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A Planar Shaped-Beam Antenna for Indoor Wireless
LAN Access Points

Ruey Bing Hwang, Senior Member, IEEE, and Ta Chun Pu

Abstract—A planar antenna is described that is made up of a
line source embedded in a structure containing a metal reflector
and a dielectric layer coated with metal strips. We have fabricated
and measured the radiation characteristics, including the return
loss and radiation pattern. In addition to the experimental studies,
the rigorous mode-matching method incorporating the equivalent
principle was employed to calculate the electromagnetic fields in
the structure and the far-field radiation pattern, as well. Besides,
the sensitivity analyses for the radiation pattern against the varia-
tions on the structure parameters and relative dielectric constant
were carefully carried out. The good agreement between the mea-
sured and calculated results was found. Combining the leak-waves
and space-wave radiating from this structure, such a linearly polar-
ized antenna can radiate a rectangular footprint of uniform elec-
tric-field strength, with 9% bandwidth around 11.4 GHz.

Index Terms—Metal strips array, planar radome, shaped-beam
antenna, uniform coverage.

I. INTRODUCTION

THE highly shaped-beam antenna was first developed to
give approximately uniform coverage of the earth from

satellite antenna [1]–[3]. Recently, the similar requirement
but different application; that is, the indoor high speed data
transmission: wireless local area networks operating in the
millimeter wave, again attracts considerable attentions [4]–[7].
Due to the critical specification in link budget, the transmitted
power has to be efficiently distributed over the coverage; the
spatial fluctuation of the field strength has to be as small as pos-
sible (within 6 dB) within the defined coverage area, whereas
outside the coverage the field strength has to fall off rapidly.
A shaped reflector antenna for 60-GHz wireless LAN access
point was developed [5], [6]. A circular footprint having the
deviation from the average field strength less than 2.5 dB in
the far field was reported [5]. They comment that the practical
imperfections such as axial and lateral feed displacement and
mispointing of the feed on top of effects due to blockage by
the feed-horn may contribute to spatial field variations [5].
The prototype Plexiglas dielectric lens shaped antenna was
developed in indoor wireless LAN application [7].

In this research, the structure under consideration is a line
(current) source sandwiched between a metal reflector and di-
electric slab (planar radome) coated with metal-strip array. The
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electromagnetic field excited by the line source is shaped after
transmitting through the planar radome. In fact, such a class of
structures is very similar to a grating antenna; the line source
used here attempts to excite the guided waves in the structure.
In view of the presence of metal grating (hereafter, the metal
grating refers to metal strips array), the guided wave becomes
leaky wave radiating into free space. Since the line source is
placed in the center of the structure, it excites the waveguide
modes propagating along the direction, resulting in the oc-
currence of two leaky waves. Combining the two leaky wave
peaks and the radiation directly from the line source (space
wave), a desired illumination pattern was synthesized.

Notably, the present antenna can not have the radiation char-
acteristics (circular footprint and circular polarization) reported
in the literature; however, the contribution of this research is to
verify the design of highly shaped-beam antenna using the prop-
erties of leaky-wave and space-wave radiating from the struc-
ture under consideration. Such a type of leaky-wave structures
has been studied intensively for their radiation characteristics by
many researchers, and their applications mostly focused on the
directional antenna design. To mention a few, the full-wave anal-
ysis for the one- or two-dimensional (1-, 2-D) metallic periodic
structures excited by a line source was carried out [9], [10]. The
mode excitation from sources in 2-D electromagnetic bandgap
waveguide using the array scanning method was studied [11].
The directive radiation from the structure with a line source in
a meta-material slab made from the conducting cylinders array
was analyzed using both the full-wave method and the homoge-
neous slab model [12]. The radiation characteristics of a leaky-
wave antenna constructed by a periodic array of metal patches
on a grounded dielectric substrate were investigated [13]. More-
over, radiation at broadside for the similar structure in [13] was
studied based on a simple transverse equivalent network model
of the structure [14]. In addition to the metallic periodic struc-
tures used in the leaky-wave antenna design, the dielectric peri-
odic structures taken as the antenna superstrate also were widely
employed; for example, a parallel plate photonic bandgap and
periodic medium waveguides was investigated [15]; a planar
electromagnetic bandgap antenna design with periodical dielec-
tric layers above a ground plane and excited by a printed patch
antenna was verified to be able to enhance the gain and radia-
tion bandwidth [16], [17]. A new resonator antenna consisting
of a woodpile electromagnetic bandgap material and a metallic
ground plane was developed to have highly directive radiation
pattern [18].

In addition to the fabrication and measurement of the
shaped-beam antenna, we have carried out the theoretical
studies for investigating its radiation characteristics. The
purpose is to lay a rigorous mathematical foundation for the

0018-926X/$25.00 © 2007 IEEE



1872 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 55, NO. 6, JUNE 2007

Fig. 1. The planar shaped-beam antenna: (a) structure configuration and pa-
rameters assignment, (b) front view, and (c) side view.

analysis of this class of shaped-beam antennas. Stress is placed
on network representations to establish physical pictures of
the wave processes and yield insight; besides, a systematic
microwave network approach is employed. This building-block
approach first breaks the cross-sectional geometry into con-
stituent parts, analyzes each part rigorously, and then combines
them into an input-output relation through the continuous of
tangential electric- and magnetic- fields at the junction discon-
tinuities. As shown in Fig. 1, the configuration of the antenna
contains an oversized metallic waveguide filled with a dielectric
layer coated with metal grating, a metal reflector, and a line
source acting as excitation. To treat each of junction disconti-
nuities between an oversized waveguide and sub-waveguides,
the method of mode matching is employed. Thus, the structure
is analyzed as a rigorous boundary value problem, so that the
field distributions on the outmost surface can be determined
accurately. Then, far-field radiation patterns from the outmost
surface are obtained by calculating the Kirchhoff-Hygens ra-
diation integrals for each individual modes and summing their
contributions [8].

The organization of this paper is described as follows. In
the next section, we will introduce the structure configuration
and parameters of the planar shaped-beam antenna. The mathe-
matical formulations, including the mode-matching method and
equivalent principle, used for obtaining the far-field radiation
pattern will be highlighted in the third section. The measured
and numerical results obtained from our codes will be demon-
strated in the fourth section. Finally, in the fifth section, some
remarks will be given to conclude this paper.

II. STRUCTURE CONFIGURATION

As shown in Fig. 1(a), the antenna under consideration con-
tains an air separator with thickness denoted as , sandwiched
between a metal plate and metal strips array (metal grating)

coated on a dielectric substrate. The width, length and thickness
of each metal strip are , and , respectively. The period of
the metal strip array is . The dielectric layer has the thickness

and relative dielectric constant . The structure is excited by
a line source made up of a coaxial probe. The distance from the
line source to the metal plate is . The width of the antenna is

, where is the number of periods along the
direction. To have a symmetric radiation pattern in the forward
direction, the line source is placed at the center along the di-
rection.

III. METHOD OF ANALYSIS

For the theoretical formulation, since the length of the struc-
ture along the -direction is greater than five times of the op-
eration wavelength, the structure is assumed to have no elec-
tromagnetic fields variation along the the direction. Accord-
ingly, the electromagnetic field problem could be regarded as a
two-dimensionally boundary-value problem. The individual po-
larization ( mode) is considered only, without dealing with
the cross-polarization problem. Returning to Fig. 1(a), since the
structure has only one open end along the direction, the ra-
diation far-field can be approximately calculated by the equiv-
alent sources, including the electric- and magnetic- source, in-
duced on the outmost surface of the metal grating. To resolve
the electromagnetic fields on the outer surface of metal grating,
we have to solve the electromagnetic fields in the parallel-plate
waveguide (PPWG) consisting of multiple junction discontinu-
ities. Because that the structure consists of many typical PPWGs
whose mode functions are well known (the unknown to be de-
termined are the modal amplitudes), the mode-matching method
was employed to formulate the electromagnetic boundary-value
problem. The electric field is assumed to be vanished in the
metal strip (perfect electric conductor), thus, the region between
two adjacent metal strips can be regarded as a sub-PPWG. Con-
sequently, the electromagnetic fields are expressed in term of the
summation of PPWG modes. By matching the tangential elec-
tric and magnetic fields across the discontinuities between the
sub-PPWGs and the oversized PPWG, the original electromag-
netic fields problem can be converted into the cascades of trans-
mission line networks including an excitation current source.
Therefore, the modal voltage and current everywhere are deter-
mined by solving the transmission-line network.

The representation of the electric and magnetic fields within
a uniform waveguide can be reformulated into an engineering
description in terms of an infinite number of modal voltages
and currents. The variation of each modal voltage and current
along the guide axis is described in terms of the corresponding
variation of voltage and current along an appropriate transmis-
sion line. The description of the entire field within the guide is
thereby reduced to the description of the electrical behavior on
an infinite set of transmission lines.

Since the mathematical procedure of mode-matching method
was well known in microwave engineering, we listed some im-
portant equations while the detail mathematical procedures can
be found in the Appendix.

As aforementioned, the metal strip is assumed to have infi-
nite conductivity; thus, the electric fields exist in the sub- and
oversized-PPWG region. The electric and magnetic fields in the
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oversized-PPWG or sub-PPWGs can be expressed in terms of
the superposition of PPWG modes, which are given here

aperture (1)

aperture (2)

with

(3)

where and are the start position and width of the th aper-
ture, where the s and s denote the voltage and current waves
in each parallel-plate waveguide, which satisfy the transmission
line equations along the direction given as follows:

(4)

(5)

where the and are the propagation constant and
impedance (admittance) along the -direction, which are written
as

(6)

(7)

After matching the tangential electric and magnetic fields at
the discontinuity across the uniform layer and metal
grating, the voltage and current waves in respective regions are
related by the following:

(8)

(9)

(10)

with the notation

(11)

where the parameter denotes the index number of the th aper-
ture in the metal grating and the parameter is the number of
apertures. The parameters s and s are the modal-voltage and
current amplitudes in the oversized waveguide, and is the

modal function along the x direction. Equations (8)–(10) define
the relations of the modal-voltage and current between the over-
sized- and sub-PPWGs. By applying the same procedure at the
interface , we could obtain the similar input-output rela-
tion for the modal-voltage and current.

The next step to be dealt with is the excitation problem. The
line source embedded in the air separating layer can also be ex-
pressed in terms of the superposition of PPWG modes, each of
which is viewed as the incident mode for the scattering anal-
ysis. The modal voltage waves at the position of line source re-
late to the excitation current amplitude and the input impedance
of each PPWG mode looking upward and downward from the
position of excitation [see (A17)]. Furthermore, the transmitted
voltage (and current) waves of each waveguide mode from the
position of excitation source to the outmost surface of the metal
grating is determined by cascading the input-output relation de-
rived previously. After taking the superposition for these trans-
mitted voltage and current waves contributed by respective in-
cident 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 2-D Fourier
transform of the aperture field on the outer surface of the metal
grating. The equivalent- electric and magnetic currents on the
outer surface are given as follows:

(12)

(13)

where ’s and ’s in (12) and (13) represent the voltage and cur-
rent waves of each PPWG mode of the oversized PPWG on the
outmost surface. Notice that, in this research, we assumed that
the electromagnetic fields have no variation along the direc-
tion. Therefore, in the far-field radiation calculation, the equiv-
alent 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.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

Fig. 2 depicts the radiation pattern of the shaped-beam an-
tenna developed in this paper. This planar antenna was fabri-
cated by printing the copper foil, with thickness 0.05 mm, on
a dielectric substrate (acrylic) with thickness 1.86 mm and rel-
ative dielectric constant . The excitation probe was
placed between the metal grating and the metal plate, where the
distance to the metal plate is 3 mm. The width, length and pe-
riod of the metal strip are 5, 150, and 15 mm, respectively. The
number of metal strips is 16. The radiation pattern was mea-
sured in an anechoic chamber using vector network analyzer HP
8722D and broadband standard-gain horn antenna.

As we have known, the translation of power illumination pat-
tern function with smooth transition ([5, Eq. (9)]) to the far field
in polar coordinates yields the pattern. From Fig. 2(a)–(c),
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Fig. 2. Measured, computed and target patterns of the shaped-beam antenna
(" = 2:59, a = 5 mm, b = 15 mm, t = 0:05 mm, t = 1:86 mm,
d = 12:52 mm, d = 3:0 mm, 16 metal strips). (a) 10.9 GHz. (b) 11.45
GHz. (c) 11.9 GHz.

we demonstrated the measured, calculated and target pat-
terns for the cases with frequencies 10.90, 11.45, and 11.90
GHz, respectively. Although not shown here, the frequencies
from 10. 9 to 11.9 GHz have the similar pattern; however, we
only demonstrate several examples for the succinctness of this
paper. It is apparently to see that the difference between target
and measured patterns, in average, is within 1.5 dB. The max-
imum coverage angle of equal radiated power along a straight
line is about 90 degree. Outside this range, the radiation power
drastically falls off. It is noted that this antenna radiates a
pattern with vertical polarization in the azimuthal direction only.
It is very different with the present applications [5]–[7] having
circular footprint and circular polarization.

From the radiation pattern, we may conjecture that the radi-
ation mechanism is due to the leaky-wave phenomenon of the
1-D metal grating [8]. The wave excited by the line source is
propagating along the direction, and is gradually decaying
during their propagation. As shown in Fig. 2, the power leaks
away from the structure, becoming leaky waves with two radi-
ation peaks in the broadside direction. However, due to the in-
complete power leakage and the existence of metal side walls,
the remaining power experiences multiple reflections and re-
sults in fluctuation in its radiation pattern. The curves shown
in Fig. 2(a)-(c) could be used to predict the area of uniform cov-
erage. If an imaginary plane was placed at a distance from
the antenna, the uniform coverage length along the axis is

Where and are the lower and
upper bounds of the azimuthal angle (in degree) satisfying the
condition of uniform coverage, which could be read from Fig. 2.
For example, if the distance is 0.52 m, the maximum uniform

coverage along the axis will be about 1.2 m for the case shown
in Fig. 2(a) with and , respectively.

In the following example, we measured the y-direction elec-
tric-field strength on a rectangular plane in front of the antenna
for the three cases with frequency 10.90, 11.45, and 11.90 GHz,
respectively. The measurement setup is shown in the attached
figure of Fig. 3. The distance from the antenna to the rectan-
gular plane is 0.52 m. As shown in Fig. 3, the horizontal and
vertical axes represent the position along the x and y axis, re-
spectively. The electric-field strength is drawn in different color.
From these contour maps of constant electric-field intensity, we
observed that the field distribution within 6 dB variation forms
a rectangular footprint for this type of shaped-beam antenna.

Fig. 4 shows the measured and calculated reflection coeffi-
cient for the planar shaped-beam antenna. The impedance
bandwidth is around 740 MHz (from 11.26 to
12 GHz). Notably, in the theoretical formulation, we assumed
that the current distribution along the excitation source is
uniform. However, the nonuniform distribution of the current
source may make some discrepancy between numerical and
measured results.

Table I shows the radiation efficiency of this antenna oper-
ated from 11.30 to 11.80 GHz. From the table, it is obviously
to see that the efficiency is gradually decreasing. We may con-
clude that it is mainly due to the dielectric loss coming from the
dielectric slab, which is used to support the metal strips. To re-
duce the dielectric loss, we may employ the low-loss microwave
substrate when this antenna is operated in the millimeter wave
region.

In the previous examples, a planar shaped-beam antenna was
fabricated, and its radiation patterns at various different opera-
tion frequencies were measured. Besides, a computer program
was developed to calculate the field distribution in the struc-
ture and the far-field radiation pattern, as well. The good agree-
ment between the measured and calculated results was obtained.
Therefore, we have a good position to carry out some further nu-
merical simulations for inspecting the parameters affecting the
radiation pattern. In the following section, we not only demon-
strated the calculated radiation pattern, but also numerically dis-
cussed the variation of the radiation pattern against the changes
in the following parameters (sensitivity analysis), such as the
metal strip width, the relative dielectric constant, thickness of
the dielectric layer, number of metal strips, and the location of
the excitation source. Notably, in the following examples, the ra-
diation pattern of the planar shaped-beam antenna has been nor-
malized to that of the line source. Moreover, since the structure
is closed in the backward and sideward directions, their radia-
tion is inconsiderably in those directions. We only demonstrated
the forward radiation pattern for the following examples.

A. Effect of the Dielectric Slab Thickness on the Radiation
Pattern

In Fig. 5, we changed the thickness of the dielectric sub-
strate to see the variation on the radiation pattern. In this ex-
ample, the dielectric substrate with the relative dielectric con-
stant was used, and its thickness was varied from 0.9
to 2.9 mm. From this figure, it is apparently to see that the two ra-
diation peaks gradually move from broadside- toward end-fire-
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Fig. 3. Measured contour map of the y-direction electric field strength on a
rectangular plane. (a) 10.90 GHz. (b) 11.45 GHz. (c) 11.90 GHz.

direction. As we have mentioned earlier, the two radiation peaks
are due to the leaky wave phenomenon. The peak radiation angle

Fig. 4. Measured and calculated reflection coefficient for the shaped-beam an-
tenna.

TABLE I
MEASURED RADIATION EFFICIENCY FOR THE SHAPED-BEAM ANTENNA

(counted from the axis) can be roughly determined by the for-
mula given here [8]

(14)

As the thickness of the dielectric layer is increasing, the av-
erage dielectric constant of the waveguide channel (the region
between the metal grating and the metal plate) is increasing. Ac-
cordingly, the phase constant along the direction is increasing,
therefore, the radiation angle moves toward low-grazing an-
gles. Moreover, as shown in this figure, the leaky-wave phe-
nomenon gradually disappears as the dielectric layer thickness
increases to 2.5 mm. We may conjecture that the thick dielec-
tric layer causes the electromagnetic wave tend to be bound in
the waveguide channel. In addition, this figure also reveals that,
excluding the thick thickness cases, the shaped-beam pattern is
not sensitive to the variation of dielectric thickness.

B. Effect of the Relative Dielectric Constant on the Radiation
Pattern

In Fig. 6, we fixed the thickness of the dielectric layer and
changed the relative dielectric constant from 1.9 to 3.3 to see
the variation on the far-field pattern. Different from the previous
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Fig. 5. Radiation pattern for different dielectric layer thicknesses at 11.43 GHz.
(" = 2:59, a = 5 mm, b = 15 mm, t = 0:05 mm, d = 12:52 mm,
d = 3:0 mm).

Fig. 6. Radiation pattern for different dielectric constants at 11.43 GHz. (a =

5 mm, b = 15 mm, t = 0:05 mm, t = 1:86 mm, d = 12:52 mm,
d = 3 mm).

case, the peak radiation angles almost remain as the relative di-
electric constant increases. It is instructive to know that the in-
crease in the relative dielectric constant seems not to change
the phase constant . For the high relative dielectric constant
cases, the waves excited by the line source may be trapped in

Fig. 7. Radiation pattern for different number of metal-strip array (" = 2:59,
a = 5mm, b = 15 mm, t = 0:05 mm, t = 1:86 mm, d = 12:52mm,
d = 3 mm).

the waveguide channel and have a small attenuation (leaky) con-
stant. Besides, from this figure, we observe that there are some
fluctuations with the radiation pattern; particularly for the cases
with relatively high dielectric constant. They are caused by the
multiple reflections of the space wave, radiating directly from
the line source, interacting with the dielectric layer having high
dielectric constant.

C. Effect of the Number of Metal Strips on the Radiation
Pattern

In this example, we change the number of metal strips to see
the variation on the radiation far-field pattern. As demonstrated
in Fig. 7, the radiation peak angle and strength, contributed by
the leaky waves, are almost the same for the cases with 16, 24,
and 32 metal strips. It is because that the phase constant along
the direction almost remains the same value as the number of
periods is large enough (greater than 16 in this case).

D. Effect of the Line Source Position on the Radiation Pattern

In Fig. 8, we changed the position of the line source along
the direction to observe the variation on the far-field radiation
pattern. From the previous examples, we know that the func-
tion of line source is to excite the waveguide mode propagating
along the 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 wave-
guide mode, shown in (A17), the leaky wave angles (two radia-
tion 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 di-
rectly 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
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Fig. 8. Radiation pattern for different distances from the line source to meal
ground plane (" = 2:59, a = 5 mm, b = 15 mm, t = 0:05 mm, t =

1:86 mm, d = 12:52 mm, 11.43 GHz).

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 offer
us a much greater degree of flexibility in tuning the beam shape
to meet the target pattern.

E. Frequency Range of Operation

In the previous examples, we have investigated some param-
eters affecting the radiation far-field pattern. These results re-
veal that this antenna has considerable tolerance in the structure
parameters and dielectric constant of the dielectric slab while
maintaining the desired pattern. In the following example, we
scanned the operation frequency from 10.9 to 11.93 GHz to
observe the variation on the radiation pattern. In doing so, the
bandwidth for obtaining the desired pattern could be re-
alized. From Fig. 9, we observed that the maximum deviation
from the target pattern (angle ranges from 50 to 130 ) is within
1 dB for the frequencies ranging from 11.43 to 11.93 GHz (500
MHz bandwidth). Besides, it is apparently to observe that the
maximum coverage angle shrinks in the lower frequency range
from 10.9 to 11.35 GHz.

V. CONCLUSION

In this paper, the prototype of a linear-polarized planar an-
tenna radiating a rectangular footprint of uniform electric-field
strength was presented. Combining the forward-, backward-,
leaky-wave and space wave radiation characteristics, the
highly shaped-beam pattern in the azimuthal plane was
achieved. We have fabricated the antenna and measured its
radiation characteristics. The bandwidth for maintaining a
pattern (covering 80 degree) in the azimuthal plane is around
500 MHz. The rigorous mode-matching method incorporating

Fig. 9. Radiation pattern for various frequencies (" = 2:59, a = 5mm, b =
15mm, t = 0:05 mm, t = 1:86 mm, d = 12:52mm, d = 3 mm).

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 cannot
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-wave
characteristics of a periodic structure. The further work is to
generate leaky waves along each radius direction on a circular
aperture to produce circular footprint coverage.

APPENDIX

After collecting the modal- voltage and current in respective
PPWGs, we could rewrite the (8)–(10) in terms of matrix-vector
form given here

(A1)

(A2)

(A3)

where the parameter denotes the index number of the th aper-
ture in the metal grating and the parameter is the number
of apertures. Parameter is a coupling matrix, representing
the electromagnetic field coupling between the oversized par-
allel-plate waveguide and the th subparallel-plate waveguide,
with its element given by

(A4)
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In addition, represents the transpose of matrix .
Having the relationship between the voltage and current

waves in uniform dielectric layer and metal grating at the junc-
tion discontinuities, we could then develop the input-output
relation of a metal grating layer, including the input impedance
matrix and the voltage transfer matrix. First, if the output
admittance matrix of the metal grating layer is given by

(A5)

where represents the output surface position of the metal
grating, in the oversized waveguide region. Substituting (A5)
into (A1), (A2), and (A3), we could obtain the output admittance
matrix at , which is given

(A6)

(A7)

(A8)

where the super-matrix contains each of the partition matrix
. The super-vectors and were obtained by collecting

each and , respectively.
It can be shown, through a rather lengthy and involved deriva-

tion, we could obtain the input impedance matrix at ,
which is defined in the metal grating layer, given as

(A9)

(A10)

(A11)

(A12)

where is a super-matrix containing each partition matrix
in each sub parallel-plate waveguide. The parameter is

also a super diagonal matrix with each element representing the
-direction propagation constant of each mode in each sub par-

allel-plate waveguide. The matrix defines the relationship for
the voltage waves at the input and output interfaces of the metal
grating layer, which is given

(A13)

Moreover, 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 given as follows:

(A14)

(A15)

where the matrix satisfy

(A16)

A. Radiation Far-Field Calculation Using Equivalent
Principle

In addition to the input-output relationship of a metal-strip
array layer, the 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 (A9). Since it is
well known and could be found in the literature, we neglect it
in this section.

As aforementioned, this antenna is excited by a current
source. The line source embedded in the air separating layer
could be expressed in terms of the superposition of par-
allel-plate waveguide modes, each of which is viewed as the
incident mode for the scattering analysis. The modal voltage
waves at the position of line source could be written as

(A17)

where and are the input admittance matrices looking
upward and downward from the position of line source, respec-
tively. The parameter is the amplitude of current source. The
vector is the vector containing each of the mode function eval-
uated at , .
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