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A New Aperture Coupled Microstrip Slot Antenna
Qinjiang Rao, Tayeb A. Denidni, Senior Member, IEEE, and Ronald H. Johnston, Senior Member, IEEE

Abstract—A new aperture coupled design is proposed for mi-
crostrip slot antennas to improve their radiation performance. The
proposed design is based on a new aperture coupling technique in
which the slot is fed by a microstrip line and coupled to several par-
asitic patch radiators etched on the opposite side from the slot. In
contrast to the combination of a slot and a microstrip patch in con-
ventional aperture coupled microstrip antennas, the patches here
are employed to reduce the radiation into the half-space that they
occupy and increase the radiation in the other half-space. There-
fore, the slot antenna can produce radiation patterns with a high
front–back ratio. The above objective is achieved by optimizing
standing wave distributions of the aperture electric field in the slot
through the adjustment of the position of the patches along the axis
of the slot. In this paper, design considerations are given, and the
results are validated by numerical simulations and experimental
measurements.

Index Terms—Front–back radiation ratio, microstrip slot an-
tennas, standing wave distribution.

I. INTRODUCTION

M ICROSTRIP slot antennas (slot antennas excited by a
strip line) have been extensively used in military (air-

craft, spacecraft, satellites, and missiles) and commercial (mo-
bile radio and wireless communication systems) applications
[1]–[6]. These types of slot antennas have numerous promising
features. For instance, they have light weight, small size, and
low cost. In addition, they can be easily integrated with planar
and nonplanar surfaces and have many degrees of freedom in
their design. However, they have significant radiation in some
undesired directions, and this radiation is very undesirable in
some applications.

The back radiation lobe, due to their inherent bidirectional
radiation, is especially undesirable. This back radiation is unde-
sirable for two main reasons: First, a part of the electromagnetic
energy is radiated in an undesired direction, which represents
some radiation power loss. Second, if the antenna with a signif-
icant back lobe is used in the handset, there is an electromag-
netic energy exposure for mobile phone users. This represents
a very important parameter in antenna design if the specific ab-
sorption rate (SAR) is considered [7], [8], which is the rate of
energy absorption by body tissues close to the antenna.

Additional undesired radiation is due to sidelobes. As is well
known, a microstrip slot antenna radiates only one main lobe
when its length is less than one wavelength, but when its length
is increased to be more than one wavelength, it will produce
sidelobes, and the main lobe moves toward the slot axis. As
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the length of the antenna is continuously increased, it radiates
more sidelobes, but the peak radiation field does not increase
because the direction of the aperture electric field is reversed
at every half-wavelength. These sidelobes allow the radiation
energy to spread over wide areas. Therefore, when a longer slot
antenna is used as a receiving antenna, it is likely to pick up
unwanted signals coming from different directions other than
the useful one in which the desired signal is coming, and the
received signals may be affected by interference. If it is used as
a transmitting antenna, these back lobes and sidelobes represent
more power loss.

To overcome the above undesired radiation phenomena,
appropriate methods for optimizing radiation performance are
highly desired.

To reduce the back-radiation phenomenon, a metallic plate or
cavity is often used at the back of microstrip fed-slot antennas
[9]–[14]. For the best performance, a metallic reflector usually
requires a supporting substrate with a minimum thickness of
quarter wavelength, which increases the volume and leads to
a complex fabrication process. In addition, metal reflectors can
support parallel plate modes, which are propagating electromag-
netic waves bounded by the region between the metal plate and
the ground plane and diffracted at the edge of the finite ground
plane. As a result, a metal reflector can easily produce other un-
desirable parasite radiation. Although the use of an enclosed
cavity can eliminate back radiation, it may excite high-order
modes, which may degrade the antenna performance. Similarly
to a backing metallic reflector, a cavity needs a large volume.
Since the available space for each circuit component is limited
and low profile and compact size components are very impor-
tant for reducing the interactions among different devices, these
types of reflectors should be avoided.

For an electrically long slot, it is difficult to find effective
techniques from available references that prevent back radiation
and sidelobes due to the increased slot length.

To solve the aforementioned problems, the authors propose
a new aperture coupling design. This new design offers two
promising features to microstrip slot antennas: 1) slot antennas
radiate unidirectionally without a back metallic cavity or re-
flector and 2) the main beam of slot antennas can be kept in a de-
sired direction such as in the broadside direction independent of
its length. Most importantly, as the electrical length of the radi-
ating slot is increased, the radiation strength in the main beam is
also increased and the sidelobe level is reduced. Once the above
two objectives are achieved, the proposed slot antennas can be
expected to offer improved gain.

The proposed design is based on a modified aperture coupled
structure originally developed by the authors [15], where a
microstrip feed line has been moved onto the same side as
the patch radiator but the coupled-slot is still located on the
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opposite side. In addition to more degrees of freedom for
optimizing antenna performance, this modified structure uses
fewer substrate layers compared to a conventional aperture
coupled microstrip antenna. It also allows an easy adjustment
for impedance matching through the micostrip feed line even
if a cavity is under the slot. Therefore, the modified structure
can be easily integrated with microwave monolithic integrated
circuits.

In contrast to the above combination of a slot and a microstrip
patch, the patch in this paper is employed to reduce the radiation
into the half-space that they occupy and to increase the radiation
in the other half-space. Therefore, they allow the slot antenna to
radiate unidirectionally with a high front–back radiation ratio.
Although these objectives have been partly realized in the au-
thors’ previous work [16] by using the combination of a slot
radiator and two patches, the operation mechanism for the in-
creased front-radiation of the slot antenna is absent. In addition,
that work [16] did not study a long slot or a slot array.

Therefore, the authors in this paper significantly extend the
previous work [16] in the following two aspects: the first ex-
tension is to further investigate the operating mechanism of the
proposed structure by using the in-house developed code sim-
ulation programs and experimental measurements. We will see
in the next sections that optimized standing wave distributions
(SWDs) of the aperture electric field in the slot are an important
consideration in the operation mechanism, and the position of
the patches along the axis of the slot strongly affected the SWD.
The second extension is to apply the design concept to electri-
cally long slots and additionally to use these long slots to build
linear and planar slot arrays. We will demonstrate theoretically
and experimentally that by optimizing structure parameters, the
proposed promising features for slot antennas can be success-
fully obtained.

To effectively present the proposed design, this paper is orga-
nized into the following sections. Section II describes the pro-
posed design and its operation mechanism. In Section III, a the-
oretical analysis of the proposed technique is presented. Sec-
tion IV presents the validation of the proposed design in numer-
ical simulations and experimental measurements, respectively.
Section V extends the proposed design into linear and planar
slot arrays composed of electrically long slots. Section VI sum-
marizes the general design processes for several main design
parameters. Section VII presents conclusions.

II. ANTENNA STRUCTURE AND OPERATION MECHANISM

Fig. 1 shows a cell structure of the proposed design, where
the length and the number of slots can be increased along and

directions, respectively. However, as the slot is made longer,
more patches will be needed for each slot. So, all descriptions
below can be extended to any large planar slot array. As shown
in Fig. 1, two parallel slots are etched on a dielectric substrate of
thickness and relative permittivity , and they are fed by only
one microstrip line that is printed on the other side of the sub-
strate and located at the center of each slot. Each slot is coupled
to several rectangular parasitic patches, as illustrated in Fig. 1.
These patches are printed on the same side as the microstrip
feed line. The number of patches and the distance between the

Fig. 1. Geometry of the proposed slot antenna: (a) top view and (b) side view.

two slots depend on the length of the slot and the operating fre-
quency. The width of the microstrip feed line is set for 50

characteristic impedance, and the tuning length is chosen
to be less than 0.25 for impedance matching. The operation
mechanism of the proposed design is based on the following ap-
proaches.

The slot electric field perpendicular to the slot length appears
to have a standing wave distribution with positive and negative
nodes along its axis. The direction of this electric field is re-
versed after propagating over a half-wavelength. This appears
to give us a mechanism for producing a good front-radiation.
If we take positive peak voltage occurring in the center (fed by
microstrip) of the slot, then a negative peak voltage should be lo-
cated somewhere away from the center. By sliding a patch along
the axis, we can move the center of the patch close to the nega-
tive peak voltage. This arrangement will increase the front radi-
ation of the slot antenna because the patch can force this partial
power into the front half-space with a reversed phase.

On the other hand, when one feeds a half-wavelength patch
at its middle, one is looking at a very low input impedance. This
should effectively short out the high impedance of the slot-
line. A slotline typically has in the 100–300 range, but
the patch probably has an input impedance of a few ohms or
smaller. This suggests that the patch could place a voltage null
on the slotine very near to the center of the patch. By sliding
the patch toward or away from the center of the slot, we can ad-
just the phase of the patch 180 by coupling it to the negative
voltage node or the positive voltage node on the slotline. In this
case, one can arrange for the pattern cancellation in the reverse
direction.

Based on the same mechanism, if the length of a slotline is
increased to several wavelengths, more patches can be placed
along its axis, but the spacing between the patches needs to be
adjusted due to different interactions among parameters. As a
result, additional similar standing wave distributions will be re-
peated, and the antenna performance can be further improved.
According to the described mechanism, the spacing and thick-
ness are very significant parameters in this design. To study the
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Fig. 2. New aperture coupled microstrip fed slot antenna: (a) geometry and
(b) equivalence principle.

above mechanism, a full wave analysis theory is first introduced
for the proposed structure.

III. ANALYSIS THEORY

The full wave spectral-domain approach for analyzing mi-
crostrip fed aperture coupled antennas has been extensively dis-
cussed [17]–[21]. Since this method can account for the ef-
fects of the discontinuities, surface waves, and spurious radi-
ation, it is very suitable to analyze the proposed structure. By
using this method, all components of the electric and equiv-
alence magnetic surface current can be considered using the
equivalence principle and integration equation approach. Ac-
cording to the equivalence principle, the coupled slot aperture
on the ground plane can be replaced by the equivalent magnetic
current. Then the problem can be evaluated separately in the
two regions (1 and 2), with appropriate boundary conditions. As
shown in Fig. 2, there are three sources in region 1; they are the
equivalent magnetic current and the electric surface current

and , where the sub- and sub- are used for quantities
related to the feedline and the patches, respectively. In region
2, there is only the equivalent magnetic current . Assuming
the field in region 1 is and that in region 2 is , these fields
satisfy the following boundary conditions.

1) The tangential electric fields on the feedline and patches
should vanish.

2) The tangential magnetic electric fields through the aper-
ture are continuous.

The above boundary conditions can be expressed as

(1)

(2)

where represents tangential components of the field. Equations
(1) and (2) are suitable for a conductor surface and an equivalent
magnetic surface, respectively. To obtain the unknown currents

, , , and , these boundary conditions are enforced by
selecting the testing functions and using the moment method in
the spectral domain. The resulting integral equations are solved
for the unknown currents: , , , and .

By using test functions, a set of coupled integral equations can
be produced, and these equations are transformed into the ma-
trix equations that include the unknown coefficient matrix. Since
these formulas can be found in related references [18]–[21],
they are not repeated here. After the current distributions are
obtained, one can evaluate the far-field distribution, the input

Fig. 3. Simulated return loss for various spacing d .

impedance, or the return loss. Formulas for these components
can be found in relevant references [22], [23].

IV. SIMULATED AND MEASURED RESULTS

The objective in this section is to verify the operating mech-
anism as described in Section II by two approaches: 1) simula-
tion and measurement of radiation patterns and 2) observation
of standing wave distributions. For the above purposes, a cell
structure is first considered. As shown in Fig. 1, this cell struc-
ture consists of two parallel slots and four patches.

According to the operating mechanism described in Sec-
tion II, the spacing between the two patches and the thickness

of the substrate are very significant in affecting the antenna
performance. Therefore, we test the above two parameters as
variables.

For the study described in this paper, the antenna is expected
to operate within a frequency range approximately from 4.0 to
5.0 GHz. The effective length of the slotline is approximately
1.5 wavelengths so that the peak voltage will be located at the
center of the slot. Based on the above initial evaluations, we
begin with the estimated layout parameters mm,

mm, mm. Since there are important interactions
among different parameters, some adjustments for these dimen-
sions may be needed for the desired antenna performances.

A. The Influence of the Spacing

Once the above parameters are set, we can first consider the
effect of the spacing on the antenna performance. For this
purpose, the parameter is set to a constant of 1 mm.

Since the effective length of the slot with the partly covered
patches will be different from that without patches, the distance
of the patches from the center of the slot is chosen to be 1/8 to
1/2 wavelength in the substrate. This range allows the patches to
cover the positive or the negative standing wave nodes when they
move toward or away from the center of the slot. As a preliminary
estimation, is chosen to have three different values: 9, 18, and
36 mm. Their effect on the return loss is shown in Fig. 3.Referring
totheresults inFig.3,whenthespace issetat9.0mm,thereturn
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loss is about 7.5 dB at the resonant frequency GHz.
Once the patches are moved away from the center of the slot to

mm, the frequency band shifts to a lower frequency
range, the resonant frequency is shifted to GHz, and the
corresponding return loss is better than 24 dB. However, as the
spacing is further increased to 36 mm, the resonant frequency
moves to a higher frequency range and appears at GHz.
These results indicate that the coupling between the slot and the
patches is significantly varied as the patches move along the slot.
By observing the frequency and input impedance response as a
function of the position of the patches, it can be found that the
patches cover the standing wave nodes when they move within
the range studied. To further validate the described mechanism,
the far-field radiation performance is examined as the spacing
passes these standing wave nodes.

Fig. 4 shows radiation patterns in E- and H-planes with the
various spacing . As expected, the beam shapes are signifi-
cantly affected by the position of the patches. When the patches
are moved away from the center of the slot at 4.5 mm, the an-
tenna achieves better front radiation with two sidelobes. How-
ever, in the back region of the slot, the antenna still radiates three
sidelobes in H-plane and one large back lobe in E-plane. As the
spacing is increased to 18 mm as shown in Fig. 4(b), more
power radiates into the front-half space, and the antenna dis-
plays only one main beam in the broadside direction. In this
case, the back radiation is also greatly reduced in the H- and
E-planes. However, as the spacing is further increased to 36
mm, the corresponding radiation performance is obviously de-
graded, as shown in Fig. 4(c). Although the power in E-plane
mostly radiates in the front-half space, there are two lobes away
from the broadside direction. In addition, the power in H-plane
radiates almost bidirectionally.

Based on the above simulated results, it can be found that the
front radiation beams are very sensitive to the spacing and the
slot can achieve the best front–back radiation ratio only when
is 18 mm. This result can be explained below: on one hand, since
the effective length of each patch in Fig. 4(b) is about a half-
wavelength taking into account edge effects, the patch causes
voltage null movement in the slot when it moves along the axis
of the slot. However, when the length of the patch is shifted away
from a half-wavelength at the other two frequencies, as shown in
Fig. 4(a) and Fig. 4(c), their shorting function for reducing high
slot impedance is greatly degraded. Therefore, as mentioned in
Section II, the slot shown in Fig. 4(b) achieves the lowest back
radiation.

On the other hand, when the spacing is 18 mm, the patch is
about a half-wavelength away from the center of the slot; hence
the patch voltage null is positioned on the negative peak values
at the slot standing wave. Therefore, this partial back power is
reflected into the front-half space. However, when the spacing

is moved closer to or farther from the center of the slot, there
are two standing wave nodes along the axis of the slot but with
the reversed phases. Therefore, more than one sidelobe appears
in the front-half space.

B. The Influence of the Dielectric Thickness

As dielectric thickness is varied, the feedline width needs to
be modified to maintain its characteristic impedance of 50 . To

Fig. 4. Simulated radiation patterns for various d : (a) 9, (b) 18, and (c) 36
mm.

reduce the complication in setting parameters, all other antenna
parameters are kept at the same values as given in the previous
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Fig. 5. Simulated return loss for various substrate thicknesses h.

study, and the spacing is set to 18 mm, which corresponds to
the optimized result.

The influence of the thickness on the return loss is shown in
Fig. 5. When the thickness is 0.5 mm, the antenna resonates
at GHz and the corresponding return loss is 10 dB.
As the thickness is increased to 1 mm, the resonant frequency
shifts slightly downward to GHz and the return loss
shifts to 24 dB. However, as the thickness is further increased
to 1.5 mm, the resonant frequency shifts to a higher frequency
of GHz and the corresponding impedance match is
degraded. The resonant frequency dependence of the thickness
is very similar to that of the position of the patches. These re-
sults are due to the fact that the thickness affects the coupling
among the slots, the feedline, and the patches. Fig. 6 shows the
radiation patterns for the different thickness values. Compared
to the result in Fig. 4(b), where the thickness is 1 mm, the two
different thickness here ( and mm) achieve similar
front radiation levels in the broadside direction but quite dif-
ferent back radiation levels. For instance, the substrate thickness
of 0.5 mm allows the antenna to radiate bidirectionally as shown
in Fig. 6(a), whereas the thickness of 1.5 mm produces more
back lobes. The similar front radiation is due to almost the same
effective spacing in the three cases, and this effective spacing of-
fers the best front radiation as described in Section IV-A. The
thickness significantly affects the coupling between the slots and
the patches, and this causes different back radiation levels. As a
result, the middle of the patch may not correspond to the voltage
null at frequencies other than 4.19 GHz, and these shifted fre-
quencies degrade the shorting characteristics of the patch on the
slot.

Summarizing the effects of the two parameters, it is found
that the spacing affects the front and back radiation of the
proposed slot antenna but the thickness mainly affects its back
lobes when the spacing is set. This phenomenon is due to the fact
that the spacing mainly affects the standing wave distribution,
whereas the thickness mainly affects the couplings between the
slot and the patches. The former offers different front–back ra-
diation ratios, whereas the latter results in different shorting

Fig. 6. Simulated radiation patterns for various substrate thicknesses h: (a) 0.5
and (b) 1.5 mm.

characteristics. This result is fully consistent with the described
mechanism given in Section II. In addition, we can observe in
the proposed design example that the optimized values for the
spacing and the substrate thickness should be 18 and 1 mm,
respectively.

Based on the above optimized parameters, the standing wave
distributions on a long slot are investigated and the results
plotted in Figs. 7 and 8, where four identical square patches
are employed along the slot axis of length 126 mm. The slot is
designed to operate at 4.19 GHz. The spacing between the two
patches and the thickness of the dielectric substrate are 18 and
1 mm, respectively, both corresponding to the two optimized
parameters. It can be observed from Figs. 7 and 8 that, due to
the use of patches, a series of phase-standing waves are formed
along the slot. The maximum value appears in the center of the
slot and larger ones in the partial slot over patches. It should be
pointed out that there exist out-of-phase standing waves along



RAO et al.: NEW APERTURE COUPLED MICROSTRIP SLOT ANTENNA 2823

Fig. 7. Simulated aperture E-field and phase distribution in the slot. (a) Field
strength and (b) phase.

Fig. 8. Simulated aperture E-field in the slot.

the part slot between the two patches, but their strength is small
relative to the strength over each patch center. These results con-
firm the operation mechanism described in Section II.

C. Experimental Validation

To further demonstrate the proposed design and the related
operation mechanism, a prototype composed of two parallel
slots and four patches was fabricated and tested. The dimen-
sions are based on the above optimized results. The prototype
was built on a microwave substrate of thickness mm and
dielectric constant . The slots were cut on the ground
plane of 125 130 mm .

The return loss was first measured by using a vector network
analyzer. The comparison between the simulated and measured

Fig. 9. Simulated and measured return loss for the proposed design.

Fig. 10. (Top) An antenna prototype in the hybrid near field measurement
system where the two radiating slots face the probe (horn antenna). (Bottom)
The radiating slots.

return loss is plotted in Fig. 9. It can be observed that the mea-
sured resonant frequency at GHz is close to the sim-
ulated one at GHz. It can be noted that the simu-
lated impedance bandwidth is smaller than the measured one.
The above discrepancies may be due to the assumption of an in-
finite ground in simulations.

To verify the radiation performance of the fabricated proto-
type, radiation patterns were measured using a hybrid near field
system from ANTCOM,1 which is located at the Radio Fre-
quency Laboratory, University of Quebec.

1http://www.antcom.com.
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Fig. 11. Measured radiation patterns within impedance bandwidth: (a) f =

4:14, (b) f = 4:21, and (c) f = 4:24 GHz.

The antenna under test is set inside an anechoic chamber
for measurement as shown in Fig. 10, where the radiating slots
face the probe (horn antenna). The measured radiation patterns

Fig. 12. Comparison of measured and simulated radiation patterns for a slot
with six patches: (top) simulated and (bottom) measured.

within the frequencies of interest are shown in Fig. 11. Com-
pared to simulations in Fig. 4(b), it can be observed that the
simulations and the measurements agree well with each other,
and the antenna achieved a front–back radiation ratio of better
than 20 dB. It should be mentioned that the distortions of the
measured radiation patterns are due to the finite ground plane.

To clearly observe the level of the cross-polarization, the
measured co- and cross-polarized fields are also shown in
Fig. 11. Referring to these curves, the cross-polarization level is
at least 20 dB below the corresponding copolarization level. It
can be also observed that the structure radiates similar far-field
patterns.

The gain of the structure was also measured. The gain range
through the impedance bandwidth is from 6.46 to 7.01 dBi.

V. ARRAY DESIGN

The validation of a cell structure has been demonstrated the-
oretically and experimentally in the previous sections. The ob-
jective in this section is to develop a large microstrip slot array
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Fig. 13. Simulated radiation patterns of 10 parallel slots at resonant frequency
f = 4:2 GHz.

by utilizing the same cell structure. The layout parameters were
optimized by using a full wave analysis described in Section III.
Detailed information is described below. The length and width
of the slotline is 198 and 2 mm, respectively. It is built on a
substrate with thickness of 1.5 mm and dielectric constant of
4.3. Six square patches all have the same dimensions with side-
lengths of 18 mm. The spacing for each pair of patches is 18 mm.
Fig. 12 shows the comparison of the simulated and measured
radiation patterns at the resonant frequency GHz. The
measured gain at this frequency is 8 dBi. Compared to Fig. 11,
more power radiates into the broadside direction in H-plane; this
is due to the fact that six patches allow a long slot to produce
more standing waves along the axis of the slot. In contrast to
the H-plane, the beam width in E-plane is more broad than in a
cell structure. This allows more power to propagate into direc-
tions other than the broadside direction. However, the E-plane
patterns can be made more directional if more parallel slots are
added to the array. A planar slot array design below can support
this expectation.

Fig. 13 shows the simulated radiation patterns of ten parallel
slots where the length and the width of each slot is the same as in
Fig. 12 and each slot has also the same patch distribution. With
reference to Fig. 13, the radiation beam in E-plane becomes nar-
rower. This planar slot array allows more power to radiate into
the front-half space and mostly toward the broadside direction.
This result is consistent with its operating mechanism. Since the
radiation power is more focused into the broadside direction, a
high gain is possible. Simulated results show that this structure
can achieve 21 dBi gain at a resonant frequency of 4.2 GHz.
Compared to a slot with six patches or two parallel short slots
with four patches, the gain of this planar slot array structure is
significantly improved.

VI. DESIGN PROCEDURES

In the previous sections, an operation mechanism for the pro-
posed structure has been verified in various microstrip slot an-

tennas. In order to utilize the above proposed design config-
urations, several important design parameters are summarized
below:

First, we consider the microstrip feedline. Its width is chosen
to be a 50 characteristic impedance. For covering the two
slots, its length should vary from about 0.75 to 0.85 ,
where is wavelength in the substrate, so that the two par-
allel slots can radiate in phase.

Next, we consider the dimensions of each patch. For design
convenience, it is assumed to be a square, and its side spacing
should allow the patch to cause a voltage null on the slot. If the
patch operates in mode, its length should be chosen to
be approximately a half-wavelength in the substrate.

Now let us look at the possible length of the slot line. It should
be mentioned that the effective dielectric constant along the
slotline with a patch is different from that along the slotline
without a patch. In other words, the of the slotline under the
patch is likely to approach , whereas may approach 1.0
without a patch. Therefore, if we want the effective length of
the slotline with the patches to be one wavelength, its physical
length should be larger than the effective length of the slotline
in the substrate. The width of the slot is kept small relative to
the wavelength of operation; therefore, the electric field is pri-
marily in the direction perpendicular to the axis of the slot. The
slot can be modeled by a magnetic current.

VII. CONCLUSION

This paper has demonstrated by numerical simulations and
experiments a new aperture coupling structure for various types
of microstrip slot antennas. The new design utilizes several par-
asitic patches on the opposite side and along the axis of the slot.
This arrangement establishes the aperture electric field in the
slot with standing wave distributions approximately in phase on
the same side of the slot but approximately out of phase in the
opposite side. Therefore, a slot antenna can radiate unidirection-
ally with a high front–back radiation ratio without using a back
cavity or reflecting plate. The main beam can be set in the de-
sired direction such as in the broadside direction independent
of a slot length. Most importantly, as the electrical length of the
slot is increased, the radiation strength in the main beam is also
increased but the sidelobe level is reduced. These promising fea-
tures allow the proposed microstrip slot antennas to offer good
potential for high gain and low radiation power loss applica-
tions. Additionally, due to the use of a single dielectric layer,
the proposed design, compared to a back plate or cavity, can
also offer advantages in terms of light weight, low profile, and
compact size.
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