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Abstract—A new method is presented to design dual-band, high-
directivity, EBG-resonator antennas using simple, single-resonant,
single-layer partially reflective surfaces (PRS). The large, positive
gradient of the reflection phase versus frequency curve of partially
reflecting surfaces, observed only close to the resonance frequency of
the PRS, is exploited for this purpose. An example single-resonant
PRS, based on a frequency-selective surface (FSS) composed of a
printed slot array, was designed. Then it is used to design an EBG-
resonator antenna to demonstrate the feasibility of achieving dual-band
performance. Cavity models are employed, together with the reflection
characteristics of the PRS, to understand the operation of the device
at critical frequencies such as cavity resonance frequencies and the
PRS resonance frequency. Antenna simulations and computed results
confirm the dual-band operation of this very simple, single-layer, low-
profile EBG-resonator antenna. It resonates in two bands centered at
10.5GHz and 12.3 GHz. The peak directivity in each band is 18.2 dBi
and 20.5 dBi, and the 3 dB directivity bandwidth of each band is 7.5%
and 8.7%, respectively.
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1. INTRODUCTION

In recent years, microwave applications based on electromagnetic band
gap (EBG) structures have attracted significant attention [1, 2]. An
important application of EBGs is the realization of high-gain low-
profile antennas with a Fabry-Perót resonator [1–10], providing a low-
profile aperture antenna. 1-D, 2-D and 3-D EBG structures have been
investigated for this purpose [3–5]. Most of the 2-D EBG resonator
antennas are based on frequency selective surfaces (FSS), which also
behave as partially reflective surfaces (PRS) at the antenna operating
frequencies [6–10]. The advantages of FSS, especially when employed
to realize single-band EBG resonator antennas, are simplicity, low
cost, ease of fabrication and ease of mounting. It is easy to change
their properties, such as the reflection magnitude and phase, and by
optimizing them, EBG resonator antennas with good performance can
be realized.

EBG and FSS structures have in the past been applied to design
dual-band EBG resonator antennas [6–10]. For instance, an EBG
superstrate made out of triple-layer dielectric cylindrical rods was
employed in one dual-band design [6]. Two operating bands can
be obtained by the insertion of defect rods in the EBG. In another
example, a FSS structure made out of a single dielectric layer with two
strip-dipole arrays on its two surfaces was proposed as a superstrate
for dual-band EBG resonator antennas [7]. In [8, 9], the FSS structure
was considered as a ground to generate a reflection phase jump at the
design frequency. Two frequency bands are obtained when a cavity is
formed using such a FSS ground and a single layer superstrate. Dual-
band EBG antennas can also be designed using a double-layer EBG
superstrate [10]. When the cavity height and the distance between the
two layers are appropriately selected, dual-band operation is expected.

In this paper, we propose a method to design a single-layer FSS
that can be used to make a dual-band EBG resonator antenna when
employed as a superstrate. For simplicity a standard PEC ground
plane is assumed, although the design method is applicable to other
types of ground planes such as PMCs. With this method, the designer
can obtain the reflection phase characteristics required for a dual-
band high-directivity EBG antenna, using a very simple, single-band,
single-layer FSS such as a printed slot array. Hence the resulting
dual-band EBG resonator antenna has advantages of simplicity, low
cost, low profile, ease of fabrication and ease of mounting, just like
their conventional single-band counterparts. An example design is
presented to demonstrate the effectiveness of the proposed design
method for dual-band EBG antennas. Section 2 outlines the basics
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of EBG resonator antennas and the analysis methods employed here.
The new design method for dual-band EBG antennas is detailed and
demonstrated in Section 3. The radiation characteristics, such as
directivity, of an example dual-band antenna design are presented in
Section 4.

2. CHARACTERISATION OF EBG RESONATOR
ANTENNAS

2.1. Characteristics of EBG Resonator Antennas

A typical 2D EBG resonator antenna, based on a FSS, is shown in
Fig. 1. It consists of a superstrate, a ground plane and a feed antenna
for excitation. The superstrate forms a FSS-based 2-D EBG structure
where periodic conducting patterns are printed on one or both of its
surfaces. It behaves as a partially reflective surface (PRS) at the
antenna operating frequencies, and forms a resonant cavity together
with the ground plane.

The gain of such an EBG resonator antenna is mainly determined
by the area of the PRS, the reflection coefficient (magnitude and phase)
of the PRS and the cavity height h, shown in Fig. 1. If the cavity
resonance condition is satisfied, the maximum gain of the antenna will
be achieved. The cavity resonance condition is associated with the
reflection phases from the PRS and the ground, the propagation phase
through the cavity (h), and the operating frequency. It is given by [2]

φP + φG − 2π

λ
2h = 2kπ, k = 0,±1,±2 · · · (1)

where φP and φG are reflection phases of PRS and the ground,
respectively. This resonance condition ensures that all the waves
arriving at the bottom surface of the PRS after multiple reflections are
in-phase with the first incident wave. For a PEC ground, the reflection
phase φG is always 180◦ for all frequencies of interest. If the height h

Figure 1. The configuration of a typical 2-D EBG resonator antenna.
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is fixed, the cavity resonance frequencies are mainly determined by the
reflection phase profile (i.e., phase versus frequency curve) of the PRS.

2.2. Method of Analysis

To analyze or design this type of antennas, we first apply the image
theory to remove the ground plane. A cavity composed of the
superstrate and its image will resonate at the same frequency as
the antenna. Since the size of the feed antenna is considered much
smaller than that of the superstrate and the ground, the effect of the
small feed antenna on the resonant cavity can be ignored. Hence,
the analysis of the PRS with a periodic configuration and the EBG
resonator antenna can be reduced to a unit cell and a cavity model
composed of only one cell, by applying periodic boundary conditions
(PBC) [5]. A unit cell model is shown in Fig. 2(a), where the unit cell
of a PRS is surrounded by four periodic boundaries. This model can
be used to estimate the transmission and reflection of the PRS, under
the normal incidence. Fig. 2(b) shows the resulting cavity model. It
has a single cell of the periodic superstrate and its image surrounded
by four periodic boundaries. The reduction of the analysis to a unit
cell and its image significantly saves computational memory and time,

(a) (b)

Figure 2. (a) A unit cell model for the PRS; (b) a cavity model
composed of a unit cell and its image.
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compared to the direct analysis of the whole EBG resonator antenna.
For normal incidence, the periodic boundaries surrounding the unit
cell or the unit cavity can be replaced by the PEC (pefect electric
conductor) and PMC (pefect magnetic conductor) walls. For example,
in the cases shown in Fig. 2(a), a slot is etched on one surface of the
unit cell. The boundaries perpendicular to axis x should be set as
PEC walls and those perpendicular to axis y should be PMC walls.
Waveguide ports are placed on the two sides of the model. After these
settings, x-polarised normal incidence will be applied to the CST or
HFSS analysis.

In this research, the commercial software CST Microwave Studio
has been used for the analysis and design of dual-band EBG resonator
antennas.

3. A SINGLE-LAYER PRS FOR DUAL-BAND EBG
RESONATOR ANTENNAS

3.1. Design Method

It is known that, when resonant inclusions are introduced to an object,
it exhibits significantly different electromagnetic properties around
the inclusion resonance frequency. Our previous investigations have
confirmed that the reflection phase of a PRS can vary significantly
around the inclusion resonance frequency when periodic resonant
inclusions are embedded [11]. For example, the reflection phase of
a typical PRS slowly decreases with frequency. However, if it contains
a 2D array of resonant slots, the reflection phase rapidly increases
with frequency around the first resonance frequency of the slots. Due
to this highly distorted and inverted phase profile, it is possible to
strategically design a PRS with a single inclusion resonance frequency
in such a way that when it is employed in an EBG resonator antenna,
the cavity resonance condition is satisfied at two frequencies. This
means a dual-band antenna can be obtained from a single-band PRS!
This design method and the theory behind it are further explained in
subsequent sections, with example designs.

3.2. Design Example

A single-dielectric layer with a 2-D slot array is a simple example of
PRSs that can be employed for this design method. For illustration,
let us consider the single-layer PRS shown in Fig. 3. It is based on a
single dielectric layer with a conductor coating on its bottom surface,
which includes a 2-D periodic array of slots etched in the conductor
coating.
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Figure 3. Configuration of the proposed PRS.

Let us also assume that the dielectric layer is made out of
FR4/Epoxy material, which has a dielectric constant of about 4.4
and a thickness of 0.8 mm. The unit cell has initial dimensions of
10mm × 6 mm × 0.8mm. The etched slots on the bottom side have
dimensions of 8 mm × 0.2mm. The reflection coefficient magnitude
and phase of this PRS, obtained using the model shown in Fig. 2(a)
and CST Microwave Studio, are plotted in Fig. 4. At 11.64GHz, the
reflection magnitude is very small because the slots (and hence the
PRS) resonate at this frequency. The reflection phase decreases slowly
with frequency for most frequencies but it increases sharply close to
the slot resonance frequency. For comparison, the reflection phase of a
normal PRS, (which could be used in a conventional single-band EBG
resonator antenna,) is also plotted in Fig. 4. It has a small, negative
slope and decreases gradually with increasing frequency.

Starting from resonance condition in Equation (1), one can derive
an expression for the cavity height h(f) that is required to make the
cavity to resonate at a given frequency f . This is given by

h(f) =
c

4πf
(φP + φG − 2kπ), k = 0,±1,±2 · · · (2)

where f denotes the frequency and c is light speed.
When the reflection phases of the PRS (φP ) and the ground

(φG, usually 180◦) are known, it is possible to calculate the cavity
height required to make the cavity to resonate at each frequency, using
Equation (2). When this is done for the example PRS mentioned
above, for all frequencies of interest, one obtains the relationship
between the cavity height and cavity resonance frequency plotted in
Fig. 5. To obtain the curves in Fig. 5, two different values of k need
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Figure 4. Reflection magnitude
and phase of the slot-array PRS.

Figure 5. The relationship
between the cavity height and
cavity resonance frequencies for
the slot-array PRS.

to be substituted in Equation (2). For the 10–11.63 GHz frequency
range, the calculated cavity height h is only acceptable when k = 1.
Due to the abrupt phase change at the slot resonance frequency
(11.64GHz), the calculated values of the cavity height by substituting
k = 1 for f ≥ 11.64GHz are not acceptable in practice. However,
acceptable cavity height values for f ≥ 11.64GHz can be obtained
by substituting k = 2 in Equation (2). Therefore, the part of the
curve for f < 11.64 GHz in Fig. 5 is obtained with k = 1 and that for
f ≥ 11.64GHz obtained with k = 2.

One should clearly differentiate the cavity resonance frequencies
from inclusion (slots, in this example) or PRS/FSS resonance
frequencies. The horizontal axis in Fig. 5 represents cavity resonance
frequency, which is a variable, because it also depends on cavity height.
However, the inclusion or PRS/FSS resonance frequency for all these
cases is the same, i.e., 11.64GHz. It is entirely determined by the
resonant inclusions in the PRS/FSS.

The most striking feature of Fig. 5 is that, when the cavity
height (h) is within the range of 11–14.7 mm, multiple cavity resonance
frequency solutions are possible for the same cavity height. That means
the same cavity with a fixed height, formed by a single-band PRS,
can resonate at multiple frequencies, enabling the design of multi-band
antennas using a single-resonant PRS. The nature of the curve in Fig. 5
suggests that three cavity resonance frequencies may be possible for
a cavity height in the range of 11–14.7GHz. However, as explained
later, only two of these solutions are useful for the operation of an
EBG resonator antenna. The solution close to the inclusion resonance
frequency is not useful for EBG resonator antenna operation. We will
return to this issue later in this section. For the moment, it is sufficient
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to say that the resulting EBG resonator antenna is dual-band, not tri-
band, and one of its operating bands is below the inclusion resonance
frequency (i.e., 11.64GHz in this example) and the other is above the
inclusion resonance frequency. By generating curves such as Fig. 5, it
is possible to iteratively design PRSs suitable for dual-band antennas
that are required to operate in two distinct bands.

Computation of the transmission coefficient |s21| through the
equivalent cavity model, shown in Fig. 2(b), reveals useful information
on EBG resonator antennas. Obviously the transmission coefficient
through the cavity model, i.e., the whole structure shown in Fig. 2(b)
(as opposed to just the PRS), is close to 0 dB at frequencies the
FSS/PRS (and its image) resonates because all cascaded section in the
model has |s21| close to 0 dB at these FSS/PRS resonance frequencies.
Nevertheless these frequencies are useless for EBG resonator antenna
operation because there is no cavity resonance at these frequencies, and
as a result, there is no spreading of the field inside the cavity. (The
FSS/PRS actually becomes a non-reflecting surface at its resonance
frequency. Without sufficient reflection from the FSS/PRS, the cavity
cannot resonate.) The wave simply propagates through the cavity
with minimal attenuation. However, the transmission coefficient
through the cavity model also peaks and reaches close to 0 dB at other
frequencies where the cavity resonates, although the |s21| of the PRS
is much greater than 0 dB at these frequencies. This high transmission
is entirely due to cavity resonance. The cavity efficiently radiates with
a narrow beam, forming a high-directivity EBG resonator antenna, at
these frequencies.

Let us now analyse the transmission coefficient |s21| through the
equivalent cavity model, shown in Fig. 2(b), when the PRS described
earlier (and its image) is included in the cavity model. It was computed
using CST Microwave Studio, assuming the cavity height (h) is equal
to 13.2 mm. These transmission results, plotted in Fig. 6(a), indicate
three transmission peaks at frequencies, rf 1, rf 2 and rf 3. In Fig. 4,
it can be seen that the PRS reflects strongly except at frequency
rf 2. Strong transmission through the cavity is only possible at those
frequencies where the cavity resonates. At rf 2, the PRS is clearly
transparent, according to Fig. 4, and hence the transmission through
the cavity is strong, though the cavity resonance condition (1) is
not satisfied at rf 2. Hence, the resulting antenna behaves as an
EBG resonator antenna around rf 1 and rf 3 but not at rf 2. This
is further verified by the antenna directivity figures presented later.
When the field distributions in the cavity were computed at these three
frequencies and analyzed, it was found that the field distributions at
rf 1 and rf 3 were very similar.
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(a) (b)

Figure 6. Results of the parametric studies: (a) Effect of the slot
width (w) on |S21|: unit size = 10 × 6mm; (b) Effect of the unit cell
width on |S21|: w = 0.2mm.

A parametric study of the effects of slot dimensions and the unit
cell dimensions on the cavity resonance frequencies has been performed.
The effect of the slot width is illustrated in Fig. 6(a). The cavity
resonance frequencies rf 1 and rf 3 can be fine-tuned by changing the
slot width (w). The smaller the value of slot width, the closer the two
frequencies rf 1 and rf 3. The result of changing the length of the unit
cell is indicated in Fig. 6(b). It shows that the positions of rf 1 and rf 3
become closer when the unit cell width is increased.

The design methodology is below:

• The relationship between the slot length and the resonance
frequency of the PRS can be approximately estimated by

lr = a× c

2fr
√

εr
(3)

where a, c, lr, fr and εr are a constant, light speed, slot
resonant length, PRS resonance frequency and substrate dielectric
constant, respectively. The value of the constant a is in the range
of 1.1–1.4. It is determined by a lot of factors, such as the thickness
of the PRS, the size of the unit cell, the slot width, etc. After
the operating bands of the antenna and the material of the PRS
are determined, one can first use formula (3) to approximately
estimate the slot length, then use CST Microwave Studio to
accurately find the length.

• After determining the slot length, the model in Fig. 2(a) and CST
Microwave Studio can be applied to determine the transmission
and the reflection of the PRS. Using formula (2) to determine the
relationship between the cavity height (distance between the PRS
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and the ground) and the cavity resonance frequency, as shown in
Fig. 5, a dual-band EBG resonant antenna can be obtained. The
center frequencies of the two operating bands can be tuned by
adjusting the size of the unit and the slot width.

4. DUAL-BAND EBG RESONATOR ANTENNA

A slot-array PRS has been designed following the design method
described above. It is placed at a distance of h = 13.4mm from
a PEC ground, forming an EBG resonator antenna. The PRS and
the ground both have overall dimensions of 110 × 110mm2 (about
4.5λ×4.5λ at 12GHz). The slot array printed on the bottom surface of
the PRS includes 11×11 slots. In this case, the unit cell dimensions are
10×10mm2 and the slot dimensions are 8 mm× 0.2mm. The thickness
of the PRS dielectric superstrate, made out of FR4/Epoxy, is 0.8mm.
This EBG resonator antenna has been simulated using CST Microwave
Studio. For simplicity and numerical efficiency, a horizontal electric
dipole (HED) (e.g., an x-polarized HED at the centre of the antenna
above the ground) has been included in the simulations, instead of
a real feed antenna, to excite the antenna cavity [12]. The antenna
directivity and radiation patterns have been computed. Since HED
is a broadband excitation, it is possible to obtain results for all the
concerned frequencies in a single simulation.

The computed radiation patterns in the E- and H-planes at the
cavity resonance frequencies (10.5 GHz and 12.3 GHz) are plotted in
Figs. 7 and 8, respectively. As described in the previous section, the
positions of rf 1 and rf 3 can be fine-tuned by adjusting the lengths of
the slot array and the unit cell. Their positions can also be tuned by
varying the cavity height. In this simulation, the antenna achieved
the best directivities at rf 1 and rf 3 when the cavity height (h) is
13.4mm. It can be seen that the level of the side lobe levels in
the two planes are below −18 dB at 10.5GHz and below −20 dB at
12.3GHz. The predicted directivities at these two frequencies are
18.2 dBi and 20.5 dBi, respectively. The computed directivity within
the frequency range of 9.5 GHz–14GHz is plotted in Fig. 9. Note that
the directivity has two maxima at the two cavity resonance frequencies,
i.e., rf 1 = 10.5GHz and rf 3 = 12.3GHz. At rf 2 = 11.4GHz, the
directivity is low because there is no cavity resonance. The waves pass
through the resonating slot array PRS/FSS without much blockage
and hence the directivity is close to that of the excitation or the feed
antenna. The 3-dB directivity bandwidths of the antenna in the two
operating bands are approximately 7.5% and 8.7%, respectively.
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Figure 7. Radiation patterns at 10.5 GHz.

Figure 8. Radiation patterns at 12.3 GHz.

Figure 9. Antenna directivity versus frequency.

5. CONCLUSIONS

The inverted and enhanced gradient of the reflection phase versus
frequency curve of partially reflecting surfaces that are made out of
resonant inclusions (such as slot arrays) is exploited to develop a
new design method for dual-band EBG resonator antennas. Based



256 Ge, Essellec, and Bird

on this design method, dual-band, high-gain, low-profile, EBG
resonator antennas can be designed using single-layer, single-band
partially reflecting surfaces. The key to the design method is the
interesting relationship between the cavity height and cavity resonance
frequencies. For the same cavity height and PRS, two cavity resonance
frequencies can be obtained by appropriately designing the PRS/FSS.

Simulations and a design example demonstrate the feasibility of
this approach. Simulation results indicate that an EBG resonator
antenna, formed by a very simple, single-resonant, single-layer
PRS/FSS and a PEC ground, indeed resonates and radiates in two
frequency bands. The peak directivities in the two bands are 18.2 dBi
and 20.5 dBi, respectively.
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