks increases as 

the grating thickness increases.  This phenomenon may be resulted from increasing 

in the electric field intensity on the output surface of dielectric grating layer as shown 

in figure 19.  Evidently, the thickness of the grating is another important parameter 

for tuning the radiation pattern while it does not significantly affect the radiation 

angle. 

Figure 19: Radiation pattern for different dielectric grating layer thickness at 
5.4GHz (a=0.5 cm, b=1.0 cm, da=5 cm, d1=1.05 cm, d2=0.68 cm) 
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ferent 
dielectric grating layer thickness at 5.4GHz (b=1.0 cm, da=5 cm, tg=0.2 cm, 
d1=1.05 cm, d2=0.68 cm) 

Figure 20: Electric field magnitude on the antenna aperture for dif



3.3.4 Effect of the line source position on the radiation pattern 

In figure 21, we changed the position of the line source along the z direction to 

observe the variation on the far-field radiation pattern.  From the previous examples, 

we know that the function of line source is to excite the waveguide mode propagating 

along the ±x direction.  The propagating waveguide mode leaks its power into the 

surrounding medium.  Since the offset of the position of line source only affect the 

strength of excited waveguide mode, the leaky wave angles (two radiation peaks) 

shall be unchanged.  On the other hand, the radiation intensity in the forward 

direction (around 90 degree) changes since it is mainly contributed by the space wave 

radiation directly from the line source.  Thus, we may observe that the field strength 

is decreasing as the line source is moving toward the metal plate.  It may be 

explained by the image theory; that is, the image line source is directed opposite to 

that of the line source, reducing the strength in the far field.  However, according to 

the curves shown in this figure, the position of line source can provide as a degree of 

flexibility in turning the radiation intensity while the beam shape remain unchanged. 
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Figure 21: Radiation pattern for different distances from line source to metal 
ground plane at 5.4GHz (a=0.5 cm, b=1.0 cm, da=5 cm, tg=0.2 cm, d1=1.05 
cm) 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

angle (degree)

-2

-1

0

1

2

6

7

8

9

10

11

3

4

5

N
or

m
a

e
liz

d 
pa

tte
rn

 (d
B

)
Distance from line source to metal plate (d2)

0.38
0.48
0.58
0.68
0.78

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

-2

-1

0

1

2

6

7

8

9

10

11

3

4

5

0.78

0.68

0.58

0.48

0.38

 61



3.3.5 Frequency range of operation 

In the pervious example, some parameters affecting the radiation pattern have been 

investigated.  These results show that this antenna has considerable tolerance in the 

structure parameters while maintaining the desire pattern.  In this example, we 

scanned the frequency from 4.8GHz to 6GHz to observe the variation on the radiation 

pattern.  Then the bandwidth for obtaining the sec2θ radiation pattern could be 

realized from this example.  From figure 22, we observed that the max deviation 

from the target pattern (angle from -40o to 40o) is within 1.25 dB for the frequencies 

ranging from 5.19GHz to 5.7GHz.  Besides, the deviation is a positive value in the 

higher frequency range above 5.4GHz and a negative value in the lower frequency 

range. The radiated power deviation from the target pattern is within 1.25 dB in this 

frequency range, and the operation bandwidth is 9.37% around 5.445GHz. It is noted 

that the operation bandwidth is evaluated by the radiation pattern instead of the 

commonly used impedance bandwidth. 
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Figure 22: Radiation pattern for different operation frequency (a=0.5 cm, 
b=1.0 cm, da=5 cm, tg=0.2 cm, d1=1.05 cm, d2=0.68 cm) 
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CHAPTER 4  

Concluding Remarks 

In this thesis, the prototype of a linear-polarized planar antenna radiating a rectangular 

footprint of uniform converge was presented.  Combining the forward-, backward- 

leaky-wave and space wave radiation characteristics, the highly shaped-beam (sec2) 

pattern in the azimuthal plane was achieved.  We have fabricated the antenna and 

measured its radiation characteristics.  The bandwidth for maintaining a sec2 pattern 

(covering 80 degree) in the azimuthal plane is around 500 MHz.  The rigorous 

mode-matching method incorporating the equivalent principle was employed to 

compute the far-field radiation pattern.  The good agreement between the numerical 

and measured results was obtained.  Furthermore, we have carried out the sensitivity 

analyses for the radiation pattern with respect to the changing in structure parameters 

and permittivity of the dielectric slab.  Although the present antenna can not have the 

radiation characteristics of circular footprint coverage and circular polarization, it 

provides an alternative idea in synthesizing the highly shaped-beam pattern using 

leaky her work is to generate 

leaky waves along each radius direction on a circular aperture to produce circular 

footprint coverage. 

-wave characteristics of a periodic structure.  The furt
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APPENDIX I 

Input-Output relation for a metal grating: Mode-matching 

After collecting the modal- voltage and current in respective PPWGs, we could 

rewrite the equation (8-10) in terms of matrix-vector form given below. 

 )(R)( )()( −+ = m
ii

m tVtV  (A1.1) 

)()(
)()( +− ii

 = mm tVtV R  (A1.2) 

 )()(
)()( +− = m

i

m

i
tItI R  (A1.3) 

where the parameter i denotes the index number of the i-th aperture in the metal 

grating and the parameter N is the number of apertures.  Parameter R(i) is a coupling 

matrix, representing the electromagnetic field coupling between the oversized 

parallel-plate waveguide and the i-th sub-parallel-plate waveguide, with its mnth 

element given by  

 )()(
)()( xxr

i

nm
i

mn φφ=  (A1.4) 

In addition, 
)(i

R  represents the transpose of matrix R(i). 

Having the relationship between the voltage and current waves in uniform dielectric 

layer and metal grating at the junction discontinuities, we could then develop the 

input-output relation of a metal grating layer, including the input impedance matrix 

and the voltage transfer matrix.  Firstly, if the output admittance matrix of the metal 

grating layer is given by 

 )()( ++ = mlm tVtI Y  (A1.5) 

where represents the output surface position of the metal grating, in the oversized 

wa region.  Substituting (A1.5) into equations (A1.1), (A1.2) and (A1.3), we 

could obta n the output admittance matrix at z = , which is given below. 

+
mt  

veguide 

i −
mt

 68



)()( − =mtI −
ml tVY  (A1.6) 

with  RYRY ll = . (A1.7) 

=

here the super-matrix R contains each o (i)

uper-vectors 

with  N1N21 RR....RRR −  (A1.8) ( )

w f the partition matrix R .  The 

)(i )(i
V  and I V  and I , s  were obtained by collecting each 

respectively. 

It can be shown, through a rather lengthy and involved derivation, we could obtain the 

 

input impedance matrix at z = 0+, which is defined in the metal grating layer, given as 

oin ZΓIΓIZ 1))(()0( −+ −+=  (A1.9) 

 )exp()exp( mzlmz tjtj kΓkΓ −−=  (A1.10) 

 1))( −− loo YYY  (A1.11) ( += ll YΓ

1))(exp() −−− ΓIk tj  (A1.12) ()0( ++ +=→ ΓIT mzlmt 

)(i
oZoZ  -matrix containing each partition mis a super atrix  in each sub where 

zk  parallel-plate waveguide.  The parameter is also a super diagonal matrix with 

each element representing the z-direction propagation constant of each mode in each 

sub parallel-plate waveguide.  The matrix T  defines the relationship for the voltage 

waves at the input and output interfaces of the metal grating layer, which is given 

below 

)0()0()( ++ V  (A1.13) ++ →= ttV mm T

er

 follows. 

 

Moreov , the input impedance, defined at the input interface in the oversized 

waveguide region, and the transfer matrix, defining the relationship between the 

output and input voltage waves through the metal grating layer, are give as

 69



RZZ ()0( − = inin R)0−  (A1.14)  

RTR )0() ++ →= mt  (A1.15) T 0( −+ →mt

he matrix T satisfy the relation 

 

where t

 )0()0()( −−++ →= VttV mm T  (A1.16) 

Radiation far-field calculation using equivalent principle 

In addition to the input-output relationship of a metal-strip array layer, the 

 

well-known and could be found in the literature, we neglect it in this section. 

As mentioned earlier, this antenna is excited by a current source.  The line source 

mbedded in the air separating layer coul

f parallel-plate waveguide modes,

the scattering analysis.  The modal voltage waves at the position of line source could 

be written as 

input-output relation of a uniform dielectric layer filled in a parallel-plate waveguide 

could be obtained and be expressed in a similar form as shown in (A1.9).  Since it is

e d be expressed in terms of the superposition 

o  each of which is viewed as the incident mode for 

 ( ) )()( 1 xIddtz odnupd ′+=+−−= − φYY  (A1.17) 

where Y  and Y  are the input admittance atrices looking upward and downward 

from the position of line source, respectively.  The parameter I  is the amplitude of 

current source.  The vector 

21V

up dn  m

o

φ is the vector containing each of the mode function 

evaluated at x = x’, { })(x′nφ . 
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APPENDIX II 

Mode functions in the dielectric grating layer 

The mode function and the propagation wave number of dielectric grating filled in 

erse resonance technique.  As shown in 

gure 15(a), the dielectric gratin

separator.  We assume that 

PPWG is determined utilizing the transv

fi g is a multilayer planar dielectric structure. The 

number of dielectric layer is (p-1)/2 and (p-1)/2+1 of air 

the electromagnetic fields are invariant along the y the direction and propagate along 

the z direction.  A transverse equivalent network for the dielectric grating in figure 

15(a) is shown in figure 15(b).  The propagation constant and characteristic 

impedance along x direction for n-th mode in p-th layer are given below. 

effzpznppn kkk εεεκ −=−= 0
22

0  (A2.1)  

⎪
⎪

⎪
⎪

eTM

eTE

pn
pn

mod

mod

 

 

εωε

κ
κ

 

⎩

⎨

⎧

=Z

p

pn

0

0ωµ

 (A2.2) 

Then we can obtain the input impedance looking upward and downward from the 

reference cut (dash line in figure 15(b)) by cascading of transmission line networks.   

  (A2.3) 

e gratin  structure parameters and a given operating frequency, 

we can solve the modal propagation constants kzn from equation (A2.3).  Substituting 

kzn into (A2.2) and (A2.1), all the transmission line parameters in figure 15(b) are 

determined.  Then the mode function 

The condition for resonance of the transmission line network can be written as 

For a given set of th g

0=+ dnup ZZ

nφ  for a given propagation constant kzn can 

be determined.  For TE mode, the mode function and the electric field component 

can be expressed as 
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 (xE yn ) ( zjkxz )znn −−= exp)(, φ  (A2.4) 
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⎧
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+

−−−− npnpnpnp
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yAZ

yAZ

,1,1,1,1

11,1,1

sin

sin

θκ

θκ

p,n p,n ue A1n in the 

rst layer to be 1, and the general solution of t

 

⎪
⎪
⎪

⎩

⎪
⎪

⎨

+

+

=

npnpnpnp

nnnn

n

yAZ

yAZ
x

,,,,

22,2,2

sin

sin
)(

θκ

θκ
φ M  (A2.5) 

where n and p represent n-th propagation mode and p-th layer. 

Based on the electromagnetic boundary conditions, the tangential electric and 

magnetic field must be continuous the discontinuities at the interface between two 

adjacent layer and vanish at PEC plane of the PPWG.  We can determined the 

unknown parameters, A  and θ , in each layer.  Firstly, we set the val

fi he amplitude and phase are given below 

( ) pnpnpnp
np

np
np D

Z
Z

,1,,
,1

,1
,1 tantan +

+

−
+ −⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= κθκθ (A2.6) 

 
( )

( )nppnp

nppnp
npnp D

D
AA

,1,1

,,
,,1 cos

cos

++
+ +

+
=

θκ

θκ
 (A2.7) 

 ∑
=

Substituting the electric field (A2.4) into the Maxwell equations, we obtain a 

Sturm-Liouville differential equation (A2.9).  Therefore the mode functions of a 

 

=
p

m
mp dD

1
 (A2.8) 

dielectric grating filled in PPWG are mutually orthogonal.  With normalization, they 

can satisfy the orthogonal relation given below 

)()()()()( 2
dx
d

dx
d

nznn⎥⎦
⎤

⎢⎣
⎡

 ( )

xxwkxxqxp φφ =+  (A2.9) 

( ) ( ) mnnm yywy δφφ =  (A2.10) 

where p, q and w are known functions for TE mode defined below 
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 (A2.11) 1)()( == xwxp  

  (A2.12) 

In figure 24, the first six modes of the dielectric grating used in the planar shaped 

beam antenna in chapter 3 are calculated.  The dielectric grating filled in PPWG is 

composed of 8 dielectric layers and 9 air separators.  The thickness and dielectric 

ss of the outmost air 

condition. For the effective dielectric constant is less than unity, the propagation 

constant of along x direction are real in all regions.  Thus, we can observe that 

sinusoidal variation of field distribution in the PPWG. 

( )xkxq εε0
2
0)( =

constant of dielectric layers are 0.5 and 4.2.  The thickne

separator is 5 and the thickness of others is 0.5. The effective dielectric constant of 

first six modes are 2.584, 2.335, 1.927, 1.384, 0.846 and 0.669 at the frequency 

k0=0.18x2π.  As shown in figure 16(a) to (d), the electric field concentrates in the 

dielectric grating region and decays in the outmost air separator for the effective 

dielectric constant grater than unity. The structure supports surface wave under such 
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Figure 23: Multiplayer planar structure and its equivalent 
(a) (b) 

 

 

Figure 24: Transverse field distribution of first six modes with effective 
dielectric constant; (a) 2.584, (b) 2.335.  
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Figure 24: Transverse field distribution of first six modes with effective 
dielectric constant; (c) 1.927, (d) 1.384, (e) 0.846, (f) 0.669.  
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APPENDIX III 

Far field calculation for aperture antenna 

After obtaining the electromagnetic field excited by a line source on the antenna 

aperture, the equivalence principle is utilized to calculate the far field pattern of the 

aperture antenna.  The equivalence principle replaces an aperture with equivalent 

currents Js and Ms that produce radiation fields equivalent to those from the antenna.  

The radiation electric field arising from this electric and magnetic potential for z>0 is 

given below  

 ( )φθωη θφF FjE F −−=  (A3.1) 

 ( )φθω φθ AAjE A −−=  (A3.2) 

 FA EEE +=  (A3.3) 

The two dimensional Fourier transform of an aperture field is utilized to calculate 

radiation pattern, and we make the following definitions for the integral: 

 ''dseEP rrj
S a

a
∫ ∫ ⋅= β  (A3.4) 

 ''dseHQ rrj
S a

a
∫ ∫ ⋅= β  (A3.5) 

The aperture surface is on the x-y plane, so 00 ''' yyxxr += .  This with r  in 

spherical coordinates in (A3.4) and (A3.5) yield 

 3.6) 

  (A3.7) 

  (A3.8) 

  (A3.9) 

( ) ''sinsin'cossin' dydxeEP
S

yxj
axx ∫ ∫ += φθφθβ  (A

a

( ) ''sinsin'cossin' dydxeEP
aS

yxj
ayy ∫ ∫ += φθφθβ

( ) ''sinsin'cossin' dydxeHQ
aS

yxj
axx ∫ ∫ += φθφθβ

( ) ''sinsin'cossin' dydxeHQ
aS

yxj
ayy ∫ ∫ += φθφθβ
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We can utilize above four equations to obtain the electric and magnetic potential 

given below 

( )yQxQ
r

eA xy
rj

ˆˆ +−=
−

 
4π

µ
β

 (A3.10) 

( )yPxP 
r

e
xy

rj

4

−

π

β

We can substitute the potential in (A3.10) add (A3.11) into (A3.3). Then, the final 

radiation components are given below 

 

F ˆˆ +−−= ε  (A3.11) 

( )( )φφθηφφ
π

β
β

sincoscossincos
4 xyyx

rj
QQPP

r
e

−++
−

 (A3.12) θ jE =

( ) ( )φφηφφ cossinsincos xyx QQP +−−  (A3.13) ( )θ
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φ cos
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