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Abstract—Because of the design limitations of conventional
high-impedance surfaces (HIS), it is not possible to miniaturize
the HIS and increase the bandwidth, simultaneously. To overcome
this, a novel HIS is proposed with a periodically perforated ground
plane. The magnetic flux flowing through the perforations results
in an extra inductance which increases the fractional bandwidth
and decreases the center frequency. Since the perforated HIS can
also be considered as a defected ground structure (DGS), surface
wave suppression can also be achieved by properly determining
the geometry of the perforations. Therefore, a bandgap can be
obtained without the need of vias, which considerably increase
fabrication costs. It is also possible to tune and overlap the re-
flection phase and surface wave suppression bands. However,
due to the rotational asymmetry of the structure, surface wave
suppression is achieved in only one direction.

Index Terms—Bandwidth enhancement, electromagnetic
bandgap (EBG), high-impedance surface (HIS), miniaturization,
surface wave suppression.

I. INTRODUCTION

HE last years of the twentieth century has witnessed

the birth of a novel and extremely useful electromag-
netic device, referred to as high-impedance surface (HIS) or
electromagnetic band gap (EBG) structure [1], [2], which are
utilized for low-profile antenna applications and surface wave
suppression [1]-[15].

For low-profile antenna applications, the thickness of the sub-
strate is usually chosen to be much smaller than the operating
wavelength. In addition, in most cases, the size of the ground
plane is finite and limited to the available space, which affects
the performance of an antenna mounted on it. The size of the unit
cell is also important in terms of the dependency of the reflec-
tion characteristics to the angle of incidence. It is already known
that the sensitivity of an HIS to the angle of incidence decreases
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with the unit cell size [16]. That is, compactness of an HIS can be
extremely significant for some cases. On the other hand, a large
bandwidth has always been a preferred property for most of the
RF systems. Therefore, it is always desirable to design an HIS
with large bandwidth, thin substrate and small unit cell size.

HIS unit cell miniaturization can be accomplished by uti-
lizing different types of patches, including spiral [17], slotted
[3] and space filling curve [18] type patches, instead of square
ones. Nevertheless, the immediate shortcoming of these HISs is
the bandwidth reduction. In fact, for a given substrate thickness
and patch width, the maximum bandwidth can be achieved by
square patches [15]. Thus, because of the design limitations of
a conventional HIS, it is not possible to miniaturize the surface
and enhance its bandwidth, simultaneously.

Another advantage of EBG structures is their surface wave
(SW) suppression capabilities. Wave propagation, within the
substrate, can be prevented in several ways. One of them is perfo-
rating the dielectric by periodic dielectric inclusions or metallic
posts referred to as vias [ 1], as in the case of a mushroom surface.
In the literature, there are various successful applications of
mushroom surfaces [1]-[9]. However, there are basically two
drawbacks of these structures. First, since the copper plated
through holes are very vulnerable to bending, vias should be
avoided in flexible or conformal applications. Second, the max-
imum SW suppression and AMC bands of these surfaces do not
overlap all the time, and trying to overlap those bands may be
highly troublesome for certain designs, especially with thin sub-
strates. Finally, inclusion of vias increases the cost of fabrication.

There are other types of EBG structures in which the vias are
eliminated but surface wave suppression is still possible. A very
common example of such a structure is uniplanar compact pho-
tonic band gap (UCPBG) structure [19], [20]. In these surfaces,
the patches are notched in a rectangular form and are electrically
connected by very thin lines which pass through their centers.
This results in an equivalent inductance, and the vias can be
eliminated. Therefore, it is much easier and cheaper to fabricate
these structures. Yet, they have narrower reflection phase band-
width compared to HISs with square patches [15]. Besides, the
overlapping problem of SW suppression and AMC bands is still
unresolved.

Another physical realization of an EBG structure, without
vias, is defected ground structures (DGS). In DGSs, some part of
the ground plane is etched away to obtain the band gap. DGSs
are generally used for microstrip filter design [21]-[24]. They
are also used to decrease the coupling between microstrip an-
tennas [25] and lines [26], to eliminate scan blindness [27], to
control harmonic radiation of microstrip antennas [28], [29], etc.
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However, one drawback of DGSs is that they do not have arti-
ficial magnetic conductor (AMC) properties.

The limitations on the bandwidth of the conventional HISs
led the authors to the quest of a novel geometry which solves
the miniaturization and bandwidth enhancement problems, si-
multaneously. Indeed, this can be accomplished by perforating
the ground plane periodically, as shown in Fig. 1. This type of a
structure was previously considered in [16] to miniaturize single
layer frequency-selective surfaces (FSS) and its transmission
properties were discussed. However, in this paper, the structure
is considered as an AMC ground plane, which is proposed to
decrease the operating frequency and increase the bandwidth
of two-layer HISs. Its reflection properties are investigated and
compared with those of the conventional HISs. Furthermore,
similar to the UCPBG and DGS structures, the HIS with a pe-
riodically perforated ground plane is verified to be capable of
suppressing SWs. This can be accomplished by designing the
geometry of the perforations properly. Hence, vias can be elim-
inated without hindering the EBG or AMC properties and the
structure can be designed such that both SW suppression and
AMC bands do overlap.

The organization of the paper is as follows. In the second part,
basic design limitations of conventional HISs are reviewed. In
the third part, the geometry of the new HIS is given and an an-
alytical transmission line model is explained. The fourth part
is dedicated to the reflection properties of the surfaces, which is
followed by a discussion on the SW propagation within the sub-
strate and experimental verification. Finally, the work is summa-
rized together with concluding remarks.

II. DESIGN LIMITATIONS OF HIS

Design limitations of HISs can be understood by examining
their physical geometry and analytical model. Although there
are several quantitative methods that are already reported in the
literature [30]-[32], a qualitative approach will be followed here
to summarize those results.

A conventional HIS is composed of a periodically arranged
array of metallic patches mounted on a grounded dielectric sub-
strate, and it can be modeled by a parallel LC circuit provided
that the periodicity of the surface is much smaller than the wave-
length at the operating frequency [1]. Hence, the center fre-
quency and the bandwidth are proportional to 1/(LC) and
v/ L/C, respectively. The capacitance of the surface is due to
the gap between the conducting plates on the top of the dielec-
tric substrate and the inductance is due to the ground plane in
close proximity to the array of patches. In the literature, there
are several analytical models and expressions for the equiva-
lent inductance and capacitance of an HIS [1], [33], [34]. All of
those models approach the problem from a different direction
and end up with different expressions. However, it is common
in all of them that the capacitance depends on the patch size
and proximity. On the other hand, the inductance and fractional
bandwidth depend only on the thickness of the substrate [1]. Be-
cause of this reason, the basic limitation in the design procedure
is on the bandwidth.

For a fixed substrate thickness, we do not have control of
center frequency and bandwidth at the same time. Once either
the center frequency or the bandwidth is specified, the other

4511

Yy s JC L I 4

— O —p —j -
s

Fig. 1. Physical geometry of an HIS with periodically perforated ground plane.
On top, there is the capacitive array of metallic patches. The second layer is the
dielectric substrate. The bottom layer is the inductive grid.
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Fig. 2. Transmission line model of the HIS. (a) Conventional HIS (b) New HIS
with the perforated ground plane.

depends upon it. Furthermore, the entire frequency range cannot
be covered by using reasonable patch dimensions.

Low-profile applications usually exhibit small bandwidths
because of thin substrates. Moreover, since the inductance of a
conventional HIS depends only on the thickness, the frequency
of operation can be tuned by varying the capacitance of the sur-
face. Expectedly, relatively lower operating frequencies can be
achieved only by increasing the capacitance of the surface. This
can be realized by decreasing the gap between the patches, in-
creasing the patch size and/or using the aforementioned patch
geometries. However, this either contradicts with the compact-
ness or large bandwidth requirements. Consequently, it is not
possible to miniaturize unit cell and enhance the bandwidth at
the same time.

III. DESIGN GEOMETRY AND ANALYTICAL MODEL

The square root of surface inductance is directly proportional
to the bandwidth and inversely proportional to the center fre-
quency of an HIS. Hence, if the inductance of an HIS can be
increased without changing its unit cell dimensions and thick-
ness, a lower resonant frequency and a wider bandwidth can be
achieved. This can be implemented by perforating the ground
plane periodically, as illustrated in Fig. 1. The ground plane can
also be considered as a metallic grid composed of strips of width
ws. In this structure, the perforations allow the magnetic flux,
generated by the currents circulating around the grid, to flow
through the holes and this results in an extra inductance. This
additional inductance increases the equivalent inductance of the
overall structure, resulting in a lower resonant frequency and
larger bandwidth.

A transmission line model can be developed for the new HIS
as shown in Fig. 2 where Zp and Z denote the impedances
of the array of patches and the perforated ground plane, respec-
tively. The dielectric layer behaves as an impedance transformer
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Fig. 3. Comparison of the simulated and analytical reflection phase for dif-
ferent strip widths.

of length 7, which is the thickness of the substrate. Z; is the
wave impedance in the surrounding medium which is a func-
tion of the angle of incidence and the polarization of the inci-
dent field. Zp and Z¢ are given in [33], and they are going to
be repeated here for the sake of completeness.

zp" = fj;'%lf (1)
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The expressions for the grid parameters for the array of
patches (ap) and for the perforated ground plane () are as
follows:

kessa 1
ap = EA - (5)
T sin Tr(u,Z; w)
kessa 1
g = ffaln( - ﬂw> (6)
T sin 52

When the surrounding medium is air, the effective permit-
tivity is approximated by (7), where €, is the relative permit-
tivity of the dielectric layer:

er+1
Ceff =5 @)

It is obvious that, while the array of patches has a capacitive
impedance, the impedance of the perforated ground plane is in-
ductive. The equivalent capacitance of the surfaces increases
with the patch width (w). On the other hand, the inductance de-
creases as the strip width (w) increases. In other words, larger
surface inductances can be obtained by larger perforations. Be-
cause the magnitude of the magnetic flux flowing through the
ground plane increases with the perforation size, it results in a
larger equivalent inductance.
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Fig. 4. Magnitude of the reflection coefficient for different strip widths.

IV. REFLECTION PHASE

In order to observe the reflection properties of the proposed
HIS, one sample is designed and simulated by HFSS!. The
unit cell size (@) and the patch width (w) are selected to be 5
and 4.1 mm, respectively. The dielectric material is Rogers
RT/duroid 58702 with a dielectric constant of 2.33 and thick-
ness of 1.524 mm. The widths of the strips are varied from 1 to
3 mm and the effects of the strip width on the center frequency
and bandwidth are investigated. The center frequency is as-
sumed to be the point where the surface behaves as a perfect
magnetic conductor (zero reflection phase). The bandwidth is
considered as the frequency interval where the reflection phase
takes values between +90° and —90°.

Fig. 3 shows the reflection phase of the new HIS for different
strip widths and that of the conventional HIS with identical unit
cell dimensions. Note that the case w, = 5 mm corresponds to
the conventional HIS. The numerical results are also compared
with the analytical ones obtained by the transmission line model
discussed in the pervious section. The numerical solutions are
obtained by simulating a single unit cell of the HIS.

The agreement between the analytical and numerical models
is excellent for this specific geometry. The agreement may not
be very good for some other designs as the analytical formula-
tion is not proved to be valid for any HIS. However, (1) through
(7) can still be used to obtain an initial design. The designs can
then be fine tuned by numerical simulations.

As expected, the width of the strips, or the perforation size,
has a very significant effect on the reflection characteristics of
the surface. Clearly, the center frequency of the surface de-
creases with the strip width. On the other hand, the fractional
bandwidth increases as strip width decreases. Hence, without
changing the physical dimensions of a unit cell, we can achieve
lower frequencies of operation and larger bandwidths, simulta-
neously, by decreasing the strip width. However, as the size of
the holes within the ground plane is increased, more energy is
allowed to leak to the other side of the HIS. Therefore, the mag-
nitude of the reflection coefficient, within the operational band-
width, decreases with the strip width. Fig. 4 exhibits a compar-

[Online]. Available: http://ansoft.com/Products/
2[Online]. Available: http://www.rogerscorp.com/products/index.aspx



DURGUN et al.: HIGH-IMPEDANCE SURFACES WITH PERIODICALLY PERFORATED GROUND PLANES

Return Loss

15,4 (d8)
3

-20

.25 ) = 11.25 mm
1524 mm

-30

8 9 10 1
Frequency (GHz)

(a)

Fig. 5. Return loss and radiation pattern of a dipole located on top of a PHIS.
One side of the PHIS is 1.8 X in length. (a) Return loss. (b) Radiation pattern.

TABLE I
REFLECTION CHARACTERISTICS OF THE PROPOSED HIS.
fo (GHz) a () BW (%) |I'| (dB)
ws = 5.0 mm 13.5 0.225 40.7 -0.06
wg =3.0 mm 13.0 0.217 41.5 -0.10
wg = 2.0 mm 12.0 0.200 433 -0.50
ws = 1.0 mm 10.7 0.178 48.6 -2.30

ison of the analytical and numerical models for different strip
widths. Apparently, the analytical model overestimates the loss.

Table I summarizes the simulation results that verify the
compromise between bandwidth improvement and reflected
power. Hence, a designer should take into account the amount
of leakage that can be tolerated to determine the size of the
perforations and unit cell dimensions. For instance, for the
given design, it is possible to obtain a 20.7% decrease in the
center frequency and 7.9% bandwidth improvement at an
expense of 2.3 dB reduction in the magnitude of the reflection
coefficient. On the other hand, in low-profile antenna applica-
tions, HISs are generally operated in their inductive region [3],
which also provides antenna miniaturization [12]. Therefore,
for such an application, the amount of power loss should be
smaller. For instance, if a 0.375 X dipole is located at a 0.04 A
distance above the PHIS, with strip width (w,) of 1 mm, the
dipole resonates around 9.43 GHz, and the magnitude of the
reflection coefficient of the PHIS, at this frequency, is —1.8 dB.
Fig. 5 shows the simulated return loss and the E- and H-plane
radiation patterns of the dipole. The PHIS is square in shape
with a side length of 12 cells (1.8 ). The gain of the structure
is 5.5 dBi, which compares well with the other examples,
reported in [4], that utilize conventional HISs. However, the
reader should always keep in mind that, due to the perforations
on the ground plane, the back lobe radiation is relatively high
compared to a case where a conventional HIS used.

V. SURFACE WAVE SUPPRESSION

Since the PHIS can also be considered as a DGS loaded with
a periodic array of patches, SW suppression can be achieved by
judiciously determining the geometry of the defects. It is also
important to overlap the AMC and SW suppression bands.

DGSs can be separated into two groups. The first one is a pe-
riodic structure which is based on Bragg s Diffraction phenom-
enon. The second group, not necessarily a periodic structure, is
composed of defects which form an equivalent LC filter. The
inductance is due to the extra magnetic flux flowing through the
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Fig. 6. Schematic drawing of the defected ground structures. (a) Type 1 (p >
d). (b) Type 2 (d > p).

holes and the capacitance is due to the charges accumulating
around the gaps.

Fig. 6 displays two different types of DGSs. In the first one,
the periodicity of the defects is larger than the width of the de-
fects (p > d). For this type, the rejection of waves is due to the
Bragg’s diffraction and the stop band occurs whenp = A/2[21].
When the distance between the defects is around a half wave-
length, the fields reflected from each defect interacts construc-
tively resulting in a strong reflection. Thus, to achieve a SW
suppression, the distance between the perforations should be ap-
proximately half wavelength at the operating frequency.

In the second type, the width of the defects is larger than
the periodicity (d > p). For this case, the slots (defects) reach
resonance (infinite impedance) before the Bragg’s diffraction
takes place and the propagating fields are reflected back because
of the high impedance per unit length [24]. This type of DGSs
are also referred to as High Impedance Wires [24], when they
are utilized in microstrip line applications. The stop band occurs
when d = A[24]. The defects behave like short-circuited stubs,
and when the length from the center of the slot to the shorted
end is approximately half wavelength, the impedance gets very
high and the power is reflected back. The basic advantage of
such a structure is its compactness [23].

In this paper, the authors opted to utilize the defects of Type 2
because of their compactness. A slot defect, which is folded in
the form of a split ring, for this type of an application, has al-
ready been reported in the literature [35]. Although promising
results were obtained in terms of SW suppression, power loss
was a serious issue for that design. Hence, in this work, a dumb-
bell type defect, which allows further miniaturization and com-
pactness, is used. The structure was designed to operate at its
second band to get rid of the excess power loss. To overlap the
SW suppression and AMC bands, the size of the perforations
were designed to be larger than the periodicity of the patches.
The patches and perforations, together, form a larger super-cell,
as illustrated in Fig. 7.

Fig. 8 displays the dispersion diagram of the PHIS along the
direction perpendicular to the narrow slots. According to the
dispersion diagram, the PHIS exhibits a stop band between 12.4
and 13.0 GHz. As explained before, this is the second stop band
of the PHIS, which is between 27 and 3" modes. The first band
gap occurs before the 2”¢ mode crosses the light line.

SW suppression properties of the PHIS were verified by sev-
eral simulations. In the first one, the coupling between two par-
allel microstrip lines was simulated when there is the PHIS be-
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Fig. 7. Schematic drawing of a single super-cell of the PHIS. The dashed lines
show the boundary of the perforation which is on the bottom of the substrate.
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Fig. 8. Dispersion diagram of the PHIS obtained by a full-wave simulation.
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Fig. 9. Coupling reduction between two microstrip lines.

tween them, and compared with the reference case, where there
is nothing between the two lines. The 50 2 transmission lines
were designed on a Rogers RT/duroid 5870 substrate. The dis-
tance between the edges of the transmission lines was recorded
as 45.5 mm. Fig. 9 shows the coupling reduction between ports
2 and 3, which are enumerated on the schematic drawing of
the simulation geometry. Apparently, there exists a bandgap be-
tween 11.7 and 12.5 GHz

The next example is the demonstration of coupling reduction
between two probe fed microstrip patch antennas. The antennas
were designed to operate around 12.3 GHz. The geometry of the
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Fig. 10. Schematic drawing of the simulation geometry to demonstrate the cou-
pling reduction between the microstrip patch antennas. The antennas operate
around 12.3 GHz.
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Fig. 11. Comparison of the mutual coupling between the antennas for three dif-
ferent cases. Reference: There is no structure between the antennas. Mushroom:
A conventional mushroom surface between the antennas. PHIS: Perforated HIS
between the antennas.

simulation and the simulated return loss of the antennas are il-
lustrated in Fig. 10. The mutual coupling between the microstrip
antennas was simulated for three different cases, as shown in
Fig. 11. In the figure, PHIS and Mushroom , respectively, denote
the cases where there is the proposed PHIS and the conventional
mushroom surface, with exactly identical patch width and peri-
odicity, between the antennas. Similarly, for the reference case,
there is not any structure between the antennas. The radius of
the vias of the mushroom surface is 0.25 mm. Clearly, the PHIS
exhibits a very nice bandgap around the center frequency of the
antennas. On the other hand, the bandgap of the mushroom sur-
face occurs around 11.5 GHz.

The phase and the magnitude of the reflection coefficient of
the PHIS can be seen in Fig. 12. The electric field is polarized
in the direction perpendicular to the narrow slots on the ground
plane. Apparently, the magnitude of the reflection coefficient
is around —0.7 dB near the center frequency, and it is below
—1 dB within the entire band. Also, the AMC and SW suppres-
sion bands of the PHIS do overlap. Nonetheless, this is not true
for the mushroom surface. Although the reflection phase center
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Fig. 13. Variation of the EBG band as a function of patch width.

frequency of the mushroom surface is 13.5 GHz, as stated in
Table I, the bandgap is around 11.5 GHz.

EBG band of the PHIS definitely depends on the size and ge-
ometry of the perforations. In addition, position of the bandgap
is also a function of the size of the patches on the top surface of
the PHIS. This is attributed to the slow wave effect of the patch
loading. Fig. 13 displays the variation of the bandgap of the
PHIS with respect to the patch width. As expected, the bandgap
moves to lower frequencies as the patch width increases. Ob-
viously, this results in a miniaturization of the surface, i.c., the
EBG band of a PHIS occurs at a lower frequency compared to
a conventional DGS.

If we compare the variation of the AMC and SW suppres-
sion bands with respect to the patch width, we can see that the
variation in the reflection phase is larger. For this particular ex-
ample, as the patch width changes between 3.9 mm and 4.2 mm,
the reflection phase shifts from 12.9 GHz to 12 GHz, while the
bandgap shifts from 12.55 GHz to 12.3 GHz. The difference in
the amount of variation of the two bands makes it possible to
tune and overlap them.

The reflection and SW suppression properties of perforated
structures are subject to change when other objects are placed
in close proximity. However, since the PHIS is designed to min-
imize the power transmitted through the perforations, the impact
of the presence of the other objects are also minimized. For ex-
ample, placing a metallic layer of copper shifts the EBG res-
onance at most 150 MHz when the distance between the PHIS
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Fig. 14. Photographs of the fabricated PHIS and microstrip patch antennas. (a)
Top view. (b) Bottom view.

and the metallic layer is 0.1 or greater. On the other hand, when
the distance is 0.08, the resonance shifts approximately 300
MHz and there is 15 dB reduction in the coupling. Clearly, the
PHIS can be designed by taking into consideration these reso-
nance shifts due to the presence of the metallic layer.

At this point, it is worth mentioning one drawback of the
PHIS with dumbbell shaped perforations. Due to the charges ac-
cumulated around the narrow slot, the capacitance of the PHIS
is increased compared to the conventional HIS. Consequently,
the reflection phase bandwidth has been reduced from 40.7%
to 27.9%. Thus, we can conclude that there is compromise be-
tween SW suppression and bandwidth.

VI. EXPERIMENTAL VERIFICATION

For the experimental verification of the claimed properties,
the setup shown in Fig. 10 was fabricated by using Rogers
RT/duroid 5870 high frequency laminate cladded with 0.5 oz.
(17 pum) copper layer on both sides, as the substrate. The top
and bottom layers of the setup was patterned by standard pho-
tolithography process followed by wet etching of copper. The
photoresist and the copper etchant were AZ4620 and Transene
CE-100, respectively. EVG620 mask aligner was used for UV
light exposure. Fig. 14 illustrates the top and bottom views of
the fabricated structure.

After fabrication of the experiment setup, the mutual cou-
pling between the antennas was measured for four different
cases and the results were compared with simulations. An
HP8510C Vector Network Analyzer was used as the instru-
mentation at the Arizona State University ElectroMagnetic
Anechoic Chamber facility. The measured data was acquired
at 801 frequency points between 11.3 and 13.3 GHz. A syn-
thesized source was operated in step frequency mode, and an
IF averaging factor of 2048 was used. The comparisons of
the measurements and simulations are illustrated in Fig. 15.
It can be observed that maximum SW suppression occurs at
12.55 GHz, instead of the design frequency (12.30 GHz). This
frequency shift is basically because of the accuracy of the
fabrication process, particularly the undercut and nonunifor-
mity of the etching. When the patch width and the perforation
sizes are adjusted to 4.05 mm and 5.9 mm, respectively, a
good agreement between simulations and measurements can be
obtained. Indeed, those values are well within the reasonable
range, as far as the accuracy of the fabrication is considered.

Another interesting point that is worth mentioning is that SWs
are not suppressed when there is only perforations between the
antennas. Indeed, the stopband of the DGS occurs at a higher
frequency. However, for the PHIS case, due to the slow wave
effect of the patch array, the stopband is shifted to 12.55 GHz.
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Fig. 15. Comparison of the simulations and measurements for four different
cases. Reference: Nothing between the antennas. DGS: Only perforated ground
plane between the antennas. HIS: Only conventional HIS (no vias) between the
antennas. PHIS: Perforated HIS between the antennas.

VII. CONCLUSIONS

A new type of HIS is proposed with a perforated ground
plane. It has been verified that the extra magnetic field flux
flowing through those perforations increases the equivalent in-
ductance of the surface which increases the bandwidth. There-
fore, it is possible to miniaturize the unit cell and enhance the
bandwidth at the same time, the inability of which is the major
limitation of conventional HISs. The bandwidth increases (the
center frequency decreases) as the size of the perforations in-
creases. However, there is a compromise between bandwidth
improvement (compactness) and reflected power. It has been
also demonstrated that a bandgap can be obtained by judiciously
designing the geometry of the defects. Thus, it is possible to
eliminate metallic posts, which increase the fabrication costs,
without hindering SW suppression capabilities. However, the
bandgap is not a complete one, due to the rotational asymmetry.
In addition, the AMC and SW suppression bands can be tuned
to overlap. It is also possible to decrease the amount of power
loss, due to the perforations, by operating the PHIS in its second
band. Besides, a performance reduction in terms of miniaturiza-
tion and bandwidth enhancement is observed when the perfora-
tions are designed to suppress SWs.
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