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Patch Antennas on Externally Perforated
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Abstract—Smaller physical size and wider bandwidth are two
antenna engineering goals of great interest in the wireless world.
To this end, the concept of external substrate perforation is
applied to patch antennas in this paper. The goal was to overcome
the undesirable features of thick and high dielectric constant
substrates for patch antennas without sacrificing any of the
desired features, namely, small element size and bandwidth. The
idea is to use substrate perforation exterior to the patch to lower
the effective dielectric constant of the substrate surrounding the
patch. This change in the effective dielectric constant has been
observed to help mitigate the unwanted interference pattern of
edge diffraction/scattering and leaky waves. The numerical data
presented in this paper were generated using the finite-difference
time-domain (FDTD) technique. Using this numerical method, a
patch antenna was simulated on finite-sized ground planes of two
different substrate thicknesses, with and without external sub-
strate perforation. The computations showed the directivity drop
in the radiation pattern caused by substrate propagation was
noticeably improved by introducing the substrate perforation ex-
ternal to the patch for the case of a patch antenna on a relatively
thick substrate without any loss of bandwidth. Measurements
of a few patch antennas fabricated on high dielectric constant
substrates with and without substrate perforation are included
for completness. Good correlation between the computed results
and mesurements is observed.

Index Terms—FDTD, high dielectric constant substrates, inte-
grated antennas, patch antennas, substrate perforation, substrate
propagation.

I. INTRODUCTION

FABRICATING patch antennas on high dielectric sub-
strates is of growing interest. Patch antennas on high

dielectric constant substrates have the benefit of reduced
element size due to the shorter wavelengths in such materials
and resonant nature of the patch radiator. Besides the main
drive of reduced element size, being able to integrate a
patch antenna directly on a monolithic microwave integrated
circuit (MMIC) substrate simplifies interconnection of the
antenna with the circuitry and fabrication. These miniaturized
radiators are potentially useful in many applications, from
small personal communication and global positioning system
(GPS) transceivers/receivers to large satellite communication
and radar arrays.

But there are drawbacks with the use of high dielectric
constant substrates with patch antennas that has inhibited its
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use. These drawbacks are a result of the tendency for more of
the energy delivered to the antenna to be trapped in substrates
of higher dielectric constant. This manifests itself in two ways,
more tightly coupled, higher patch resonators and more of
the total energy being trapped in substrate modes, i.e., surface
waves and leaky waves. The higherpatch resonator results
in narrower bandwidths. The increase in energy trapped in
the substrate modes lowers efficiencies due to losses in the
substrate and causes pattern/polarization degradation from the
diffraction/scattering of these substrate modes at the finite
substrate’s edges. To increase the bandwidth of the patch a
thicker substrate can be used, but this will increase the amount
of energy trapped in the substrate.

Recently, there has been some work directed at overcoming
the drawbacks of patch antennas on high dielectric con-
stant material by manipulating the antenna’s substrate. One
approach suggested was to construct a complete band gap
structure surrounding the patch antenna to prevent energy
from being trapped in the substrate [1]–[3]. Unfortunately, to
form a band gap in the substrate via periodic holes requires
considerable area, which may make it impractical for some
applications. Typically, to form a band gap at least three
periods are required with a period being on the order of a
wavelength.

Another approach considered has been to lower the effective
dielectric constant of substrate under the patch to allow for
more effective radiation [4]–[8]. A drawback to this approach
is that the resulting patch antenna has to be larger than a
patch on the unperturbed substrate. Also, manipulation of the
substrate underneath the patch element makes fabrication more
difficult.

In this work, a hybridization of the two above approaches is
suggested to help facilitate patch antennas on high dielectric
constant substrates; that is, the substrate under the patch is
left unperturbed, thus, not increasing the patch size and the
substrate surrounding the patch is manipulated to lower its
effective dielectric constant to reduce the undesired effects of
surface waves. The idea is the change in effective dielectric
constant from high under the patch to lower surrounding the
patch would inhibit propagation in the substrate and give a
degree of control to vary the diffraction/scattering points. With
the edge diffraction effects controlled, the substrate thickness
can be increased to improve the bandwidth of the patch.

To lower the effective dielectric constant of the substrate,
substrate perforation is explored. Substrate perforation is a
technique that can be used to lower the effective dielectric
constant by creating an array of relatively small closely spaced
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Fig. 1. Schematic of the patch antenna and externally perforated substrate
on a finite ground plane. The grid represents the FDTD computational cells.

holes in the substrate [8], [9]. If the hole diameter and spacing
remains less than a half-wavelength inside the dielectric mate-
rial, it has been observed that the effective dielectric constant
of the substrate will approximately be the volumetric average
of the free-space holes and the remaining dielectric material
[10]. This volumetric average model has been found to be
insensitive to the exact hole geometry. This approach for
lowering the dielectric constant of the surrounding substrate
material has the advantage over using different substrate
materials to create the same effect because it is monolithic
in nature and can be realized using micromaching techniques.
Also, using this technique there is considerable freedom in the
range of lower effective dielectric constant values achievable
by simple choice of the perforation geometry.

The numerical results presented in this work were generated
using the finite-difference time-domain (FDTD) technique.
The computational code used was a Cartesian grid based im-
plementation with the perfectly matched layer (PML) bound-
ary condition. In all the simulations a uniform (
free-space wavelength) discritization was used. The coax feed
model suggested in [11] was used to excite the patch antennas
studied.

A few antennas were fabricated on Rogers RT/Duroid 6010
with and without perforations. The measured

resonant frequencies and radiation patterns of these fabricated
antennas matched the simulated results well.

II. PATCH ANTENNA WITH EXTERNAL PERFORATION

Fig. 1 is a diagram of the geometry of interest, which is a
patch antenna on a finite ground plane. The relative dielectric
constant of 10.2 was chosen for the substrate. This choice of
relative dielectric constant was intended to be representative
of silicon or gallium arsenide substrates. Numerical results for
two different thicknesses of substrate are shown in this paper,
1 mm and 2 mm. For both of these substrates, the lowest order

resonance of the 4 mm 3 mm patch antenna simulated is
below the cutoff frequency of the TEmode, so only the TM
will exist in these substrates at the frequencies of interest [12],
which is a common criteria in patch antenna design. The cutoff
frequencies of the TEmode for the 1 and 2 mm substrates
are 24.7 and 12.4 GHz, respectively. Although both substrates
only support the TM mode in the region of the first resonance
of the patch, in the thicker substrate, substrate mode effects
are expected to be more significant [13].

In the simulations, finite ground plane sizes of approxi-
mately 1.2 and 1.4 were used. These ground plane sizes
were chosen to illustrate how edge diffraction/scattering from
substrate modes affect the far-field radiation pattern. For each
case simulated, the far-field patterns were computed at the
resonant frequency of the patch. This means the physical size
of the ground planes was adjusted appropriately to keep its
electrical size fixed for all the cases. Note, the electrical size
of the ground plane largely determines the interference pattern
of the edge diffracted/scattering field and the field radiated
directly from the patch.

The intent of this work was to study the effect of substrate
perforation on the performance of the patch antennas on finite-
sized ground planes. The substrate perforation considered is a
two-dimensional array of holes in the substrate surrounding
the patch antenna. Each hole simply consists of removal of
the dielectric material down to the ground plane. In this work,
the hole cross sections are square in shape—2 mm on each
side. Within each column, the hole center to center distance is
3 mm and the column to column center separation is 2.5 mm.
Adjacent columns of holes are shifted 1.5 mm inwith respect
to each other. In all the simulations presented in this paper, the
resonance frequency of the patch antenna is within the range of
8.7 to 9.6 GHz, thus, in all cases, the hole size and separation
are less than ( wavelength in material with a
dielectric constant of 10.2).

Because of fringing fields, the holes in the substrate are
introduced at a distance from edge of the patch, as shown
in Fig. 1. The smallest distance, which does not cause any
increase in the resonance frequency is of interest because it is
not desirable to increase the size of the patch.

Another parameter that was studied is the dimension labeled
in Fig. 1, which is a measure of the distance from the edge

of the ground plane to the point at which the perforation is
stopped. For the case of mm, the perforation is extended
all the way to the edge of the ground plane.

III. FAR-FIELD RADIATION

CONTRIBUTION FROM EDGE DIFFRACTION

Finite-sized ground planes influence the radiation pattern
of patch antennas. Diffraction/scattering from the edges of
finite ground planes have a significant impact on the far-field
radiation from patch antennas. These edge diffracted/scattered
fields have contributions from three sources; surface waves,
space waves, and leaky waves [14]. The relative contributions
from each of these sources vary depending on the geometry
considered. The contribution to the far-field radiation from
edge diffraction/scattering in general is not desirable because
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it is difficult to control, thus cannot be effectively used to
design for specific pattern or polarization properties.

In many cases, the contribution from surface waves are the
dominate component of the edge diffracted/scattered fields.
Surface waves are modes in the substrate that do not radiate
as they propagate but, at the ground plane edges, the energy
trapped in these modes scatter and contribute to the far-field.
Thicker and/or higher dielectric constant substrates trap more
of the energy into these mode, thus, for these geometries, their
effects are more significant. Lossy substrates will reduce their
contribution to the far-field radiation pattern, but this energy
trapped in the substrate is wasted.

The space waves that diffract from the edges are fields
radiated by the patch directly into free-space that are incident
upon the ground plane edge. Although this contribution to the
diffracted field can never be eliminated, space waves decay
faster with distance from the patch than surface waves and,
thus, their contribution is proportionally less for increased
ground-plane size.

Leaky waves are substrate modes that radiate as they prop-
agate and, hence, contribute directly to the far-field pattern. In
addition, when they are incident upon an edge, they contribute
to the diffracted/scattered fields. Because they radiate energy
as they propagate, their contribution to the edge scattered field
decrease as the ground plane size increases. Additionally, lossy
substrates will decrease their edge scattered field contributions,
but again at the cost of wasted power.

Without special edge treatment, edge diffraction/scattering
effects cannot be eliminated [15], [16]. The suggested edge
treatment consists of absorbing the substrate mode energy in a
lossy material, which itself is not desirable because this energy
is thereby wasted, thus decreasing the antenna efficiency.

In this work, the goal was to reduce the undesirable effects
of strong edge diffraction/scattering by a combination of
reducing the propagation in the substrate and shifting the
diffraction/scattering points, thus giving a new control to vary
the resulting interference pattern. The substrate propagation
is reduced by lowering the effective dielectric constant of
the substrate surrounding the patch antenna, this change in
impedance will hinder the substrate propagation although it
still exists. In addition to the reduction in magnitude of these
contributions, with proper choice of the dielectric constant
profile, the resulting interference pattern can be controlled.

IV. COMPUTATIONS AND ANTENNA CHARACTERIZATIONS

A. Motivation

First, consider the case of an unperforated substrate. Fig. 2
is a plot of the FDTD computed matchS11 of a patch
antenna to a 50- transmission line for the cases of 1- and
2-mm-thick substrates. From this data, one can observe the
effects of the substrate thickness on the patch resonance. For
the thicker substrate, there are decreases in both the frequency
and of the resonance. The resonance of the patch on the
1-mm-thick substrate is centered at 9.6 GHz with a 1.1%
10-dB bandwidth and the resonance of the patch on the 2-mm-
thick substrate is at 8.7 GHz with a 4.3% 10-dB bandwidth.

Fig. 2. FDTD computed match to a 50-
 transmission line for similar patch
antennas on 1- and 2-mm-thick substrates. For the patch antenna on the 1-mm
substrate the resonance is centered at 9.6 GHz with a 1.1% 10-dB bandwidth
and for the patch antenna on the 2-mm substrate the resonance is centered at
8.7 GHz with a 4.3% bandwidth.

Both the downshift in the resonant frequency and increased
bandwidth are desirable features. These effects are a result
of the reduced coupling of the fields under the patch, i.e.,
increased fringing. The ripple in the 2-mm-thick substrate
S11 data shown in Fig. 2 above the resonant frequency of
the patch is associated with substrate propagation.

Fig. 3(a) and (b) shows plots of the - and -plane
far-field patterns for these two cases. For both cases, the
patterns were computed at the resonant frequency of the
patch and the electrical size of the ground plane was kept
approximately . From the pattern plots shown in
Fig. 3, an undesirable directivity drop in the far-field radiation
pattern has developed along the-axis for the case of the
2-mm substrate. Additionally, the thicker substrate resulted in
significantly more back radiation in the plane. Although the
exact mechanism for this degradation in the far-field radiation
cannot be specified with the FDTD technique, it has been
associated with increases in substrate mode edge scattering,
because thicker substrates are known to increase the fraction
of energy coupled into these substrate modes. This argument is
strengthened with the introduction of the results for the patch
antenna with perforations in the substrate to follow.

The goal of this research was to achieve a patch design with
the same bandwidth and physical size as the 2-mm substrate
patch without the directivity drop in the far-field pattern along
the -axis. In the following sections many different far-field
pattern cuts and overlays are presented in order to characterize
the effects of ground plane size and substrate perforation have
on far-field radiation of a patch antenna.

B. Patch and Perforation Separation Effects
on Resonance Frequency

Next, the perforation is introduced in the substrate. Fig. 4
is a plot of the computed match of the patch antenna on the
2-mm-thick substrate to a 50-transmission line as a function
of the dimension , as defined in Fig. 1. For reference, the data
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(a) (b)

Fig. 3. FDTD computed far-field patterns for similar patch antennas on a1:2�o � 1:2�o ground plane with a 1- and 2-mm-thick substrates. (a)E-plane.
(b) H-plane. For the 2-mm case, notice the approximately 9-dB drop in the broadside directivity.

Fig. 4. FDTD computed match, to a 50-
 transmission line, for a patch
antenna on a 2-mm thick substrates for various values ofd, as defined in
Fig. 1.

for the case of no holes in the substrate is also shown. Note for
small there is a considerable shift in the resonance frequency,
which is expected due to the fringing of the fields into the
perforation region. This fringing into the perforation region
results in a lower effective dielectric constant of the material
under the patch and, thus, an upward shift in the resonant
frequency. As the distanceis increased, there is less fringing
into the perforation region and, thus, the resonant frequency
shifts back down in frequency. For mm, the resonance
frequency had shifted back to the original resonance frequency
of 8.7 GHz and larger values ofdo not affect the resonance
frequency. The 10-dB bandwidths for the resonances shown in
Fig. 4 are as follows: 4.3% for no holes, 4.5% for mm,
4.6% for mm, and 4.9% for mm. This trend
in bandwidth is expected, as the effective dielectric constant
of the material under the patch decreases, so will theof
the resonance.

Fig. 5 shows results for a similar exercise as discussed
above, except for the case of a 1-mm-thick substrate. Again, it
is seen there is a shift up in resonance frequency for very small
values of and as the value of increases the resonance shifts
down in frequency. For the thinner substrate, the frequency

Fig. 5. FDTD computed match to a 50-
 transmission line for a patch
antenna on a 1-mm-thick substrates for various values ofd, as defined in
Fig. 1.

shift of the resonance due to the introduction of the perforation
is less severe because the fields do not extend as far from under
the patch as the substrate height is decreased.

From the data shown in Figs. 4 and 5, it was determined
the smallest acceptable value offor the 2- and 1-mm-thick
substrates was 3.5 and 2.5 mm, respectively. These minimum
values for were chosen as such because they were the
smallest values that yielded a match no worse than the original
patch designs at the center of the original resonance.

C. Far-Field Radiation Characteristics

Fig. 6(a) and (b) are plots of the far-field radiation for the
patch antenna on a ground plane, 2-mm-thick
substrate for the case of mm, mm,
mm, and no holes for comparison. For these geometries, the
far-field patterns were computed at 8.7 GHz, which makes the
ground plane 41.4 mm 41.4 mm.

From these figures note that for mm most of
the pattern degradation caused by the thicker substrate has
been corrected. Comparing the mm data shown
in Fig. 6(a) and (b) with the 1-mm-thick substrate patterns
shown in Fig. 3(a) and (b), one can see significant correlation
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(a) (b)

Fig. 6. FDTD computed far-field patterns for the patch antenna with a 2-mm-thick substrate and a1:2�o � 1:2�o ground plane for various values of
d—the distance from the edge of the patch to the point at which the perforation starts. (a)E-plane. (b)H-plane. In these simulations, the value ofe was
fixed to zero. Note the 7.5-dB improvement in boresight directivity for the case ofd = 3:5 mm.

(a) (b)

Fig. 7. FDTD computed far-field patterns for the patch antenna on a1:2�o � 1:2�o ground plane and 2-mm substrate for various values ofe, the distance
from the edge of the ground plane to the point at which the perforation starts. (a)E-plane. (b)H-plane. In these simulations, the value ofd was fixed to 3.5 mm.

(a) (b)

Fig. 8. FDTD computed far-field patterns for the patch antenna with and without holes in the substrate. In these simulations a 1-mm-thick substrated = 2:5

mm and1:2�o � 1:2�o ground plane were used. (a)E-plane. (b)H-plane. In these simulations, the value ofe was fixed to zero.

in their far-field radiation characteristics. Because adding the
perforation to the 2-mm-thick substrate was able to retrieve
the desired pattern exhibited by the patch on the 1-mm-thick
substrate, it suggests the perforation overcomes some of the
drawbacks of the thicker substrate. Although, it can also be

seen from the data plotted in Fig. 6(a) and (b) that the location
of the inner edge of perforation region does have an influence
on the far-field pattern and for this case as the edge of the
perforation is moved further from the edge of the patch the
boresight pattern dip returns.
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(a) (b)

Fig. 9. FDTD computed far-field patterns for the patch antenna with and without holes in the substrate. In these simulations, a 1-mm-thick substrated = 2:5

mm and1:4�o � 1:4�o ground plane were used. (a)E-plane. (b)H-plane. In these simulations, the value ofe was fixed to zero.

(a) (b)

Fig. 10. FDTD computed far-field patterns for the patch antenna with and without holes in the substrate. In these simulations, a 2-mm-thick substrate,
d = 3:5 mm and1:4�o � 1:4�o ground plane were used. (a)E-plane. (b)H-plane. In these simulations, the value ofe was fixed to zero.

(a) (b)

Fig. 11. FDTD computed far-field patterns for the patch antenna on variable sized ground planes and a substrate thickness of 2 mm. Each of the ground planes
sizes correspond to the outer area of the perforation region shown in Fig. 7. (a)E-plane. (b)H-plane. In these simulations, the value ofd was fixed to 3.5 mm.

Another aspect studied was the effect the location of the

outer edge of the perforation relative to the edge of the ground

plane had on the far-field radiation properties of the patch

antenna. To test this, the value of was fixed at 3.5 mm

and the value of was varied. The dimension, denoted in

Fig. 1, represents the distance from the edge of the ground

plane to the point where the perforation is stopped. In all

the results shown previously, the value ofwas zero, which

means the perforation extended all the way to the outer edge of

the ground plane. Fig. 7(a) and (b) are plots of the computed
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(a) (b)

Fig. 12. FDTD computed far-field patterns for the patch antenna on a0:4�o�0:4�o ground plane with a 2-mm-thick substrate; on a1:2�o�1:2�o ground
plane with the 2-mm-thick substrate truncated to the center0:4�o � 0:4�o region. (a)E-plane. (b)H-plane.

far-field in the - and -plane for the patch antenna on
the ground plane and 2-mm-thick substrate,
respectively, for various values ofwith the value of fixed
at 3.5 mm. From this data it can be seen that the perforation
does not have to extend all the way to the edge of the ground
plane to yield most of its benefit, although moving the outer
edge of perforation inwards does cause some degradation in
the far-field radiation. These results indicate the length of
the perforation region affects the performance improvement
achieved, with more being better for this particular case but
with saturation in the improvement seen.

The data presented in Figs. 6 and 7 shows that where the
perforation region starts and terminates does influence the
resulting far-field radiation pattern. This could be because there
is some direct radiation of the energy trapped in the substrate
modes at the transition in the dielectric constant, thus, the
position of the transitions relative to the patch affects the far-
field pattern or it is possible the width of the perforation region
has an effect on the far-field radiation, possibly because a leaky
wave exists in this region. In any event, although all the effects
of the substrate propagation cannot be eliminated, the effects
on the far-field pattern can be controlled to some extent with
the substrate perforation.

Next, consider the computed far-field radiation patterns
shown in Figs. 8–10. These plots are direct comparisons of
three sets of data: the case of the 1-mm substrate without
holes and with holes mm both on a
ground plane; the case of the 1-mm substrate without holes
and with holes, mm both on a ground
plane; the case of the 2-mm substrate without holes and with
holes, mm both on a ground plane. In
all these simulations the value ofwas zero.

From both sets of patterns shown in Figs. 8 and 9 it can
be seen that the effect of the holes for the case of the 1
mm thick substrate is not significant. Whereas for the 2 mm
thick substrate cases, shown in Fig. 6, ground
plane) and Fig. 10, the substrate perforation has a significant
impact on the far-field radiation. For the thick substrate, the
perforation helps fill in the pattern dip at zenith. Comparing
the results shown in Fig. 8(a) and (b) to the results shown in

Fig. 13. FDTD computed match to a 50-
 transmission line for a patch
antenna on a 2-mm-thick substrates for the cases of substrate perforation of
d = 3:5 mm and the perforation replaced by a solid piece of�r = 5:3

dielectric. Both these designs have computed resonances centered at 8.7 GHz
with 4.6% 10-dB bandwidths.

Fig. 6(a) and (b) and similarly comparing the results shown
in Fig. 9(a) and (b) to the results shown in Fig. 10(a) and (b),
shows the similarity of the far-field radiation of the 2-mm-thick
substrate with holes to the far-field radiation of the 1-mm-thick
substrate patch antennas. This indicates the presences of the
perforation helps mitigate some of the ill effects of the thicker
substrate on the patch antennas radiation performance.

D. Ground Plane and Substrate Size

Fig. 11(a) and (b) are plots of the far-field radiation for
the patch antenna on the 2-mm-thick perforated substrate

mm for various sized ground planes:
and . In these

simulations, the perforation was extended to the the outer
edge of the ground plane. The ground plane sizes of these
geometries correspond to the outer edge of the perforation
regions for the simulations depicted in Fig. 7(a) and (b).
Comparing the results shown in Fig. 11(a) and (b) with those
shown in Fig. 7(a) and (b), it is clearly seen truncating the
perforation results in different radiation characteristics than
truncating the ground plane at the same location.
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(a) (b)

Fig. 14. FDTD computed far-field patterns for the patch antenna on a1:2�o � 1:2�o ground plane and 2-mm-thick substrate for both the case of substrate
perforation and the volumetric average dielectric constant. (a)E-plane. (b)H-plane. In these simulations, the value ofd was fixed to 3.5 mm ande to zero.

Fig. 12 shows the computed far-field radiation character-
istics for the patch antenna on an unperforated 2-mm-thick
substrate on a ground plane and on a

ground plane with the substrate limited to the center
portion of the ground plane. This latter case is

obviously the largest change in substrate dielectric constant
that can be achieved with the perforation technique, the
case for which the hole size becomes larger than the hole
separation. For the case of mm shown in Fig. 6(a)
and (b), the unperturbed region of the substrate is the center

portion. From these results, it is again clear
that the ground plane size has a large effect on the far-field
radiation characteristics, independent of where the substrate
is truncated. Note, the case of the substrate trucated to the
center portion of the ground plane, in fact, gives
the highest value of boresight directivity for the particular
geometry considered in this work.

E. Effective Dielectric Constant

As suggested previously, the perforation introduced into the
substrate around the patch antenna has been viewed in terms
of lowering the effective dielectric constant of the surrounding
substrate. From previous work, it has been found that a good
estimate of the effective dielectric constant for the perforated
dielectric material when the hole separation is less then
in the substrate material is the volumetric average. For the
hole size and layout used in this work, the volumetric average
of the 10.2 material and the free-space holes is 5.3. Using
the FDTD technique, the same patch antenna can be easily
simulated with the perforation region of the substrate replaced
with solid dielectric material of Figs. 13 and 14 are
overlays of impedance and pattern data directly comparing the
results obtained with the use of substrate perforation to the
case of its replacement with solid material. From the
strong correlation exhibited in these data sets, the volumetric
average model appears to hold.

V. ANTENNA FABRICATION AND MEASURED RESULTS

To verify some of the conclusions drawn from the FDTD
simulations, three separate patch antennas were fabricated on

Fig. 15. Photo of one of the fabricated patch antennas with external substrate
perforation. The substrate material has a dielectric constant of�r = 10:2 and
the hole diameter is 2.1 mm. Within each column, the center to center distance
is 3 mm and the column-to-column center separation is 2.5 mm. Adjacent
columns of holes are shifted half a period respect to each other.

Rogers RT/Duroid 6010 substrate material. One
antenna was fabricated on a 0.63-mm (25 mil)-thick substrate,
the other two on a 1.9-mm (75 mil) substrate material. All
three antennas were fed through the ground plane with a coax
probe.

Of the three antennas fabricated, substrate perforation was
added to one of the 1.9-mm substrate. The substrate perforation
was realized by drilling a precision set of holes into the
subtrates. The dimensions of the hole pattern drilled were that
simulated, the only difference being the shape of the holes.
Whereas square holes 2 mm on a side were simulated, the
perforation realized was a set of circular hole with a 2.2-mm
diameter. Although the hole shapes were different, the volume
fraction of material removed were approximately the same for
the simulated and fabricated substrates. Note, in the volumetric
model proposed for the perforated substrates, the shape of the
holes is not important only the effective volumetric average
dielectric constant of the substrate. This was found to be true
in FDTD simulations as long as the hole spacing remained
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(a) (b)

Fig. 16. Measured far-field patterns for similar patch antennas on a1:2�o � 1:2�o ground plane with 0.63- and 1.9-mm-thick substrates. (a)
E-plane. (b) H-plane.

(a) (b)

Fig. 17. Measured far-field patterns for the patch antenna on a1:2�o � 1:2�o ground plane with and without holes in the 1.9-mm-thick substrate.
(a) E-plane. (b) H-plane.

less than half a dielectric wavelength. The placement of each
hole drilled was measured by a digital output on the drill press
used. The holes were drilled completely through the substrate
and ground plane and then conducting tape was added to the
backside of the ground plane to effectively fill the holes in the
ground plane back in, leaving only the holes in the substrate.
Fig. 15 shows a photograph of the fabricated patch antennas
with substrate perforation. After being built, the resonant
frequency of each antenna was measured and the ground plane
then cut to ensure it was 1.2 by at the measured
resonant frequency. The measured resonant frequencies and
input match correlated well with the simulations.

Fig. 16(a) and (b) are plots of the measured- and -plane
patterns of the patch antennas on the 0.63- and 1.9-mm-
thick substrates without substrate perforation. The pattern dip
predicted in the FDTD simulations [see Fig. 3(a) and (b)] can
be observed in these measured results as well.

Fig. 17(a) and (b) shows plots of the measured- and
-plane patterns for the patch antennas fabricated on the

1.9-mm-thick substrate with and without substrate perforation.
As seen in the FDTD simulation results [see Fig. 6(a) and
(b)], adding the perforation to the thick high dielectric constant

substrate helped fill in the undesireable pattern dip at boresight.
Much of the differences between the measured patterns shown
in Fig. 17(a) and (b) and the computed patterns shown in
Fig. 6(a) and (b) can be attributed to fabrication errors.

VI. CONCLUSIONS

In this paper, the idea of external substrate perforation was
introduced and applied to a patch antenna to help mitigate
the drawbacks of thick high dielectric constant substrates
without sacrificing the patch element miniaturization or band-
width. From the results presented, the introduction of the
external perforation improved the far-field radiation pattern
of a patch antenna on a relatively thick substrate without any
reduction in bandwidth or increase in patch size. This result
was drawn from comparison to a similar patch antenna on a
thinner substrate, and observed in both FDTD simulations and
measurements

The improvement in the far-field radiation pattern has been
attributed to the reduction of the edge scattered component
from the energy trapped in the substrate. This was accom-
plished by lowering the effective dielectric constant of the
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substrate surrounding the patch. Thus, this change in substrate
dielectric constant decreased the amount of energy incident
upon the edge of the ground plane via substrate propagation.
The effective dielectric constant of the substrate surrounding
the patch was lowered by introducing an array of small closely
spaced holes.

Various aspects of the exact layout of the perforation relative
to the patch and ground plane were explored. It was found that
the perforation must not be located too close to the patch due
to fringing fields, or the resonant frequency would shift up. It
was also seen that the position where the perforation is started
or terminated does have some affect on the far-field radiation
pattern.

Future research will study optimum dielectric constant pro-
file designs for various applications. One application of great
interest is patch antenna arrays, where substrate dielectric
constant profile design can be used to reduce element to
element interactions.
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