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Abstract: Meta-surfaces as artificial magnetic conductors or high impedance surfaces to control the electromagnetic fields excited by
a microstrip patch resonator are investigated for planar and non-planar structures. In the planar structure, two types of meta-surfaces are
used as electromagnetic transducers to transform the captured non-radiating waves to radiated space waves, leading to about 4 dBi gain
enhancement. Alternatively, by applying these surfaces as E-plane fences in two sides of a patch, a compact microstrip-based quasi-
aperture antenna is proposed. The proposed antenna not only improves the gain up to 8 dBi, but also provides almost a symmetric
radiation pattern by controlling the phase distribution of electric fields in the antenna aperture. Using near electric-field pattern
inspection and characterising the meta-surfaces, the radiation mechanism of the proposed antennas are delineated. Two antenna
prototypes are fabricated and tested and, confirming the simulated ones, the corresponding measured results are presented.

1 Introduction

Microstrip antennas have been one of the most interesting
radiators in wireless communication systems for long time
because of the wealth of advantages offered by the planar
technology including, low profile, compatibility with
printed circuits, fabrication simplicity and low cost [1, 2].
However, they naturally suffer from narrow bandwidth and
low gain radiation characteristics [1, 3]. Typically, a
microstrip antenna etched on a thin substrate offers a
matching bandwidth and gain in the range of 3–5% and 5–
7 dB, respectively. Therefore different creative techniques
have been proposed to enhance its radiation characteristics,
especially in terms of bandwidth and radiation pattern to meet
the demands of the relevant communication systems [1, 3].
In the perspective of radiation pattern improvement,

microstrip antennas have significantly evolved during the
past two decades by taking benefits of the synergy between
planar technologies with other innovative structures. For
instance, by stacking one or two other patches on top of the
resonator, the bandwidth and antenna directivity are
enhanced [4–6]. In addition, patch antenna loaded with a
superstrate or multilayer dielectric with periodically
changed dielectric thickness and properties [called
one-dimensional electromagnetic bandgap (1D-EBG)
superstrate] have been developed to improve the antenna
directivity by utilising the radiating leaky wave properties
[7–9]. This technique has also been successfully applied for

patch array configuration to improve directivity and
matching bandwidth in [10].
Alternatively, corrugated metallic structures, also called

soft surfaces, have been used to improve the antenna
radiation pattern by controlling the propagating current on
the ground plane [11, 12]. However, they are bulky and
expensive, which this limits their applications in antennas.
On the other hand, meta-surfaces have found significant
interest for the purpose of antenna radiation pattern
enhancement because of their unique electromagnetic
responses to the incident/propagating waves that can be
inexpensively realised with low-profile planar technologies
[13–17]. Some of such meta-surfaces can be classified as
EBG or high impedance surfaces (HISs), artificial magnetic
conductors (AMCs) and partially reflective surfaces (PRSs)
[18, 19]. As a meta-surface with partially reflective
property, a periodic array of patches has been used to
increase the antenna gain by imposing the principle of the
Febry–Perot resonant cavity [20–22]. Furthermore, in [22],
both properties of PRS and AMC have been combined
together to considerably improve the antenna directivity,
whereas its overall height has been reduced. In addition, in
[23], the advantages of PEC and AMC are pulled together
to obtain higher gain without losing the antenna efficiency.
Alternatively, the properties of HIS or EBG structures have
been used to enhance the radiation pattern of the microstrip
patch antenna by suppressing the propagating surface waves
[24] or creating a defect in the bandgap [25], respectively.
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In this paper, not experimentally addressed so far, new
trends of controlling the propagating electromagnetic waves
in AMCs and HISs which enhance the radiation pattern
performance of a patch antenna are presented. Indeed, the
potentials of EBGs or HISs in capturing both the
propagating surface- and coupled space-waves are explored
in the planar configuration. Then, these captured waves
with meta-surfaces are deliberately transformed to the
radiated space waves, leading to a significant improvement
in the antenna directivity. In the next step, the planar
configuration is reformed to a non-planar structure to
construct a microstrip-based quasi-aperture antenna
(MBQAA). In this new compacted configuration, the
advantages offered by soft-surfaces in aperture antennas
[26–31] are mimicked by using the proposed meta-surfaces
used in the E-plane of the patch antenna. The obtained
results demonstrate that the directivity of patch antenna can
be enhanced up to 8 dBi by controlling the electric field
distribution in the aperture of the proposed MBQAA
constructed with meta-surfaces. Furthermore, by using this
configuration, the symmetry of antenna radiation pattern can
be easily controlled as well.

2 Application of artificial materials in gain
enhancement and the proposed antenna
configurations

In this paper, artificial materials named meta-surfaces are
used in planar and non-planar configurations. The antennas
are designed to operate in the X-band at the centre
frequency 9.4 GHz. In the first structure, meta-surfaces
surround two sides of a coaxial-fed patch antenna in the

E-plane; and entirely located on a same substrate, the
antenna structure is planar. Although, referred as a
non-planar configuration in the second case, they are used
as E-plane fences for the planar microstrip patch antenna to
create a compact MBQAA. This antenna offers a
symmetric, high gain radiation pattern with a low
cross-polarisation and low side/back lobe levels. It is light
weight, cost effect and can be used as a feed for reflector
antennas.

2.1 Meta-surfaces and gain enhancement in planar
microstrip antennas

2.1.1 Design of the proposed planar antenna
configuration: In Fig. 1a, mushroom-like EBG materials
are used in the E-plane of a coaxial-fed microstrip patch
antenna to improve its radiation performance by
transforming surface waves to radiated ones, and hence
enhancing the antenna gain by increasing its effective
aperture efficiency. Furthermore, by eliminating the
discontinuity of each EBG unit-cell along the X-direction,
as shown in Fig. 1b, another type of HIS is created for the
waves propagating in the y-direction. Indeed, this surface
mimics the performance of a soft-corrugated surface [11,
12, 26–30], and therefore, named as soft-EBG structure, it
is also used instead of the mushroom-EBGs applied in the
E-plane of the antenna shown in Fig. 1a.
Four columns of mushroom-EBGs surround the two sides

of the patch antenna in the E-plane at an appropriate
distance from its radiating edges as shown in Fig. 1. The
total number of unit cells in each column must be at least
two times the patch width to effectively interact with the
fringing fields of two resonant edges of the patch antenna.

Fig. 1 Geometry of the patch antenna surrounded by mushroom-like EBG and soft-EBG structures in the E-plane

Antenna dimensions used in the simulations have been summarised in Table 1
a Patch antenna with mushroom-like EBG consisting of 4 × 15 unit cells
b Configuration of soft-EBG used instead of mushroom-EBG in Fig. 1a. The size of soft-EBG is equal to the one of mushroom-EBG

Table 1 Final dimensions of simulated antennas

Antennas εr h Wp = Lp Wg Hg d dv a b dph W hc

simple patch 2.2 1.57 9.5 43.45 60 2.55 — — — — — —
patch with planar E-plane EBG 2.2 1.57 9.5 44.5 60.5 1.57 0.36 2.8 2.95 10.225 26.95 —
patch with planar soft E-plane EBG 2.2 1.57 9.46 52.87 52.87 2.375 0.36 2.8 2.95 9.975 29.42 —
RQAA with metallica fence 2.2 1.57 9.405 43.45 60 2.9025 — — — — — 15.8
RQAA with mushroom-EBG fence 2.2 1.57 9.24 43.45 56.86 2.82 0.52 3.8 3.95 — 15.8
RQAA with soft-EBG fence 2.2 1.57 9.405 43.45 58.86 2.9025 0.52 3.8 3.95 — — 15.8
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Fig. 2 Simulated radiation characteristics of a simple patch antenna and the antennas described in Fig. 1

Antenna dimensions have been summarised in Table 1
a Simulated reflection coefficients and realised gains
b E-plane radiation patterns
c H-plane radiation patterns

Table 2 Radiation characteristics of the RQAAs with metallic and meta-fences compared with a simple patch with and without
artificial materials

Antenna/parameters BW, MHz, sim/
meas

Co-pol, sim/
meas, dB

X-pol, sim/meas, dB Beamwidth, °,
sim/meas

Front to back ratio,
dB, sim/meas

E (Eθ), H
(Ef)

E (Ef) H (Eθ) E H E H

simple patch 555/– 7.1/– 6.2/– −161/– −18.6/– 100/– 60.5/– −18.8/– −15.3/–
patch with planar E-plane
EBG

425/– 9.6/– 9.6/– −164/– −22.6/– 52.9/– 74 −20.6/– −23.1/–

patch with planar soft
E-plane EBG

440/– 9.8/– 9.8/– −162/– −20/– 46.4/– 81.8/– −22.6/– −21.4/–

RQAA with metallica fence 340/– 11/– 11/– −160/– −23/– 65.9/– 43.5/– −21.5/– −26.4/–
RQAA with mushroom-EBG
fence

343/264 12.5/
11.73

12.5/
–

−161/–
20.4

−24/–
20.665

36/35.8 45.3/
35.6

−19.1/–
20.1

−26.2/–
26.8

RQAA with soft-EBG fence 327/305 13.1/
12.2

13.1/
–

−174/–
17.84

−20.7/–
19.584

39.4/
33.2

44.5/36 −26.1/–
18.9

−36.7/–25

Note: the results presented for the cases with mushroom-EBG and soft-EBG fences are related to the simulations, where compromises
between back/side lobe, beam symmetry and maximum gain have been considered. The maximum gain of antennas for those cases
can be enhanced by more than 1.5 dB by neglecting these compromises.
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Therefore 15 unit cells are used for each column.
Furthermore, to obtain the maximum constructive radiation
out of the captured field by the EBGs in both sides of the
patch, four columns of unit cells are enough, as it will be
explained in the next sub-sections.
The initial sizes of the unit-cell are calculated using its

equivalent resonant LC transmission line model [16]. In this
model, the inductance represents the current passing
through the via and the capacitance results from the
coupling between fringing fields of adjacent patches. The
values of inductance and capacitance are related to the unit-
cell dimensions by expressions (1) and (2), and the resonant
frequency of EBG is calculated by (3) [16]

L = m0h (1)

C = a10 1+ 1r
( )
p

cos h−1 a+ b

b− a

( )
(2)

v = 1����
LC

√ (3)

Therefore the unit cells are designed to create a bandgap close
to the desired operating frequency. Then to achieve the
maximum realised gain and best matching performance, the

antenna dimensions are optimised using CST Microwave
Studio simulator. The crucial parameters used in the
optimisation are a, b, Wp, d and dp. The final dimensions of
antennas are summarised in Table 1 for each case.
The radiation characteristics of the patch antenna integrated

with meta-surfaces, that is, with mushroom-EBGs and
soft-EBGs, were simulated and compared with a simple
patch antenna with the same physical aperture area. These
characteristics are demonstrated in Fig. 2 and they have
been concisely summarised in Table 2. As it can be noted
from the data in this table, both types of meta-surfaces
reduce the matching bandwidth by almost 23%.
Considering the distance between the radiating edges of the
patch and EBGs, which is 0.31λ0, where λ0 is the free
space wavelength, this is mainly because of the indirect
interactions between meta-surfaces and the microstrip patch
antenna. These interactions are realised through the
coupling mechanism between the patch and meta-surfaces
because of the propagating surface waves and radiated
space waves. The simulated gains of the antennas in Fig. 2a
show that the meta-surfaces enhance the gain by 3.8 dB.
The maximum value is obtained for the one surrounded
with soft-EBG. Indeed, this is equivalent to about 14%
aperture efficiency enhancement, that is, from 15.9 to
29.7%. It needs to highlight that, being out of the scale of

Fig. 3 Near field examination of the proposed configurations shown in Fig. 1 at 9.4 GHz, that is, for the cases with E-plane mushroom-EBG (a
and b) and with E-plane soft-EBG (c and d)

Coordinates are referenced to the antenna configuration shown in Fig. 1
a Top view (XY-plane)
b Side view (XZ-plane)
c Top view (XY-plane)
d Side view (XZ-plane)
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the figure, the cross-polarisation of antennas in E-plane
patterns in Fig. 2b are missed in the figure.

2.1.2 Radiation mechanism of the proposed planar
configuration: To further understand the principle
behind the gain enhancement in these antennas, their near
electric-field patterns at the centre frequency of the obtained
matched bandwidth are examined. These patterns are
illustrated in Fig. 3. The patterns in the XY-plane show that
the meta-surfaces are significantly radiating in-phase with
the radiation from edges of the microstrip patch antenna. In
fact, the distance of EBGs from the edge of patch (dph) and
the number of columns dictate the maximum realisable gain
for this configuration. In other words, as the near
electric-field patterns in the XY and XZ planes are also
reflecting, the meta-surfaces increase the aperture efficiency
of the patch antenna. It means that the total structure can be
considered as an array of two patches, each one has a gain
of about 7 dB, which are separated by a distance of less
than λg (wavelength in the dielectric). These patterns also
demonstrate that when patch is surrounded by the
soft-EBG, the antenna aperture more effectively increases
by suppressing the anti-phased radiating TE-wave and
hence uniformly distributing the electric fields across the
physical aperture area. This, indeed, leads to a better gain
for the antenna surrounded by this type of meta-surface.
To identify the nature of the radiation from the EBG

meta-surface which is contributing to the gain enhancement,
the K− β dispersion diagram of a unit-cell of the
mushroom-EBG has been calculated using CST Microwave
Studio for the first TE- and TM-modes propagating in three
directions of its irreducible Brillouin zone as shown in
Fig. 4a. The one of soft-EBG has also been determined for
the propagation only in the y-direction, which is exhibited
in Fig. 4b. In these figures, the propagating modes in the
free space and an environment entirely filled with a
dielectric material with permittivity equal to the one of
EBG substrate are exhibited as references. The result for the
mushroom-EBG surface demonstrates that the
meta-structure operates as a hard-surface for the TE wave in
the frequency range of 9–10 GHz, while it starts to suppress
the TM wave from 9.7 GHz. This suppressing band is very
close to the operating frequency of the patch antenna.

However, in the frequency range from 9.2 to 9.7 GHz, the
TM propagating wave interacts with meta-surfaces, and
then, it is transformed into the radiated leaky waves. This is
in agreement with the work reported in [31], where only
theoretically has proved the potential of such surfaces in
supporting radiated leaky waves. Not shown here for
brevity, our investigation shows that when the bandgap
region of meta-surfaces are adjusted to cover the desired
operating frequency range centred around 9.4 GHz just
similar to the other works reported in [9–12], the gain
enhancement is at least 1 dB less than the cases presented
here.
Therefore it can be concluded that as a more effective HISs

in two sides of the patch, these meta-surfaces interact with
both the propagating surface waves on the dielectric/air
interface and the radiated space waves by the patch antenna.
Indeed, the electric fields captured by these surfaces in two
sides of the patch transformed to the radiated space waves
which are leaked out through the discontinuities between
the EBG unit cells. Consequently, by appropriately

Fig. 4 Simulated dispersion diagrams of EBG surfaces

a Mushroom-EBG
b Soft-EBG

Fig. 5 Normalised amplitudes of the electric-field distributions
along the X-direction on the surface of the dielectric of patch
antennas with/out meta-surfaces
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adjusting the distance between radiating edges of the patch
with these surfaces and the sizes of EBGs, these
transformed radiated waves are constructively contributed in
gain enhancement. This in fact is the main technical
difference between the work presented here in which leaky
waves are propagated through the meta-surfaces and the
ones reported in [17, 22–24], where meta-surfaces are
operating in their bandgap region and hence suppressing
surface waves.
To more carefully examine this issue, the electric-field

distributions on the dielectric surface along the X-direction
(e.g. symmetric plane of the antenna passing through the
feed point) are depicted for three cases in Fig. 5. The peaks
in these curves indicate the level of electric field at each
location. The curve calculated for simple patch
demonstrates three peaks at locations named A, B and H,
which are related to the radiating edges of the patch and
scattered field from the substrate edge. The small peak at C
is related to the feed point. Owing to the asymmetry in the
E-plane, the level of the field at radiating edge B is higher
than the one at A. By integrating meta-surfaces with patch
antenna some more local maximums are appeared in the
curves at D, E, F and G. This again confirms that the
electric fields are captured by meta-surfaces and then they
are transformed to the radiated leaky waves. In addition,
since these fields are transformed to the radiated waves, the
peak related to the scattered field at the substrate edge, that
is, H location, is disappeared. As another interesting point,
considering the level of the scattered field at H point and
appearing such high peak levels at D, E and F locations, it
is believed that the amount of improvement on the gain is
not only because of transforming the surface wave to the
radiated one. It is also related to the coupling between
EBG-structures and the radiated space waves from edges of
the patch. It is also worth to mention that because of the
local field concentration around the X-axis, the level of the
peak at D for the case with EBG meta-surfaces is much
higher than the antenna integrated with soft-EBG.
For brevity, not demonstrated here, the simulation shows

that minimum three rows of mushroom-EBG on each side
of the patch antenna are enough to add at least 3 dB to the
antenna gain, and by increasing the number of rows to

more than six, it will not notably enhance the gain level
beyond 9.9. In addition, when vias of mushroom-EBGs in
Fig. 1a are eliminated, the antenna gain reduces to 5.4 dB
in the H-plane, which is even less than the one of simple
patch antenna. In this case, the meta-surfaces without vias
conveniently support surface waves that cause to a
significantly broadened radiation pattern, more notably in
the H-plane (104 and 77° in E and H planes, respectively),
and hence this leads to more radiation leakage from the
substrate edges (–15.5 and –14.7 dB in E and H planes,
respectively). Consequently, vias are the essential part of
meta-surfaces in capturing the electric field and
transforming them to the radiated waves.
The dispersion diagram calculated for the soft-EBG surface

in Fig. 4b demonstrates a same performance for the TM
surface wave with a slight change to the lower and upper
edges of its bandgap. However, this meta-surface operates
as a soft-EBG for the TE-waves across the entire 9–10 GHz
frequency band, and therefore suppresses the electric-field
component oriented along the X-direction. Consequently,
for this case, leaked electric fields are more uniformly
distributed along the X-direction. This leads to a slightly
larger effective aperture area and hence a little gain
improvement compared with the case with mushroom-EBGs.

Table 3 Aperture efficiency of the proposed antennas

Antennas Physical area A
(l20)

Aperture
efficiencies,

%

Sim. Meas.

simple patch 2.562 15.9 —
patch with planar E-plane
EBG

2.75 28.3 —

patch with planar soft E-plane
EBG

2.75 29.7 —

RQAA with metallica fence 2.562 36.4 —
RQAA with mushroom-EBG
fence

2.562 51.5 37.3

RQAA with soft-EBG fence 2.562 59.15 48

Fig. 6 Reflection coefficient of the RQAAs compared with a simple patch and a patch with metallic fences

Dimensions of simulated antennas have been summarised in Table 1
a Geometry of the proposed RQAA with meta-fences
b Simulated reflection coefficients and realised gains
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The slight cross-polarisation enhancement of the antenna
with soft-EBG is mainly because of the TE wave
suppression, whereas for the antenna with mushroom-EBG is
essentially because of the destructive radiation of cross-
polarised field across the discontinuities in the X-direction as
shown by the field distribution in Fig. 3a. The radiation
characteristics of the antennas are summarised in Table 2.

Fig. 7 Radiation patterns of the RQAAs made with metallic and
meta-fences

a E-plane radiation pattern
b H-plane radiation pattern
c Radiation pattern at plane j = 45°

Fig. 8 Aperture field distributions of the RQAAs made with
metallic and meta-fences

a Metallic fences
b Mushroom-like EBG fences
c Soft-EBG fences
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2.2 Meta-surfaces and rectangular-quasi-aperture
antenna

2.2.1 Design of the proposed non-planar antenna
configuration: In this section, the proposed antenna
configuration in Fig. 1 is modified to further enhance its
performance in terms of gain and radiation pattern by
taking advantages of the aperture antenna radiation
mechanism. By folding the meta-surfaces of the antenna
configuration shown in Fig. 1 and using two metallic fences
in the H-plane, a rectangular-quasi-aperture antenna
(RQAA) is introduced as depicted in Fig. 6a. Both
mushroom-EBG and soft-EBG can be used as meta-fences
in the E-plane of the proposed antenna. In this antenna, the
number of unit cells is reduced to 11. Indeed, this results in
a desired symmetric radiation pattern. Then, the dimensions
of the patch antenna, EBGs and Hg are optimised using
CST Microwave Studio in terms of matching, maximum
gain and symmetric radiation pattern in both E and H
planes with minimum back/side lob level. The final
dimensions of antennas have been summarised in Table 1.
The simulated reflection coefficients and realised gains of

RQAAs constructed with both mushroom- and soft-EBGs
are compared in Fig. 6b to those of the simple patch
antenna designed in the previous section. Furthermore, the
performances of RQAA, when it is constructed with only
metallic fences in both E and H planes, are also examined
for more clarification. The height of metallic walls is as
high as the RQAA with meta-surfaces.
Similar to the planar prototype discussed earlier, by using

either metallic or meta-surfaces as fences in the E-plane of
the patch antenna, the matching bandwidth is reduced
almost by 40%. Nonetheless, the matching bandwidths of
RQAAs constructed with meta-surfaces are almost similar
to the one made with only metallic fence on its four sides.
Furthermore, when meta-surfaces are used, the antenna
configuration provides a high gain value of about 13.1 dB.
This means that, having even smaller physical aperture area,
RQAA composed of meta-surfaces increases the gain of
simple patch antenna by about 7 dBi. In fact, by applying
meta-surfaces as E-plane fences, the radiation principle of
the structure more looks like the one of a rectangular
aperture antenna. However, its performances are much
better than the one with metallic fences, that is, the

quasi-waveguide aperture antenna constructed with metallic
walls. In addition, the simulation results show that by
changing the patch sizes of EBG unit cells, the antenna
gain can be increased to more than 14 dBi. However, in this
case, some asymmetry is appeared in the E-plane radiation
pattern. This is because the surface impedances of
meta-surfaces on two sides of the patch antenna more
constructively affect the waves propagating on its surface,
leading to higher gain value. It needs to be highlighted that
the total height of RQAA is λ0/2 for both cases comprised
of either mushroom-EBG or soft-EBG. This demonstrates
that the proposed RQAAs are more compact compared with
a metallic pyramidal horn with similar radiation
performance. In addition, as summarised in Table 3, the
total aperture efficiencies of these antennas are slightly
better than the one of an optimal pyramidal horn antenna,
which is about 50% [32].
For more clarification, the 45°, E and H planes radiation

patterns of the antennas are compared with each other in
Fig. 7. As it is obvious, the antennas with meta-surfaces
provide narrower and more symmetric beams compared
with the other two cases. In addition, the RQAA with the
soft-EBG predicts the minimum back/side lobe level in all
radiation planes. Being better than the simple patch, by
using either metallic or meta-fence around the patch
antenna, the cross-polarisation level is improved. It needs to
be noted that because of the low level of cross-polarisation
components in the E-plane radiation pattern, the
cross-polarisation components are not in the scale range of
the plot shown in Fig. 7a, and hence they are missed in this
figure. The final simulated radiation characteristics of the
antennas are summarised in Table 2.

2.2.2 Radiation mechanism of the proposed
non-planar configuration: To investigate the effect of
meta-surfaces on the antenna gain enhancement, the
electric-field distributions in the aperture of the RQAAs
constructed with meta-surfaces and metallic walls are
compared with each other as shown in Fig. 8. It is clear that
when meta-surfaces are used in the RQAA, the antiphase
parts of the field distribution next to the side E-plane walls
are considerably weakened for the antenna composed of
mushroom-EBG, whereas those are almost vanished for the
one with soft-EBG. That is why a more uniform field is

Fig. 9 Simulated dispersion diagrams of EBG surfaces

a Mushroom-EBG
b Soft-EBG
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achieved in the antenna aperture, which considerably
improves the gain of meta-based RQAA (by at least 2 dB)
compared with the case composed only of metallic walls
[26, 27]. This is basically because of the high impedance
performance of meta-surfaces (see Fig. 9) for the
propagating TM and TE waves in the desired operating
band of 9–10 GHz. Therefore controlling the phase
distribution in the aperture by using meta-surfaces in the
E-plane is the reason of gain enhancement compared with
the case where patch is surrounded by metallic fences. In
addition, by examining the electric field at the edge of
meta-surfaces in the aperture of the antenna made with
soft-EBG, it can be observed that the orthogonal electric
field almost tends to vanish, leading to a smaller back
radiation in both E and H planes as summarised in Table 2.

3 Experimental results and discussion

To substantiate the results obtained, the two proposed
RQAAs offering superior performances were fabricated and
tested inside the anechoic chamber. A circle shaped patch
with 3 mm radius centred at the feed location is removed
from the ground plane during the fabrication process to
accommodate the RF excitation port. Copper rivet is used
as vias in the meta-surfaces. The outer and inner diameters
of the rivets are 0.6 and 0.4 mm, respectively. Two pieces
of copper plate with thickness of 0.5 mm were used as
metallic fences in the H-plane of the RQAAs. Furthermore,
some aluminium tape was utilised to connect the patch
antenna to the metallic- and meta-walls. Fig. 10a
demonstrates the photo of the fabricated RQAAs.

Fig. 10 Photos of fabricated RQAAs and their radiation characteristics

a Photo of fabricated RQAAs
b Simulated and measured reflection coefficients and realised gains of the fabricated RQAAs
c Radiation patterns of RQAA made with EBG fence
d Radiation patterns of RQAA made with soft-EBG fence
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The measured reflection coefficients of the fabricated
RQAAs are compared with the simulated ones as depicted
in Fig. 10b. The investigation shows that since the sizes of
the hole in the ground plane and also the SMA-connector
modelled in the CST are slightly different than the sizes of
the SMA-connector in practice, smaller matching
bandwidths are obtained in the measurement compared with
the simulations carried out for both antennas. Furthermore,
some parts of this difference are also because of the
out-centred position of the inner pin of the SMA-connector
when it passes through the hole in the ground plane to be
soldered to the patch. Since two similar SMAs have been
used for the fabricated prototypes, obtaining a better
bandwidth for one of them confirms this issue.
The measured realised gains of the antennas are compared

with the simulated ones as demonstrated in Fig. 10b. Gain
comparison method has been used to measure their gain in
the broadside direction, that is, in the Z-direction, inside the
anechoic chamber. The maximum realised gain for RQAA
with EBG and soft-EBG walls are 11.73 and 12.2 dB,
respectively, which are about 1 dB less than the simulated
gains. The discrepancy between simulated and measured
gains is probably because of the fabrication tolerance and
measurement accuracy.
Comparing the obtained gains with that of a uniformly

illuminated aperture with a physical area of A [15], the
aperture efficiency of the antennas can be calculated by

h ap =
Gl20
4pA

where λ0 is the free space wavelength at 9.4 GHz, G is the
realised gain of the antenna and A is the total size of the
ground plane.
Summarised in Table 3, it is confirmed again that by using

meta-surfaces the aperture efficiency of the patch antenna is
significantly enhanced and RQAA made with soft
meta-surface offers the maximum aperture efficiency.
Radiation patterns of the antennas were measured inside

the anechoic chamber at the desired operating frequency
9.4 GHz. Figs. 10c and d demonstrate the measured co- and
cross-polarised radiation patterns in the E and H planes.
The characteristics of radiation patterns have been
summarised in Table 2. The results of RQAA with
EBG-fences demonstrate a symmetric radiation pattern with
beam widths of 35.8 and 35.6° in E and H planes,
respectively. The measured radiation pattern in the H-plane
is slightly narrower than the one predicted by the
simulation. The cross-polarisation is better than –20 dB in
both E and H planes.
A notable difference between the measured and simulated

cross-polarisations in the H-plane is observed, which is
because of the ideal symmetric configuration of the antenna
in the H-plane where the simulator predicts such low
cross-polarisation exactly at j = 0°. Back lobe levels are
again in very good agreement in both planes with the
predicted ones.
For the RQAA with soft-EBG fences, radiation

performances almost similar to the RQAA with
mushroom-EBGs were measured. However, two side lobes
have been appeared in the E-plane radiation pattern which
they considerably deviate the relevant back lobe level. The
examination of the fabricated structure reveals that the size
of aperture in the E-plane (i.e. distance between two
EBG-walls) is slightly larger than the designed one (about

3 mm) because of the fences misalignment. This results in
appearance of two side lobes from the sides of the E-plane
radiation pattern.

4 Conclusion

The potentials of meta-surfaces constructed of
mushroom-EBG structure as HIS and AMC in controlling
the electromagnetic waves excited by a microstrip patch
antenna are explored in planar and non-planar
configurations. The results demonstrate that meta-surfaces
with a length of maximum λ0/2 (maximum four columns of
unit cells) are adequate enough to obtain the desired
radiation pattern in terms of gain, side/back lobe level in
both planar and non-planar configurations. Indeed, by
appropriately using these surfaces and controlling the
propagating/incident electromagnetic waves, the gain of a
simple patch antenna can be enhanced by more than 8 dB,
indicating a notable improvement in its aperture efficiency,
outperforming the optimum efficiency of a pyramidal horn
antenna. As light weight, compact configurations with low
side/back lobe levels and symmetric radiation patterns,
these antennas can be good candidates as feeds for
reflectors, which are constructed with planar technology.
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