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Multi-layer Partially Reflective Surfaces for
Broadband Fabry-Perot Cavity Antennas
Konstantinos Konstantinidis, Alexandros P. Feresidis, Senior Member, IEEE and Peter S. Hall,
Fellow, IEEE


P

Abstract— A high gain broadband Fabry-Perot type antenna is
proposed, based on multi-layer periodic Partially Reflective
Surfaces (PRSs). Three layers of PRSs are employed, consisting
of metallic patches printed on thin dielectric substrates and
placed in front of a ground plane, forming three open cavities.
The antenna performance is based on the reflection
characteristics of the PRS array, which are obtained using
periodic analysis. An equivalent circuit approach is presented for
the design of the multi-layer PRSs showing very good agreement
with full-wave analysis. The geometry has been optimized using
full wave simulations (CST Microwave StudioTM). An antenna of
around 20 dBi gain at an operating frequency of 14.5 GHz is
obtained with a 3dB bandwidth of about 15%, outperforming
earlier antenna designs based on two-layer PRS. A prototype has
been fabricated and tested, validating the simulation results.
Index Terms— Broadband antennas, Fabry–Perot cavities
(FPC), high–gain, leaky wave antennas, partially reflective
surface (PRS), periodic structures

I. INTRODUCTION

F

ABRY-PEROT cavity (FPC) type antennas employing
doubly periodic arrays of conducting elements, or
apertures in a conducting sheet, have been widely investigated
in the past, [1, 2], as they provide high-gain performance, high
efficiency and low-complexity feeding network compared to
conventional microstrip patch arrays [3]. Antennas of this type
find numerous applications in modern communications, radar
and sensor systems. They consist of a metallic or metallodielectric periodic array placed at approximately half
wavelength distance over a metallic ground plane and a lowdirectivity primary source (e.g. dipole). The passive array acts
as a Partially Reflective Surface (PRS), [1, 2], creating a
Fabry-Perot type resonant cavity that significantly increases
the gain and directivity of the primary source [4-6]. A ray
optics approximation can be used to describe the antenna
operation by means of the multiple reflections between the
ground plane and the PRS [1, 2]. A leaky-wave approach has
also been successfully employed in order to analyse and
design this type of antennas [5-7]. In [8-10], planar artificial
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Fig. 1. (a) Unit cell dimensions of three layer PRS, (b) Schematic diagram of
the proposed antenna.

magnetic conductor (AMC) ground planes have been
introduced as means to reduce the profile of such antennas
from half-wavelength to sub-wavelength values.
However, FPC antennas have inherently narrow operational
bandwidth. A technique for enhancing the bandwidth of FPC
antennas has been recently proposed [11]. An optimized
double layer PRS FPC antenna has been presented which
achieves a significant bandwidth enhancement compared to a
single layer PRS FPC antenna. The antenna performance is
related to the reflection characteristics of the PRS array using
a simple ray optics model. According to this model, maximum
directivity at boresight is obtained when constructive
interference occurs i.e. when the resonance condition given in
equation (1) is satisfied, where  is the phase of the reflection
coefficient of the PRS, h is the distance between the ground
plane and the screen and 0 is the wavelength in free space.


4h
f  (2 N  1) ,
c

N  0,1,2...

(1)

It can be seen from this equation that in order to obtain
maximum directivity over a broad frequency range, a linearly
increasing PRS reflection phase response with frequency is
desired. This was first achieved in [11], using a double-layer
array of square metallic patch arrays with dissimilar array
element dimensions. Later, in [12] a double-layer square ring
defected geometry was presented obtaining an increasing
phase. More recently, a positive phase gradient was achieved
employing dipoles printed on both sides of a dielectric
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substrate [13]. In all the above cases the antenna radiation
bandwidth has been enhanced, validating the conclusions of
equation (1). Furthermore, in [14-16] directivity enhancement
was achieved employing multiple EBG superstrates and an
array of multiple sources instead of a single source.
In this paper, we present for the first time the design and
implementation of a three-layer PRS for enhancement of the
directivity – bandwidth (BW) product of FPC antennas and
thereby generalize the concept of broadband FPC antennas
with multiple PRS layers. In addition we present a simple
equivalent circuit model for the design of the proposed multilayer PRSs.
The proposed antenna configuration is shown in Fig. 1. A
three-layer PRS is studied and optimized to produce a
reflection phase increasing with frequency over a wide range
by virtue of the resonances of the two cavities formed between
the three PRSs. An equivalent circuit approach using AWR
Microwave officeTM is initially employed and periodic full
wave simulations are subsequently carried out in CST
Microwave StudioTM in order to optimize the design of the
PRS. Based on the optimized PRS designs, finite size FPC
antennas are produced. A prototype antenna has been
fabricated and measured.
The paper is organized as follows. In Section II an
equivalent circuit model and a short description for periodic
analysis is presented. In section III a parametric study and
optimization for the design of the three PRS layers is carried
out.. In section IV simulation and measurement results of a
finite size three-layer antenna are presented.
II. UNIT CELL TOPOLOGY AND EQUIVALENT CIRCUIT MODEL
Multi-layer PRS arrays are studied in this section using an
equivalent circuit approach which allows for a fast
optimization of the design. Each layer consists of a metallic
square patch PRS array printed on a 1.6mm thick dielectric
substrate with permittivity εr=2.55.
In order to demonstrate the equivalent circuit approach and
its accuracy in modelling the proposed multi-layer PRSs
working examples of a single-layer, a two-layer and a threelayer PRS are employed. The three-layer design is based on
the optimised design that is produced later on in section III.
The unit cell dimensions, as shown in Fig. 1(a) and starting
from the layer closer to the ground plane, are d1=9.16mm,
d2=10mm and d3=6mm. The periodicity for all three layers is
P=11mm. Finally the cavity distances are h1=9.5mm and
h2=10mm. The above dimensions have been chosen after
investigations explained in Section III.
The unit cell of a periodic metallic patch array printed on a
dielectric substrate can be modeled with the equivalent circuit
shown in Fig. 2(a) [17, 18]. In order to model the metallic
patches as equivalent electrical parameters, the electric and
magnetic fields should be considered. Strong electric field is
generated on the surface of the metallic patches due to
electromagnetic excitation. The established electric field
between two adjacent elements causes a capacitive behavior
and is modeled with a shunt capacitor Ci. The inductor in
series Li represents the current flowing through the patches.

2

The dielectric substrate can be modeled as a transmission line
with the length of the line ti being equal to the substrate’s
thickness and the characteristic impedance is calculated from
Zi  Z0  r , Z0=377 Ω is the free space impedance and εr is
the dielectric constant of the material. The two terminals
represent the free space on both sides of the PRS and have
characteristic impedance equal to Z0.
An initial calculation of the electrical parameters Ci and Li
from the physical dimensions of the unit cell can be realized
using equations (3) and (4) [19] where P is the periodicity,
s=P-d is the separation between two adjacent patches, d is the
width of the patch and εeff= εr.
C   0 eff
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L  0
ln
2   d  
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  2P  

(3)

(4)

For multiple layer structures, the equivalent circuit of each
layer is cascaded, adding a transmission line to model the air
cavity between the layers. The length of the line is equal to the
cavity distance and the impedance is the one of the free space.
In Fig. 2(b) the three-layer equivalent circuit is presented.
To validate the model the complex reflection coefficients
have been obtained for single, double and three-layer PRS
using both circuit analysis software (AWR Microwave Office)
and full-wave simulations (CST Microwave Studio). In CST,
periodic boundary conditions are applied to the unit cell of the
structure, which assume an infinite extend of the surface, and
reduce the calculations of the complete structure into a single
unit cell. Simulations have been carried out for six different
values of the physical dimension of the patch (d) for a single
PRS. Different combinations were then investigated for
double and three-layer PRSs. In Fig. 3 one case for a single, a
double and a three-layer PRS is shown for brevity.
Zo
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Equivalent circuit for (a) single-layer PRS, (b) three-layer PRS.
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Fig. 3. Complex Reflection Coefficients for (a) single-layer PRS for d=6mm, (b) double-layer PRS for d1=10mm, d2=6mm and h1=11mm, (b) three-layer PRS
for the proposed design dimensions, obtained from the equivalent circuit model and periodic full-wave analysis.
TABLE I
PHYSICAL AND ELECTRICAL PARAMETERS
FOR SINGLE-LAYER PRS
d (mm)
C (pF)
L (nH)
10
9.16
9
8
7
6

0.2101
0.1301
0.1251
0.0751
0.0481
0.0292

III. DESIGN OF THREE LAYER PRS
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Fig. 4. Variation of equivalent capacitance and inductance with the physical
dimension of the PRS.

Good agreement has been achieved after fine tuning of the
values obtained from equations (3) and (4) of the electrical
parameters (Fig. 3). The values used for C and L are presented
in Table I. The good agreement can be attributed to the fact
that the separation between the layers in the proposed design
is in the order of half wavelength, hence the effects of the
higher order evanescent Floquet harmonics are minimal.
In Fig. 4 the variation of the equivalent capacitance and
inductance as the patch dimensions increase is depicted. It is
evident that increasing the patch size, leads to increased
capacitance and reduced inductance. This behavior can be
justified taking into account that as the patch increases the
separation between the adjacent elements decreases causing an
increase of the electric coupling. On the other hand,
decreasing the patch dimension, the induced currents become
stronger leading to larger inductance values.

In this section a parametric study and optimization of a
three layer PRS is carried out with the aim of achieving a
reflection phase response increasing with frequency within the
desired operating frequency of the FPC antenna.
As mentioned in the introduction a positive gradient in the
phase of the reflection coefficient with frequency is required
to achieve high gain for a broad frequency range. The values
of the parameters for the desired behavior in the phase of the
reflection coefficient i.e. approaching the optimum phase
derived from equation (1) were found after a parametric
optimization procedure. It should be noted that the ground
plane is not included in the complex reflection coefficients
calculations, so only two cavities are formed. Nevertheless, for
the derivation of the optimum phase the distance h between
the ground and the first layer is needed, and was selected to be
h=10.7mm.
Two resonances are obtained from the three-layer PRS. At
each resonant frequency the magnitude of the reflection
coefficient has a minimum and the phase is increasing for a
frequency range around the resonance. To achieve a
broadband phase increase the two resonances have to be
brought close together but not overlap.
In Fig. 5 and Fig. 6 the complex reflection coefficients are
presented for three different values of each of the structure’s
parameters and the optimum phase is also included. The
optimized case for the selected values is shown as a reference
in all the graphs (solid line). In the optimized case, two
minimums occur in the reflection magnitude at 14.4GHz and
14.9GHz. An increase in the positive gradient range of the
phase is obtained, extending between 14.1GHz to 15.1GHz.
This is a significant improvement over the optimized twolayer PRS case (see Fig. 3b). The positive gradient phase
response leads to high antenna directivity in this frequency
range according to the ray analysis, if the proposed PRSs are
employed in the design of an FPC antenna. It is expected that
at the frequencies where the optimized phase value is equal to
that of the optimum phase, maximum directivity will be
achieved since the cavity resonance condition, (1), is satisfied.
In Fig. 5(a, b) the effect of the two cavity heights is shown.
It can be observed that the first cavity has a stronger effect
than the second. Varying h1 by half millimeter below and
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increases, although two resonances take place, the resonance
at the lower frequency becomes dominant. For the selected
value d1=9.16mm, the two resonances have the same strength
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Fig. 5. Complex Reflection Coefficients of the three-layer PRS changing (a)
the cavity distance h1 (h2=10mm, d1=9.16mm, d2=10mm, d3=6mm), (b) the
cavity distance h2 (h1=9.5mm, d1=9.16mm, d2=10mm, d3=6mm).
0

Fig. 6. Complex Reflection Coefficients of the three-layer PRS changing (a)
the first layer patch dimensions d1 (h1=9.5mm, h2=10mm, d2=10mm,
d3=6mm), (b) the second layer patch dimensions d2 (h1=9.5mm, h2=10mm,
d1=9.16mm, d3=6mm) and (c) the third layer patch dimensions d 3 (h1=9.5mm,
h2=10mm, d1=9.16mm, d2=10mm).

IV. FINITE SIZE ANTENNA
In this section a realistic finite size antenna structure has
been simulated based on the optimized designs obtained in the
previous section. A comparison with an optimized two-layer
antenna is presented in order to validate the improvement in
the gain-bandwidth product by virtue of the proposed threelayer design. Measurements of a fabricated prototype of the
proposed three-layer antenna are also presented.
The structure has been formed using the optimized threelayer PRS placed in front of a 1.6 mm thick metallic ground
plane (Fig. 1(b)). A waveguide – fed slot inside the ground
plane is used as a single feeder of the antenna. The dimensions
of the slot are 10x2.5mm2. The dimensions of the slot in the
ground plane were selected such that a good matching in the
frequency range of interest is achieved. The overall lateral
dimensions of the antenna are 80x80mm2, which corresponds
to about 4λ at 14.5GHz. A total of 5x5 array elements are
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TABLE II
COMPARISON BETWEEN DOUBLE LAYER AND THREE LAYER
ANTENNA
Antenna
Design

Maximum Directivity
(dBi)

-3dB Radiation
Bandwidth (%)

Directivity Bandwidth
Product

Double
layer

19.88

10.6

1031

Three layer

20.8

15.1

1815

22

20

18

Directivity,dBi

printed on each dielectric layer. For this finite size structure,
the distance h was changed to 11.3mm instead of 10.7mm
which was used for an infinite size antenna. The rest of the
parameters are h1=9.5mm, h2=10mm, d1=9.16mm, d2=10mm
and d3=6mm, as described in the previous section.
The antenna’s simulated directivity is shown in Fig. 7 (solid
line). A maximum directivity of around 21dBi is observed at
13.7GHz and it is kept over 18dBi for frequencies between
13.5GHz to 15.7GHz. The 3dB radiation bandwidth is
calculated at approximately 15%. It is interesting to note that
three peaks appear in the directivity of the antenna at three
closely spaced frequencies corresponding to a third order
cavity resonance response, which in turn is attributed to the
three formed cavities. Moreover, these three peaks coincide
with the frequencies where the resonant condition is satisfied,
i.e. where the reflection phase of the PRSs crosses the
optimum phase line (see Fig. 5). The directivity of an
optimized two-layer antenna is also shown in Fig. 7. It has a
directivity maximum of around 20dBi with a 3dB radiation
bandwidth of 10.6%. Two peaks are observed in this case
related to the resonances of the two cavities. It is evident that
the three-layer antenna outperforms the two-layer one. In
Table II a more detailed comparison between the two antennas
is presented.
In Fig. 8, two other cases are compared with the optimized
one, corresponding to different h1=9mm and h2=9.5mm. It can
be observed that, after changing the first cavity distance, a
deep drop occurs at 15.6GHz that deteriorates the antenna
performance by significantly reducing the operating
bandwidth. This behavior is justified from the corresponding
reflection coefficient in Fig. 5(a). A similar effect is observed
after reducing h2 where the average directivity drops over the
operating bandwidth compared with the optimized case, with a
minimum of around 17dBi at 15GHz and the antenna
bandwidth is thus significantly reduced. It should be noted that
the radiation patterns in both of the above cases are also
distorted at out-of-band frequencies (approximately over 15
GHz).
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Fig. 8. Simulated directivity versus frequency for different cavity distances h1
and h2.
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Fig. 9. Schematic diagram of the two slot designs: (a) Slot A and (b) Slot B.
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Fig. 11. Photograph of (a) three PRS layers and ground plane, (b) complete
antenna.

Two shapes have been investigated for the feeding slot (Fig.
9), in order to achieve good matching, namely a simple
rectangular slot with the dimensions mentioned in the
beginning of this section (slot A) and a bow tie one (slot B).
The simulated S11 and gain for both cases are shown in Fig.
10. It can be observed that slot B gives a slightly improved
S11 and gain respectively. The antenna exhibits broadband
performance with a maximum gain of 20dBi and bandwidth of
15%. There is a slight deterioration of the S11 assuming a
maximum value of -8.5dB at approximately 13.7GHz.
However this only reduces the gain at that frequency by less
than 1dB (compared to the directivity).
Because of fabrication limitations, slot A has been selected
for the final prototype. A prototype of the proposed antenna
has been fabricated and measured in a full anechoic chamber
(Fig. 11). Plastic screws and spacers were used for the
mounting of the antenna. Due to fabrication inaccuracies the
dimensions of the slot in the ground plane were 10.7x2.5mm 2
(instead of 10x2.5mm2). The simulated and measured return
loss of the antenna with the new slot dimensions is presented
in Fig. 12. A minimum occurs at 13.95GHz, with satisfactory
matching within the 3dB radiation bandwidth. At the edges of
the band the measured matching deteriorates slightly due to

the narrowband operation of the feeding slot. Fig. 13 shows
the simulated and measured gain versus frequency. A good
agreement is obtained with a maximum measured value of
19.5dBi at 13.7GHz. The small discrepancy between
simulation and measurement is attributed to fabrication
tolerances. Moreover the well known gain transfer method
was employed in order to measure the prototype antenna’s
gain which implies a ±0.5dB error introduced by the gain of
the reference broadband horn antenna used. The gain values
are approximately 1dB lower than the directivity values due to
the imperfect matching and material losses.
The H- and E-plane patterns where measured in five
different frequencies within the operating band. Simulated and
measured results are presented in Fig. 14. In all frequencies
the sidelobe level is below -10dB. There are some
discrepancies between simulation and measurement especially
at around 60o. It was found that these are caused by the large
plastic supporting base of the waveguide that can be seen in
the photo of Fig. 11. The results presented here were obtained
after a thin layer of absorbers were placed around the
supporter behind the antenna which improved the sidelobe
level at these angles by at least 3dBs compared to the patterns
obtained without absorbers.
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