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A single-layer metallo-dielectric superstructure for
enhancing the performances of EBG cavity antenna

Abdelhalim Chaabane1∗ , Hussein Attia2 ,
Farid Djahli3 , Tayeb A. Denidni4

A novel single-layer metallo-dielectric superstructure is proposed in this paper. It is constructed by two asymmetric unit-
cells optimally arranged on the same layer to construct a partially reflective surface to be placed over a multilayer microstrip
slot antenna named feed antenna for enhancing its performances. The radiation is expected to be maximum at the center of
the formed layer. Thus, to maintain a high-gain performance, the unit-cells placed at the center are designed to provide a
quasi-optimal reflection phase with high reflectivity at the frequency band of interest. A prototype of the proposed antenna
operating at 10 GHz with overall size of 2.133λ0 × 2.133λ0 × 0.56λ0 is successfully designed and fabricated. The calculated
and measured antenna gain results indicate that the proposed antenna exhibits a wider radiation bandwidth performance of
about 41.15% and 36.15%, respectively.

K e y w o r d s: wideband and high gain performances, wide radiation bandwidth, single layer partially reflective surface
(PRS), electromagnetic-band-gap cavity antenna (ECA), equivalent circuit

1 Introduction

Microstrip antennas have many distinct and desirable
attributes that make them the most known and broadly
applied antennas in wireless communication systems. Un-
fortunately, some cramped parameters such as 3 dB gain
and impedance bandwidths limit their applications [1, 2].
Traditionally, one method to improve the antenna gain is
using antenna arrays which may be constructed by many
radiating elements. However, the feed network is usually
complex and a lot of elements are needed to achieve a high
gain. Furthermore, as the number of array elements in-
creases, the overall size of the radiation system increases,
the efficiency decreases, and an undesirable loss in the
whole antenna structure occurs [3, 4]. Electromagnetic-
band-gap cavity antennas (ECA) also known as Fabry-
Perot cavity antennas that were firstly suggested by Von
Trentini in 1956, are well known for their capability to
provide suitably directive radiation without need of a
complicated feed system [5–7]. Usually, ECA is formed
by a partially reflective surface (PRS) placed at a half-
wavelength distance above a low gain primary source em-
bedded in a perfect electric conductor. The gain improve-
ment of the primary source is due to the cavity resonance
and the multiple reflections of the waves between the PRS
and the ground plane [8–10], the working principle of a
conventional ECA is illustrated in Fig. 1. However, the
performances of these antennas are highly sensitive to
the cavity height formed by the ground plane and PRS.

An optimum gain at the broadside direction can be at-
tained when the distance between the ground plane and
the PRS is such that it causes the waves emanating from
PRS to be in phase.

Fig. 1. Waves in the resonant cavity formed by a ground plane and
PRS

For a given PRS, the resonance condition for the max-
imum broadside radiation can be formulated and calcu-
lated as given in [11]

ϕPRS + π(1 − 2m) = 2kh (1)

where φPRS is the reflection phase coefficient of the PRS,
k is the wave-number, and m is an integer.

Accordingly, the cavity resonance condition over a
wide frequency range yields a wide radiation bandwidth
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Fig. 2. Detailed configuration of the ECA (a) – top view of the
ground plane of the feeding system (b) – cross section of the ECA

(a) (b)

Fig. 3. Configuration of the proposed PRS-layer (a) – top view
(b) – bottom view

Fig. 4. Equivalent circuit for the proposed single layer unit-cells

performance for the ECA [12]. At the resonant frequency,
the maximum boresight directivity is achieved and given
by [13]

D =
1 +R

1−R
(2)

where R is the magnitude of the reflection coefficient of
the PRS. For a highly reflective surface, the directivity
will be very high since the magnitude of the reflection
coefficient of the PRS is close to 1.

Recently, many planar antennas based on different
PRS structures have been proposed in literature for
highly-directive radiation [14-20], but most of them ex-
hibit poor 3 dB radiation bandwidth to be used for mod-

ern telecommunication applications. In [14], two double-
layer PRS arrays of dissimilar dimensions are employed,
each one consists of an AMC and a PRS surface printed
on either side of a dielectric substrate; no more than 8%
3 dB radiation bandwidth has been achieved. In [15],
two- and three-layers-PRS are placed over a dual-slot
dual-resonant feeding structure; no more than 16% 3 dB
radiation bandwidth has been achieved. In [16], three
double-sided arrays are employed, each one consisting of
an artificial impedance surface and a PRS surface printed
on either sides of a dielectric substrate; a 3 dB gain band-
width of 10.7% is achieved. In [17], three layers of PRSs
are employed, consisting of metallic square patches and
placed in front of a ground plane, forming three open cav-
ities; a high gain performance is achieved by increasing
the number of layers but no more than 15% radiation
bandwidth is achieved. In [18], a double-layered printed
unprinted dielectric superstrate was used as a PRS to
enhance the gain bandwidth of a slot coupled patch an-
tenna; no more than 25.8% radiation bandwidth has
been achieved. In [19], a double-layer PRS with rectan-
gular patch arrays with different sizes is employed over
a broadband T-shaped phase shifter and a complex feed-
ing network; the 3 dB gain bandwidth achieved is around
28.3%. In [20], one PRS layer with uniform metallisation
is used over a slot coupled-patch antenna; but only 28%
3 dB gain bandwidth is achieved.

In this paper, instead of using different metallisation
on several layers, an array of unit-cells with dissimilar
sizes is printed on the same layer to construct a single
PRS-layer to place it as a cover of a feeding antenna,
which is a planar microstrip slot-coupled antenna, con-
structed by three printed layers. The structure of the pro-
posed ECA (feeding antenna with PRS) is presented in
Fig. 2.

The designed PRS-layer is investigated as a superstruc-
ture to increase the performance of the feeding antenna.
Wider calculated and measured radiation bandwidths of
about 41.13% and 36.15%, respectively, were achieved
with the proposed ECA. Theoretical results were firstly
obtained by the electromagnetic software Computer Sim-
ulation Technology (CST), Microwave StudioTM [21].

2 PRS-layer configuration and design approach

Two different arrays formed by two different unit-cells
are arranged on the same layer to construct only one PRS-
layer. The detailed arrangement of unit-cells on the PRS-
layer is shown in Fig. 3. An array of inductive square
patches with dissimilar sizes, incorporated circular aper-
tures, is printed on the bottom face of the PRS-layer,
whereas another array of capacitive annular ring patches
with dissimilar sizes is printed on the top face of the PRS-
layer. The proposed single PRS-layer is designed on the
Rogers RT/Duroid 6002 dielectric substrate of thickness
0.762 mm, relative permittivity of 2.94, and dielectric loss
tangent of 0.0012.
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Fig. 5. Complex reflection coefficient for the two PRS unit cells (a) – reflection magnitude (b) – reflection phase

Fig. 6. Assembled prototype of the proposed ECA

The main goal of this work is a further improvement
of the radiation bandwidth employing just a single PRS-
layer. The design of the PRS unit-cells is the key for
achieving such desired goal. The radiation is expected
to be maximum at the center of the structure, thus, the
antenna is influenced mainly by the performances of the
4 × 4 unit-cells UC-I placed at the centre. Therefore,
an increasing reflection phase performance over a large
frequency band in the operational frequency for UC-I
is necessary to maintain a high-gain performance over a
wide frequency range.

In the following, referring to the approaches intro-
duced in [20] and [22], an equivalent circuit for the gen-
eral structure of the unit-cells is established, as shown
in Fig. 4. Moreover, the dielectric substrate constructing
the unit-cells is modelled as a transmission line section
that is characterized by its characteristic impedance Z

and length t . The characteristic impedance and length
of this transmission line are assumed to be Z = Z0

/√
εr

and t = t0 ·
√
εr , respectively, where t0 is the substrate

thickness, εr is the relative permittivity of the dielectric,
and Z0 is free-space wave impedance. To validate the
equivalent circuit model, the unit-cell UC-I placed in the

centre of the PRS-layer is modelled. The estimated values
of the electrical components, corresponding to the printed
patches of the unit-cell, L1,2 and C1,2, were firstly calcu-
lated according to their physical dimensions by using the
formulas given in [17] and [23]. Subsequently, the equiv-
alent circuit was simulated and tuned with Agilent Ad-
vanced Design System (ADS) software [24].

The complex reflection coefficient corresponding to the
equivalent circuit of the unit-cell UC-I follows well the
calculated one obtained by CST software for the infinite
structure unit-cell assumption, as illustrated in Fig. 5.
All the calculated values of the electrical components
in Fig. 4 of the unit-cell UC-I are set as follows: L1 =
2.04 nH, C1 = 0.03 pF, C2 = 0.021 pF, L2 = 7.42 nH,
Z = 219.87Ω, t = 1.31mm, Z0 = 377Ω.

An increasing PRS reflection phase response with fre-
quency over a wide frequency band can yield a broad ra-
diation gain bandwidth performance for the ECA. As well
known, as the radiation bandwidth increases, gain reduc-
tion is inevitable. Accordingly, a compromised gain and
radiation bandwidth performances is treated. The reflec-
tion phase of the unit-cell UC-I increases from 147.32◦

to 195.53◦ over a wide frequency range from 8.08 to
10.59 GHz, while the reflection phase of the unit-cell UC-
II is the continuity of the unit-cell UC-I, it starts in-
creasing from 10.62 GHz to over the interesting frequency
bandwidth, as illustrated in Fig. 5.

3 ECA design and measurement

The designed unit-cells in infinite structures assump-
tion are rearranged in one layer, as illustrated in Fig. 3,
and placed over the feed antenna to achieve the desired
performance (ie larger radiation bandwidth). Thus, an
ECA is formed, which is constructed by four printed lay-
ers separated by air-gaps (3 layers of feeding antenna
with 1 layer of PRS), as illustrated in Fig. 2. The four
printed layers have a permittivity of 2.94 and thick-
ness of 0.762 mm, except the third layer, in which the
parasitic ring patch is printed, which has the thickness
of 0.127 mm. A circular patch of radius R is printed
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Fig. 7. Performances of the ECA for different configuration of metallisation, Sup 1: an array of UC I surrounded by an array of UC II

(see Fig. 2), Sup 2: PRS-layer is constructed only by an array of UC II (uniform), Sup 3: PRS layer is constructed only by an array of
UC I (uniform): (a) – reflection coefficient, (b) – gain

Fig. 8. Performance of the ECA for different thickness of the cavity between the PRS-layer and ground plane: (a) – reflection coefficient,
(b) – gain

on the second layer of the feeding antenna, fixed at
the distance of d1 from the ground plane, and coupled
to the feed-line. The feed line is printed on the back-
side of the lower layer and coupled with the circular
patch through a rectangular slit RS1 that is incorpo-
rated in the ground plane. Additionally, to enhance the
impedance bandwidth, three other slits RS2, RS3 and
RS4 are inserted in the ground plane, as depicted in
Fig. 2(a). Moreover, to improve the matching, an an-
nular ring parasitic patch with inner radius of r1 and
outer radius of r2 is fixed in the front of the feeding an-
tenna, as depicted in Fig. 2(b). The overall size of the
proposed ECA is 64mm × 64mm × 16.8mm or about
2.133λ0 × 2.133λ0 × 0.56λ0 , where λ0 is the free-space
wavelength at 10 GHz. All the geometrical dimensions of
the proposed ECA are set as follows: a = 64 mm, b1 =
2.45 mm, b2 = 1.55 mm, b3 = 4.5 mm, b4 = 15.1 mm,
b5 = 5.2 mm, b6 = 9.5 mm, a1 = 1.93 mm, a2 = 1.3 mm,
RS1 = 8.4mm× 1.2mm, RS2 = 1mm× 0.3mm, RS3 =
2.9mm×1.1mm, RS4 = 2mm×1.9mm, h = 15.22 mm,
d1 = 2.58 mm, d2 = 7.25 mm, R = 5.6 mm, r1 = 3 mm,
r2 = 4 mm, D = 6.66 mm, s = 4.6 mm, n = 2 mm,
v = 8 mm, P = 7.5 mm, q = 7.1 mm.

Using the optimized dimensions cited above, the printed
layers constructing the ECA were fabricated and con-
nected to each other by nylon screws and spacers with

dielectric permittivity of 3.4 and radius 1.46 mm, the
assembled prototype is illustrated in Fig. 6.

The design of the two types of the unit-cells, in the last
section, can help to predict the appropriate arrangement
of these unit-cells on the PRS-layer to achieve the pur-
posed set by this work. The radiation performance of the
ECA depends mainly on the reflection coefficient of the
unit-cells and radiation characteristic of feeding antenna.
Because, the PRS-layer is constructed by dissimilar size
unit-cells. Thus, their arrangement on the PRS-layer have
great influence on the performance of the antenna. The
effect of the apportionment of the unit-cells UC-I and
UC-II in the PRS-layer on the performance of the feed
antenna is discussed. Compared to the configurations of
the PRS-layer without combination of the two types of
unit-cells, the arrangement of a total of 4× 4 UC-I unit-
cells at the centre of the structure, with periodicity v , and
surrounded by the unit-cell UC-II along the PRS-layer al-
lowed to enhance the performance of the feed antenna, as
illustrated in Fig. 7. An enhancement of upper than 3%
radiation bandwidth is achieved with the use of Sup 1.

Figure 8 shows the results of the parameter study of
the thickness h of the cavity formed by the ground plane
and the PRS-layer on the performances of the antenna
(impedance matching and gain). With increasing h from
13.72 mm to 16.72 mm, the impedance matching of the
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Fig. 9. Performance of the ECA versus the feeding antenna (FA): (a) – reflection coefficient, (b) – gain

antenna becomes better, and improvements of the gain

and radiation bandwidth are obtained. Because the goal
of this work is to achieve a larger radiation bandwidth

with fairly high-gain in the operating frequency, the value

of the 15.22 mm is chosen as the optimum high. By plac-

ing the proposed PRS-layer at the optimum thickness,

further improvements of the impedance matching, radi-

ation bandwidths, and antenna gain of the feed antenna

are achieved.

The influence of the PRS-layer on the performances

of the feeding antenna is illustrated in Fig. 9. Fig. 9(a)

shows that the PRS has a great effect on the impedance

bandwidth of the feeding antenna, where a considerable

improvement is observed. Furthermore, the simulated in-

put matching bandwidth of the ECA covers the frequency
band from 7.96 to 11.87 GHz, while the measured one

obtained by an Agilent 8722 ES vector network ana-

lyzer shows that the fabricated prototype covers the fre-

quency band from around 8.02 to 11.78 GHz for the limit

of 6.54 dB. The measured gain at far-field of the ECA

was carried out in a full anechoic chamber, showing a
good agreement with the simulated one, as illustrated in

Fig. 9(b). Additionally, covering the feed antenna by the

PRS-layer, a great enhancement on its radiation perfor-

mance is obtained; the gain response is greatly improved

and a larger 3 dB gain bandwidth is achieved. A calcu-

lated 41.13% 3 dB gain bandwidth is achieved, whereas

the measured one is about 36.15% with a maximum gain
of 12.6 dBi. Essentially, the ECA is purposely designed to

obtain a larger radiation bandwidth; thus it is reasonably

natural to do not have a higher gain performance. Slight

mismatch between the simulated and measured results is

attributed to the fabrication inaccuracies, antenna assem-

bly, feed connector welding, or measurement tolerance.

The normalized radiation patterns of the prototype an-

tenna were measured in an anechoic chamber for different

operating frequencies (8.5, 9, 10 GHz). A double ridged

horn antenna (model AH-118 operating in 1–18GHz) is

used for transmitting electromagnetic waves, whereas the

proposed ECA is used for receiving. The measured and

simulated radiation patterns for both E- and H-planes are

presented in Fig. 10. As can be seen, the measured radia-
tion patterns are consistent with the designed ones. Both
numerical and experimental side-lobe level (SLL) results
are below than −10 dB at almost the radiation band-
width. Furthermore, an excellent cross polarization per-
formance was measured, and it is almost below −20 dB
throughout the frequency band studied, which demon-
strates the good antenna performance. The performances
of the fabricated antenna are compared with some other
recently published antenna in Tab. 1. As it can be seen,
the proposed antenna provides the widest radiation band-
width and the wider working bandwidth by the use of only
one layer in superstructure. Thus, it could be concluded
that the designed PRS superstructure can be appropri-
ate for enhancing the performances of printed antennas
operating in X-band.

Table 1. A comparative study between the proposed antenna and
some recently published work operating in X–band

Refs No. of 3 dB Max. gain S11

layers gain BW(%) (dB) BW (%)

(19) 2 28.3 14.7 33.16

(20) 2 28 13.8 26.3

(25) 2 33.33 13.57 35.53

(26) 2 33.87 13.7 37.38

This work 1 39.43 12.6 37.98

4 Conclusion

A novel single-layer metallo-dielectric superstructure
has been presented in this paper for enhancing the per-
formances of a feeding antenna operating in X-band. The
advantages of the constructed ECA are threefold: 1) a
wider radiation bandwidth with a reasonable high gain
performance, 2) a consistent radiation pattern over al-
most the radiation bandwidth, and 3) two PRS unit-cells
printed in one layer to reduce the size and the cost. Wider
radiation bandwidth of about 41.13% and 39.43% have
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(a) (b)

(c) (d)

(e) (f)

Fig. 10. Measured and simulated radiation patterns in both H- and E-planes at three operating frequencies of the ECA: (a) – H- plane at
8.5 GHz, (b) – E-plane at 8.5 GHz, (c) – H- plane at 9 GHz, (d) – E-plane at 9 GHz, (e) – H-plane at 10 GHz, (f) – E-plane at 10 GHz

been calculated and measured, respectively. The calcu-
lated and measured impedance bandwidths are extend-
ing from 7.96 to 11.87 GHz and from 8.02 to 11.78 GHz,
respectively. Compared to the feed antenna, these perfor-
mances are greatly enlarged. The proposed concept has
proven its ability to exhibit a larger radiation bandwidth,
which makes it a good candidate for many wireless appli-
cations.
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