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Abstract: The authors utilise a one-dimensional (1D) stack of three identical unprinted dielectric slabs as a superstructure
to design a novel yet simple tri-band electromagnetic bandgap resonator antenna (ERA). The design, inspired from
classical single-band 1D ERAs, is conceived by creating two resonant defects in the superstructure configuration to
make it suitable for tri-band and high gain operation. A prototype, fabricated using FR4 material, is tested with a
waveguide-fed slot antenna at 10.3, 11.9 and 13.7 GHz with a frequency ratio of 1.33:1.16:1. The slot feeds the cavity
simultaneously in the three frequency bands and provides good impedance matching in each frequency band. Peak
measured gains of 14.3, 13.4 and 16.1 dBi and radiation efficiencies of 83, 85 and 85% are achieved in the lower,

middle and higher frequency bands, respectively.

1 Introduction

Electromagnetic bandgap (EBG) resonator antennas (ERA), also
known as Fabry—Perot cavity antennas or two-dimensional (2D)
leaky-wave antennas [1-4], are planar high-gain antennas that
employ a Fabry—Perot cavity which is formed between a partially
but sufficiently reflecting superstructure and a conducting ground
plane. Typically, a small less-directive antenna close to the ground
plane feeds the cavity from the centre. The electromagnetic waves
radiated by the feed antenna undergo multiple partial reflections
and transmissions. The partially transmitted waves through the
superstructure form a highly directive boresight beam [5]. This
phenomenon results in cavity resonance leading to a narrowband
ERA due to high Q factor of the cavity.

Since the pioneering work of Von Trentini in 1956 [5], several
design techniques to improve the performance of ERAs in
multiple or wide frequency bands have been investigated [6—19].
To achieve multi-frequency or wideband operation in such ERAs,
besides the requirement of having a suitable feed, the
superstructure employs at least two resonant defects or inclusions.
These resonant defects are realised using defect dielectric slabs/
rods or printed elements depending on whether the superstructure
is a 1D stack of unprinted dielectric slabs [4], a 2D printed
frequency selective surface (FSS) [6], a 2D array of dielectric rods
[7] or a 3D volumetric structure such as a EBG woodpile [20]. We
recently demonstrated how a simple 1D EBG superstructure made
out of two identical dielectric slabs and hosting one inter-slab
resonant cavity defect [21, 22] is suitable for dual-band operation
when its reflection phase is engineered properly. This dual-band
design can be conveniently modified to obtain tri-band operation
by incorporating an additional resonant cavity defect as described
in our preliminary theoretical work [23].

In this paper, we present the detailed design and measurements
of a novel and functional tri-band ERA for the first time. The key
features are a simple 1D superstructure made out of three identical
dielectric slabs and the use of only two resonant defects to achieve
cavity resonance in three frequency bands. We first analyse the
reflection of the unit-cell superstructure model (SM) and
transmission through the defect-cavity model (DCM) [24]. We
then evaluate the performance of the entire antenna using
full-wave simulations through the commercial numerical
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electromagnetic solver CST Microwave Studio (CST MWS)
[25]. Initially, three simple microstrip patch antennas, one for
each band, are used to predict the directivity enhancement in
each frequency band. Later on, a single waveguide-fed slot is
designed to cover all three frequency bands simultaneously. We
also present the results of tuning the frequency ratio using
full-wave parametric simulations. Finally, a prototype is
fabricated and tested.

2 Design and configuration

The proposed configuration of the tri-band ERA is shown in Fig. 1.
Its superstructure consists of three unprinted dielectric slabs with
equal thickness (f) and permittivity (e,) and forms a
half-wavelength thick (%) resonant cavity with a perfect electric
conductor (PEC) ground plane. Any type of small feed antenna
can be used; we found that a slot antenna with wideband
performance can cover all three frequency bands.

The design is inspired from a classical single-band ERA in which
three quarter-wavelength thick dielectric slabs are spaced
quarter-wavelength apart (h;=h,=0.25A¢), where Ay is the
free-space  wavelength at design frequency. Its classical
superstructure, with a reflection coefficient R:|Fsup\-e]"’, has
close-to-ideal reflection phase, that is, the phase condition

Yy—m—4mh/Ay =2N7m €9)

is satisfied only in one narrow frequency band, where N is integer.
Such superstructures can be modified to achieve correct phase for
tri-band operation. We achieve this by creating two resonant
inter-slab cavities with heights 4, and /4, such that the phase
condition is satisfied in three distinct frequency bands. In other
words, the proposed ERA exhibits three defect modes with
near-perfect transmission. Hence, one can analyse the reflection
and transmission characteristics of the unit-cell superstructure to
understand the working principle of the antenna.
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Fig. 1 Configuration of the tri-band 1D EBG resonator antenna. Two
inter-slab air cavities are formed within the three dielectric slabs of the
superstructure

3 Superstructure for tri-band operation: unit-cell
analysis

Let us consider a superstructure made out of three FR4 slabs (.=
44, tan6=0.02). The design frequency is 12 GHz for the
convenience of prototyping. Fig. 2 shows the two unit-cell models:
SM and DCM that are used to compute the reflection and
transmission characteristics of the ERA using the time-domain
solver of CST MWS. In the unit-cell simulation setup, perfect E
and perfect H boundary conditions were applied to lateral side
walls (x and y directions), and normally incident plane wave
excitations were defined at the two ports. The phase and
magnitude of the superstructure’s reflection coefficient (I'y,p) is
calculated at the bottom of the first slab in SM, as shown in
Fig. 2a, using the port de-embedding feature within the software.
In DCM, the transmission (|7pcym|) is defined from port 1 to port
2, that is, from the bottom image slab (closer to port 1) to the top
main slab (closer to port 2) when port de-embedding feature is used.

3.1 SM and reflection analysis

To obtain the desired reflection characteristics for tri-band operation,
we carefully adjusted the heights of the inter-slab cavities (4, and /,)
to create two defect resonances and computed the phase and
magnitude of the superstructure’s reflection coefficient (I',,) using
SM. The reflection phase results are shown in Fig. 3. Overall, the
reflection phase decreases with frequency except at two
defect-resonance frequencies, frs; and frs, Where it is locally
inverted to have a positive phase gradient, as shown in Fig. 3, due

Port 2
Port 2 4
Inter-slab
X Cavities
Slab 3
Main
h Slab 2 P
’ I & Cavity (1)
hid Slab 1
¥ Image
Slabs
h || Dsur Ground
plane
" Port 1 Togn I
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Fig. 2 Unit-cell models. DCM is obtained by removing the ground plane
and adding image dielectric slabs. Port 1 is excited by a normally incident
plane wave

a Superstructure model
b Defect-cavity model
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Fig. 3 Reflection phase characteristics of the superstructure. Slab material
is FR4, thickness t =3.175 mm, h=12.5mm, h; =h, = 12.1 mm

to the resonances of the inter-slab cavities. This phase inversion
was observed to be more abrupt for EBG structures made out of
low-loss dielectric materials. For the given main-cavity height 4,
an ideal superstructure phase exists that makes the main cavity
resonate at any given frequency, that is, phase increases linearly
with frequency. This ideal phase, obtained using the phase
condition in (1), and the reflection phase of the classical
superstructure are also shown in Fig. 3.

Note that the ideal and superstructure reflection phase curves
intersect each other at five distinct frequency points, which are
labelled as f1, f5, f3, fres1 and fresr. Although, the reflection phase is
correct for main-cavity resonance at frs; and fis, the
reflection-coefficient magnitude of the superstructure (|Tgypl),
shown in Fig. 4, is not sufficiently large (>0.6) at fes; and fres>. In
fact, the superstructure appears transparent to the waves radiated
by the feed at fios; and fies» because |Tgyp| is close to zero (~0.05)
and hence, the main cavity does not resonate. In other words, the
necessary conditions of directivity enhancement are not satisfied at
these two frequencies. At the other three frequencies (fi, f> and
/3), sufficiently large reflection-coefficient magnitudes (|Csp| ~ 0.6)
will result in directivity enhancement. Hence, the SM gives useful
insight into the design of superstructure for tri-band operation.

Using parametric simulations, we found that the optimal values of
hy and h, to satisfy cavity resonance condition in three frequency
bands are in the range of 0.47-0.5A¢. Increasing these values
beyond 0.5\ result in a decrease in the superstructure reflectivity
and the cavity-resonance frequency ratio (f3:f3:f1) as well as an
increase in the total height of the antenna.
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Fig. 4 Transmission through the DCM and reflection of the SM. Reflection

magnitudes (/Iy,,/) of the superstructure at three cavity resonance
frequencies, f;, f> and f5, are 0.7, 0.6 and 0.58, respectively
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Fig. 5 Tangential electric field component (E,) inside the DCM. Note the
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3.2 DCM and transmission analysis

By computing the transmission through DCM (|7pcMm|), shown in
Fig. 4, one can observe transmissions peaks (with a magnitude of
~0.9) at three potential operating frequencies f;, > and f3. Since
|Tpem| curve has transmission peaks at fi.s; and f.s> in addition to
f1, /> and f3, DCM can be used to tune the three antenna operating
frequencies. Due to losses in both the image and the main
dielectric slabs, it is noted that the transmission peaks at f..s, and
/3 tend to merge. Further analysis using electric field distributions
inside DCM and observation of the reflection magnitudes at these
frequencies helped us to select f3 as the third operating frequency.
It was also observed that perfect transmission (i.e., |Tpcm|=1)
occurred at f;.s> and f3 when the slabs are assumed to be lossless
making the two transmission peaks fairly distinguishable.

The magnitude of the tangential electric field component through
DCM, plotted in Fig. 5, reveals the existence of dominating standing
waves in the main cavity due to cavity resonance at these three
frequencies. On the contrary, the main cavity has travelling waves
instead of standing waves at fi.s; and f.s» which means that the
whole superstructure is transparent and hence, no directivity
enhancement is possible at these frequencies. Since the tangential
electric field component vanishes at the symmetry plane only at
f1, f> and f;, an antenna can be formed by placing a conducting
ground plane at the symmetry plane and by removing the
image slabs.

Thus, SM and DCM are computationally efficient tools to predict
the directivity enhancement in three frequency bands and to tune the
superstructure to three frequencies. They also give useful insight into
the working principle of the ERA and their simultaneous use adds
confidence to the design process. The reflection and transmission
analyses are then followed by full-wave simulations of a finite-size
ERA with actual feed.

4 Full-wave simulations

As a practical example, a finite-size ERA is formed by truncating the
superstructure area and placing a suitable feed source above a PEC
ground plane. Here, three 3.17 mm-thick unprinted dielectric slabs
of FR4 material are considered. The parameters 4, 4, and h, are
adjusted to 12.1, 12.7 and 12.7mm to tune the operating
frequencies to 10.3, 11.9 and 13.7 GHz, respectively. This
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Fig. 6 Computed boresight directivity of ERA for different superstructure
areas. Three probe-fed microstrip patches, one for each band and printed
on 0.787 mm-thick Rogers Duroid 5880 material, are used. Dimensions of
the three patches are 8.8 x 12.5, 7.5 x 12 and 6.5 x 9.8 mm’, for the lower,
middle and higher frequency band, respectively

corresponds to a frequency ratio of 1.33:1.16:1. We first
considered probe-fed microstrip patch antennas, one for each band,
to feed the cavity separately and then a waveguide-fed slot antenna
to cover all three bands simultaneously.

4.1 Optimisation of superstructure area and feed design

Our design objective is to optimise the superstructure area for best
overall directivity in all three frequency bands. We investigated the
effect of changing the superstructure area on peak directivity
numerically using CST MWS. The results are shown in Fig. 6. As
can be seen, equally good performances are achieved when the
superstructure areas are 110 x 110 and 130 x 130 mm?®. The peak
directivity is 17.8 dBi at 10.3 GHz, 16.3 dBi at 11.85 GHz and
18.1 dBi at 13.65 GHz. For design compactness, we chose the
superstructure area to be 110 x 110 mm?.

We then considered a waveguide-fed slot antenna to feed the
cavity. Such a feed is desirable for practical applications where all
three bands can be used simultaneously using one input
radio-frequency connector. We anticipated lower peak directivity
of the ERA using the slot feed as compared with the patch feed
because the slot radiation is not optimal in each frequency band
even though it is designed to provide good impedance matching
(IS11] <—10 dB) in all three frequency bands. The computed input
reflection coefficient and the peak directivity of the ERA with the
slot feed are shown in Fig. 7. The peak directivity is 15.1 dBi at
10.25 GHz, 13.5dBi at 11.85GHz and 15.7 dBi at 13.65 GHz
which is lower than the values obtained using the patch feed.

Mag(dBi)

- - - Directivity
—— Realised Gain

Mag(dB)

10 1" 12 13 14
Frequency (GHz)

Fig. 7 Computed directivity, gain and [S;;/ of the ERA using the slot feed.
Slot dimensions are 14 x 9.2 mm’
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Table 1 Results of parametric study for tuning the frequency ratio
using full-wave antenna simulations

Parameters (normalised to A,) fz:fp:f; ratio
t hy h,
0.103 (2.98 mm at f;) 0.39 0.39 1.34:1.16:1
0.39 0.455 1.37:1.14:1
0.44 0.39 1.34:1.20:1
0.44 0.405 1.33:1.19:1
0.109 (3.175 mm at f;) 0.38 0.445 1.36:1.13:1
0.395 0.38 1.35:1.17:1
0.412 0.395 1.34:1.18:1
0.435 0.435 1.33:1.16:1
0.123 (3.58 mm at f;) 0.35 0.412 1.35:1.11:1
0.371 0.371 1.34:1.16:1
0.371 0.432 1.38:1.15:1
0.392 0.432 1.30:1.14:1
0.139 (4.05 mm at f;) 0.315 0.41 1.36:1.10:1
0.315 0.315 1.33:1.16:1
0.384 0.34 1.37:1.19:1
0.41 0.384 1.35:1.18:1

Superstructure area is 3.78A; x 3.78A; (110 x 110 mm? for f; = 10.3 GHz).
h=0.415A,.

4.2 Tuning the frequency ratio (f3:f,:f;)

It is possible to tune the antenna frequency ratio by adjusting the
parameters f, h; and A, for a given superstructure area or by
changing the superstructure area while keeping 7, 4, and 4, fixed.
Here, we consider the former case and performed a parametric
study of the antenna for different combinations of ¢, #; and 4, for
a fixed superstructure area. The parameters €. and 4 were set to
4.4 and 12 mm, respectively. We recorded the peak values of
directivity (=12 dBi) in each frequency band and then calculated
the frequency ratio. The key results are shown in Table 1. For the
convenience of scaling these results to other frequency bands, the
antenna dimensions are normalised to A;. We found that when
hy=h, for all the values of 7 considered, a nearly fixed frequency
ratio of 1.34:1.16:1 is achieved, while for other values of 4, and
h, the frequency ratios f»/f; and f3/f; are in the range of 1.10-1.20
and 1.30-1.38, respectively. We also found that increasing the slab

thickness beyond 0.139A; not only leads to a degradation in peak
directivity in the middle and higher frequency bands but also
results in smaller frequency ratios.

We wish to point out here that the tri-band design is conceived from the
dual-band ERA which employs only one inter-slab cavity formed
between two identical dielectric slabs [22]. Conceptually, it is possible
to extend the tri-band design to achieve quad-band operation by simply
incorporating an additional resonant cavity in the superstructure.
However, additional cavities can affect the peak directivity and
sidelobe levels of the resulting antenna besides increasing the total
height of the antenna. Furthermore, a separate feed source, one for each
band, or a very wideband antenna may be required to feed the cavity.

5 Prototype fabrication and measurements

Fig. 8 shows the photographs of the prototype ERA. A slot aperture,
made in a 1 mm-thick aluminium ground plane, is fed by a
commercial 50 Q WR75 waveguide-to-coax adaptor. Nylon
spacers were used to hold the FR4 slabs above the ground plane.
The parameters 4, 4, and h, were adjusted to 12.1, 12.7 and 12.7
mm (they correspond to 0.415A;, 0.435A; and 0.435A; in
Table 1), respectively. The input reflection coefficient and gain of
the ERA were measured using a PNA-X N5242A vector network
analyser and a NSI-700S-50 spherical near-field antenna range,
respectively, and the results are shown in Fig. 9.

The gain of the prototype antenna was measured by the gain
comparison method using a standard gain horn as the reference
antenna. Peak measured directivities are 15.1, 14.1 and 16.8 dBi
at f1=10.2 GHz, ,=11.9 GHz and f;=13.7 GHz, respectively.
The measured gains are 14.3, 134 and 16.1 dBi while the
corresponding radiation efficiencies are 83, 85 and 85% in
the lower, middle and higher frequency bands, respectively. The
radiation efficiency can be increased by reducing the dielectric
losses, for example, by fabricating a superstructure with low-loss
materials such as TMM4 (tand =0.002 at 10 GHz).

The measured radiation patterns are shown in Fig. 10. The boresight
cross-polarisation levels in E- and H-planes remain below 30 dB in
each frequency band. The sidelobe levels in the E-plane are much
higher, in the order of 9-10 dB down from the main beam, than that

Fig. 8 Photographs of the prototype ERA. Superstructure is constructed using 3.175 mm-thick FR4 slabs (€, = 4.4, tand = 0.02 at 10 GHz) and its dimensions
are 110 x 110 mm®. Commercial waveguide-to-coax adapter feeds the slot aperture behind the aluminium ground plane. Slot dimensions are 14 x 9.2 mm’
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Fig. 9 Measured input reflection coefficient and gain of the ERA with the slot feed
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in the H-plane. This can be attributed partly to the slot feed and
non-uniform aperture phase distribution above the superstructure.
Nevertheless, these results confirm the successful design and
implementation of a functional tri-band ERA. The total antenna
height is 47 mm which is nearly 1.6A;, where A, corresponds to
free-space wavelength at the first resonance frequency (f;). When a
low antenna profile is important, thin FSS-type superstructures [26]
can be used to reduce the antenna height but at the expense of
increased design complexity and higher fabrication tolerances.

The proposed ERA can find potential application in 2.5/3.5/5 GHz
WiFi/WiIMAX extenders and repeaters that provide 14-15 dBi gain.
Furthermore, such ERAs based on all-dielectric 1D superstructures
are very suitable for dual-linear and circular polarisation
applications due to their symmetry [27, 28].

6 Conclusion

We have, by using a 1D superstructure made out of three identical
unprinted dielectric slabs, successfully demonstrated a method to
design a novel tri-band EBG resonator antenna with simple
configuration. We explained how only two resonant defects in a
classical superstructure configuration are enough to make the
superstructure suitable for tri-band antenna operation given that its
reflection phase is engineered correctly at three distinct frequency
bands. Simultaneous use of unit-cell SM and DCM provided
useful insight into the working principle of the antenna. Full-wave
antenna simulations revealed the possibility to tune the frequency
ratios (f»/fi and f3/f1) in the range of 1.10-1.20 and 1.30-1.38,
respectively, given the slabs have identical thickness and
permittivity. The design methodology may be modified to achieve
independent control of the three frequency bands.

The antenna performance is affected by the type of feed used.
Although three individual patch antennas, one for each band to
separately feed the cavity, resulted in the best overall directivity/
gain values, a slot feed with one input connector is a better option
for practical applications. However, higher sidelobe levels can be a
limitation. Hence, a more optimal planar feed with improved
performance is desirable.
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