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Abstract. We designed a patch antenna surrounded by
a mushroom-like electromagnetic band-gap (EBG) struc-
ture and completed it by a partially reflective surface
(PRS). EBG suppresses surface waves and creates the
bottom wall of the Fabry-Perot (FP) resonator. PRS plays
the role of a planar lens and forms the top wall of the FP
resonator. The novel PRS consists of a two-layer grid ex-
hibiting inductive and capacitive (LC) behavior which
allows us to obtain a reflection phase between —180° and
+180°. Thanks to this PRS, we can control the height of the
cavity in the range from /2 to 1/300.

Obtained results show that the FP resonator antenna ena-
bles us to achieve a low profile and a high-gain. The patch
is excited by a microstrip transmission line via the cross-
slot aperture generating the circular polarization.

Functionality of the described concept of the FP antenna
was verified at 10 GHz. The antenna gain was 15 dBi, the
impedance bandwidth 2.3% for |S;)| <—-10dB, and the
axial ratio bandwidth 0.6% for AR < 3.0 dB. Hence, the
antenna is suitable for narrowband applications.

Computer simulations show that the microwave FP an-
tenna can be simply redesigned to serve as a source of
circularly polarized terahertz waves.
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1. Introduction

The gain of an antenna can be increased by a partially
reflective superstrate (PRS) [1-4] which behaves like
aplanar lens. If the planar antenna is surrounded by
an electromagnetic band-gap (EBG) structure to suppress
surface waves, the PRS and the EBG can form a cavity
behaving like a Fabry-Perot (FP) resonator.

A ray method was applied to demonstrate the function
of the FP antenna [1]. Both the EBG and the PRS are de-
scribed by complex reflection coefficients exp( j¢;) and
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p-exp( j@), respectively. Both the surfaces can be assumed
to be homogeneous, and edge effects can be neglected.

Many researchers assume infinitely large ground
plane and PRS for such an analysis. Obviously, this as-
sumption is practically valid for very large PRS and ground
plane areas, which are in order of 254% to 36% In a fact,
small areas have found to be useful to increase the band-
width due to the radiation from the edges [16].

According to the ray method, the resonance condition
can be expressed:

p=P0 Ay A oo, ()
180" 4 2

Here, / is operating wavelength in free space, ¢; denotes

reflection phase of the EBG in degrees, and ¢, is reflection

phase of the PRS in degrees. According to (1), the

maximum power S, in the forward direction is

Smax:HJSO' (2)
1-p

Here, S, corresponds to the forward power propagating
from the source without the PRS. Then, the height of the
resonant cavity /4 is determined by the reflection phase of
the EBG ¢, the reflection phase of the PRS ¢, and the
operating wavelength A. If (1) is met, the higher the reflec-
tion coefficient p is, the higher is the forward power ;.

For a conventional FP resonator antenna with a per-
fectly conductive ground, the condition ¢;= @,= 180° is
applicable and the distance between the EBG and the PRS
is strictly A/2 at the operating frequency. If the cavity
height is required to be decreased, the reflection phase of
the EBG or the PRS has to be changed.

In [5] and [6], authors exploited an artificial magnetic
conductor to surround the antenna. Hence, ¢, ~ 0°, and the
FP antenna can be created by the cavity which is A/4 high.
Using a PRS as a cover, ¢ = 0°, and the height of the cav-
ity can be reduced to 4/30 [7], [8].

Circularly polarized antennas with a low profile are
highly demanded. In order to generate circularly polarized
waves, two types of feeding techniques are commonly used
— a single-feed type and a dual-feed type. In case of the
single-feed technique, an external 90° phase shifter (feed
network) is not required.

ELECTROMAGNETICS
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In our design, we exploit crossed slots with different
lengths for the excitation of a square patch to generate the
circular polarization. That way, two near-degenerate or-
thogonal modes (TM;, and TMy,) can be achieved. Obvi-
ously, the resonant frequency of the patch depends on the
length of coupling slots [9], [10]. Both the lengths of
crossed slots and their proper ratio have to be carefully
adjusted to excite the fundamental resonance of the square
patch and to reach required polarization at the same time.

Researching the open literature, we can find the fol-
lowing concepts of circularly polarized Fabry-Perot anten-
nas which have been published recently:

e In [11], authors presented a single-layer partially re-
flecting surface antenna with PRS cells consisting of
rectangular patches. The FP resonance condition was
satisfied at the operating frequency approximately.
The PRS was used as the antenna superstrate to
achieve high reflectivity. Attention was turned to the
conversion of the linearly polarized excitation wave
to highly directive circularly-polarized radiation over
anarrow frequency band. The antenna height was
A2.

e In [12], the bottom wall of the FP resonator was cre-
ated by the ground plane of a reconfigurable patch
antenna providing the right-hand polarization or the
left-hand one. The top wall of the FP resonator was
formed by a planar lens consisting of non-equidistant
patches of different dimensions. The height of the
antenna was A/2.

e In [13], authors described a full integration of the cir-
cularly polarized FP antenna into the substrate. The
ground plane of the patch antenna played the role of
the bottom wall of the FP resonator. A double-layered
metamaterial structure played the role of the PRS.
That way, the height of the antenna was reduced to
A/3. The gain reached 15 dBi considering both die-
lectric and resistive losses.

e In [14], a patch of shorting pins acted as an antenna.
PRS was tuned to produce the maximum gain of the
radiator. The height of the antenna was A/2. The gain
reached 17 dBi considering both dielectric and resis-
tive losses.

In this paper, we describe a novel design of a circu-
larly polarized FP resonator antenna with a two-layer LC
superstrate and a mushroom-like EBG structure surround-
ing the patch. Novel, original approaches used for the de-
sign of the presented antenna comprise:

e An exploitation of a mushroom-like EBG structure
surrounding the patch for the suppression of surface
waves on one hand, and for forming the bottom plane
of the FP resonator on the other hand. Suppression of
surface waves can increase the gain of the antenna.

e An exploitation of a novel LC superstrate allowing us
to obtain an arbitrary phase shift of the reflection co-

efficient between +180° and —180°. Changing the
phase shift of the reflection coefficient, the height of
the FP resonator can be arbitrarily varied. Therefore,
the height of the antenna can be significantly reduced.

The described antenna was simulated and measured at
the operating frequency f'= 10 GHz. In the second step, the
microwave antenna was shown to be simply redesigned as
a source of circularly polarized terahertz wave. Computer
simulations proved the developed concept of the terahertz
radiator.

2. Structure of Developed Antenna

The investigated antenna consists of the partially re-
flective superstrate (PRS), the mushroom-like electromag-
netic bandgap (EBG) structure surrounding the square
patch, and the patch. The patch is excited by the microstrip
transmission line on the bottom side of the structure via the
crossed-slot aperture (see Fig. 1).
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Fig. 1.

Structure of the antenna. The patch is excited by the
microstrip transmission line (magenta) via crossed
slots in the ground plane (orange; the bottom
substrate). The patch (gray) is surrounded by the
mushroom-like EBG (green; the middle substrate) and
covered by the LC PRS (blue capacitors on the top side
and red inductors on the bottom side of the top
substrate).

The side of the square patch is Lp = 6.17 mm and
metallization thickness is # = 0.035 mm. The patch is de-
signed for a substrate with the height 4, = 0.762 mm and
the relative permittivity €, = 3.38. The microstip feeding
line of the impedance Z; = 50 Q and the matching line,
which is Lps = 1.400 mm long, are etched on a substrate
with the height /#; = 1.016 mm and the relative permittivity
&1 = 10.2. The patch is excited via the cross-slot aperture.
Lengths of the cross-slot arms are Lg; = 4.060 mm and
Ls = 3.660 mm. The center of the cross and the center of
the patch have identical horizontal coordinates.

The mushroom EBG is described by the periodicity
Dgpg = 4.630 mm, the width of patches Pgpg = 4.330 mm
and the radius of vias Rzzg = 0.600 mm. The mushroom
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EBG surrounds the circularly polarized patch antenna to
suppress surface waves on one hand and to form the bot-
tom plane of the FP resonator on the other hand.

The inductive and capacitive (LC) PRS consists of
an inductive grid (the bottom surface of the PRS) and
a capacitive grid (the top surface of the PRS). The PRS
allows us to obtain a phase shift of the reflection coeffi-
cient between +180° and —180°. The PRS is designed for
the substrate with #; = 1.016 mm and ¢,; = 10.2. The width
of strips of the inductive grid is Wpgs = 1.310 mm. The
width of patches of the capacitive grid is Cpgg = 3.190 mm.
Both grids are of the same periodicity Dpgs = 3.940 mm.

3. Simulation of EBG and PRS

The antenna structure specified in the previous sec-
tion was analyzed in CST Microwave Studio. In Fig. 2, the
frequency response of the reflection phase is depicted by
the black line, and the frequency response of the magnitude
of the surface wave transmission is given by the red line
for the mushroom-like electromagnetic bandgap (EBG)
structure. Obviously:

e The mushroom-like EBG exhibited a positive reflec-
tion phase ¢; = 136.9° at 10 GHz. Thanks to the posi-
tive phase of the reflection coefficient, the distance
between the EBG and the partially reflective super-
strate (PRS) can be minimized.

e The surface wave transmission is strongly suppressed
in the interval from 9.23 GHz to 10.7 GHz.
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Fig. 2. Frequency response of the reflection phase (black) and
surface wave transmission (red) of the mushroom-like
EBG structure.

The investigated mushroom EBG consisted of 17x17 cells.

Figure 3 shows frequency response of the reflection
magnitude and the reflection phase of the inductive and
capacitive (LC) PRS.

Considering the Fabry-Perot (FP) resonance condition
(1), the LC PRS can be used for the design of a high-gain
low-profile antenna. We studied two versions of the FP
resonator antenna in CST:

e The height of the resonant cavity was /¢ = 1.500 mm
(4/20.0; black lines in Fig. 3). At 10 GHz, the super-
strate exhibited the reflection magnitude 0.94 and re-
flection phase ¢,= —94.4°. According to (2), the
maximal obtained gain was G = 15.0 dBi.

e The height of the cavity was ic = 0.100 mm (4/300;
red lines in Fig. 3). At 10 GHz, the LC PRS showed
the reflection magnitude 0.98 and the reflection phase
@, =—134.6°. According to (2), we were able to reach
the maximal gain G = 20.0 dBi.

In both the cases, the LC PRS consisted of 21x21 cells.
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Fig. 3. Frequency response of the reflection magnitude and
the reflection phase of the LC PRS for the height of the
cavity h = 1/22 (black) and & = /300 (red).

Due to fabrication aspects, we have chosen the reso-
nant cavity of the height 4/20.0. Then, the resonator was
optimized, and the height of the cavity was reduced from
he=1.500 mm to h¢ o, = 1.400 mm (4/21.4).

The optimization also changed the width of strips
Wprs from 1.310 mm to 1.330 mm (inductive cells), and
the width of patches Cpgg from 3.190 mm to 3.430 mm
(capacitive cells). The periodicity stayed unchanged
DPRS =3.940 mm.

Numerical analyses and optimizations of EBG and
PRS were based on unit-cell simulations. Simulations were
performed in CST Microwave Studio following the proce-
dure described in [17].

4. Experimental Verification

Using a conventional printed circuit board (PCB)
technology, the simulated antenna was manufactured from
commercially available microwave substrates ARLON
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Fig. 4. Photograph of the manufactured antenna: PRS top
view (top left). PRS bottom view (top right), patch and
EBG (center), complete antenna top view (bottom left),
and complete antenna bottom view (bottom right).

ADI1000 (& = 10.2, tan ¢ = 0.0023) and ARLON 25N
(& = 3.38, tan 0 = 0.0025). Photograph of the manufac-
tured prototype of the antenna is shown in Fig. 4. In order
to validate simulations experimentally, we measured fre-
quency response of the magnitude of reflection coefficient
and axial ratio at the input port of the antenna (Fig. 5 and
6) and radiation patterns at 10 GHz (Fig. 7). For measure-
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Fig. 5. Simulated (red) and measured (black) frequency
response of the magnitude of reflection coefficient at
the input port of the designed antenna.
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Fig. 6. Simulated (red) and measured (black) frequency
response of the axial ratio of the designed antenna.
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Fig.7. Simulated (red) and measured (black) normalized
radiation patterns of the complete antenna structure at
10 GHz: xz-plane (top), yz-plane (bottom).

ments, we used the vector network analyzer Rohde &
Schwarz ZVAG67. Patterns and axial ratio were measured in
an anechoic chamber in the far field. In Fig. 5, computed
and measured frequency responses of the magnitude of
reflection coefficient at the input port of the whole antenna
are compared. The measured impedance bandwidth is 2.3%
for |S11| <-10dB.

The measured axial ratio (Fig. 6) shows the band-
width 0.6% (versus 1.4% computed in CST Microwave
Studio) for AR <3.0 dB. The axial ratio is strongly influ-
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SLL, xz plane SLL, yz plane Parameters Microwave Photoconductive
Single Antenna —-10.6 dB -9.6 dB antennas antennas
Antenna + EBG —13.6 dB —14.2 dB Feed-line / source Transmission line Laser beam
Antenna + EBG + PRS -21.7dB -20.8 dB Substrate D'ielec?ric material Material thickness
with thickness <<l comparable to 4
Tab. 1. Influence of the EBG and PRS on the side lobe level Bias
(SLL) of the designed antenna; computed in CST voltage No Yes
Microwave Studio at 10 GHz. Im[t) e}cia nee Easy to achieve Hard to achieve
enced by the composition of periodic layers. The antenna ﬁzzugcgmrin
generates left-hand circular polarization. process £ Easy to make Hard to make

Figure 7 shows the simulated radiation patterns and
measured ones at 10 GHz. The mushroom-like EBG
structure plays an important role in suppressing the level of
side lobes due to the band-gap. Hence, the radiation pattern
is smoother with reduced backward radiation (see Tab. 1).
The gain of the complete antenna structure computed in
CST Microwave Studio was G = 15.0 dBi.

Finally, we can summarize:

e Simulations and measurements are in a good agree-
ment.

e The profile of the designed antenna was significantly
reduced compared to existing antenna concepts (4/21
versus to A4/2 or 4/3).

e The gain of the designed antenna is comparable to the
gain of existing antenna concepts (15 dBi versus 15 to
17 dBi).

e The impedance bandwidth of the designed antenna is
2.3% for |S1;| <—10 dB.

e The antenna radiates circularly polarized waves. The
axial ratio bandwidth is 0.6% for AR < 3.0 dB.

e Simulations show that radiation efficiency of the an-
tenna is 92.7%, and the total efficiency is equal to
89.6%.

Since the described microwave antenna shows
promising parameters, we are going to apply the verified
concept to the design of a source of circularly polarized
terahertz waves. Since simulations and measurements are
in a good agreement, parameters of the terahertz source are
verified by simulations only.

5. Towards Terahertz Frequencies

In this paragraph, we study a potential conversion of
the designed circularly polarized FP antenna to a source of
terahertz waves. Since low efficiency and linear polariza-
tion are major problems of terahertz antennas, higher effi-
ciency and circular polarization are the main ambitions of
this conversion.

Research of photoconductive antennas has started in
1980s. Since then, many photoconductive antennas have
been developed. The principle of operation of photocon-
ductive antennas is quite different from conventional mi-
crowave antennas. Comparisons of major differences be-
tween photoconductive and microwave antennas are given
in Tab. 2 [15].

Computer aided
design

Available

Not available

Tab. 2. Comparisons of microwave antennas and photo-
conductive ones.

We can summarize:

Feed-line/source [15]:

For conventional antennas, various feed lines can be
used (microstrip line, coplanar waveguide, etc.). For
photoconductive antennas, no feed line exists in real-
ity. Development of low loss terahertz transmission
lines is very challenging. Actually, laser plays the role
of the feed line for photoconductive antennas.

Substrate [15]:

As a substrate for conventional antennas, a low-loss
dielectric material is used. As a substrate for terahertz
antennas, we use photoconductive materials which are
basically semiconductors (Si, InAs, ZnTe, GaSe, InP,
SOS, GaAs, and InGaAs). Low-temperature-grown
GaAs (LT-GaAs) has become the most popular mate-
rial because of short photo-carrier lifetime (about
0.25 ps), high  electric =~ breakdown  field
(>5105V/ecm) and high mobility (>200 cm?/Vs).
The thickness of the substrate of photoconductive
antennas has to be comparable with the terahertz
wavelength. Otherwise, unwanted substrate modes
can be excited.

Bias voltage [15]:

Whereas conventional antennas do not require a bias
voltage, photoconductive antennas when used like
transmitting ones require that.

Impedance matching [15]:

Since no transmission lines are available for photo-
conductive antenna, no tuning circuit can ensure the
impedance matching. The impedance matching is
an issue for photoconductive antennas.

Manufacturing [15]:

Terahertz antennas are usually fabricated by a con-
ventional lithography on low temperature GaAs
grown at about 250°C and post annealed at a higher
temperature (but < 600°C). The metal patterns are de-
posited using one of the usual schemes for resistive
contact on n-type GaAs.

Computer aided design [15]:

There are no complete design tools available for the
design of photoconductive antennas. These antennas
are mainly developed by trial-and-error. Only metallic
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structures may be simulated using electromagnetic
(EM) simulation tools.

Let turn the attention to the conversion of the devel-
oped microwave circularly polarized FP antenna (Fig. 1) to
the antenna operating at terahertz frequencies. When rede-
signing the antenna, the following modifications have to be
done:

o All three layers of the substrate are replaced by gal-
lium arsenide (g = 12.94, tan 6= 0.006). The bottom
layer is 400 pm high. The middle layer and the top
one are 15 pum high.

e The microstrip transmission line on the bottom side of
the structure is replaced by a photo-mixer which
transforms the beat signal of the incident laser wave
into terahertz waves using a photoconductor and an
appropriate antenna. We can use slot dipoles if a large
bandwidth is not required.

The interdigital electrode capacitance of the photo-
mixer can increase the antenna resistance. Moreover,
we can change the capacitance to tune the system for
the operation at a given frequency.

e For the operation frequency = 1 THz and the height
of the cavity A = A/150, we have to re-compute di-
mensions of the EBG (Dggs = 35.08 pum, Pgpg =
19.38 um, Rgpg = 7.00 um), size of the PRS (Dpgs =
17.97 nm, CPRS = 14.64 um, WPRS = 6.30 pm),
dimensions of the cross-slot aperture (Lg; = 23.24 pm,
L, =42.45 pum), and patch size (Lg; = 31.98 um).

In Fig. 8, axial ratio of the terahertz antenna is de-
picted. Simulations in CST Microwave Studio show that
the axial ratio bandwidth is 1.4 % for AR < 3.0 dB. The
final antenna generates left-handed circular polarization.
The microwave antenna (Fig. 6) exhibited the computed
axial ratio 1.4% for AR < 3.0 dB and left-hand circular
polarization.

Figure 9 shows simulated radiation patterns of the te-
rahertz antenna at the frequency 1 THz. Let us compare
simulation results for the terahertz antenna and the micro-
wave one (Fig. 7).

5

Fig. 8. Simulated frequency response of the axial ratio of the
terahertz antenna in broadside direction.
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Fig. 9. Simulated radiation patterns of terahertz circularly
polarized FP antenna at 1 THz: xz-plane (top),
yz-plane (bottom).

For both the antennas:

e The gain about 15 dBi is obtained;
e The side lobe level is about —20 dB;
o The axial ratio bandwidth is lower than 2%.

Simulations show that radiation efficiency of the terahertz
antenna is 43.6% and total efficiency equals 42.4% if
optical-to-terahertz conversion is not considered.

6. Summary

In the paper, a low profile circularly polarized an-
tenna with a superstrate lens was described. The antenna
was designed for = 10 GHz. Using a negative-phase LC
superstrate and a positive-phase mushroom-like EBG
structure surrounding the antenna, a cavity of Fabry-Perot
resonator was formed. In numerical studies, the height of
the cavity antenna was reduced from 4/2 to 4/20 and 4/300.

The designed antenna exhibits low profile, circular
polarization, and increased forward radiation gain. These
properties were achieved by an original combination of
two approaches:

e A mushroom-like EBG structure was used to sur-
round the patch. That way, surface waves were sup-
pressed and the antenna gain was increased.

e A novel LC superstrate was developed to allow us
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an arbitrary setting of the phase shift of the reflection
coefficient. That way, the height of the FP resonator
was reduced significantly.

Compared to existing approaches [11-14], the profile
of the designed antenna was reduced (4/21 versus A/2 or
A/3). On the other hand, the gain of the designed antenna
was similar (about 15 dBi), and the impedance bandwidth
of the designed antenna was comparable (about 2.3% for
[S11] < =10 dB). The antenna radiated circularly polarized
waves, and the axial ratio bandwidth was 0.6% for AR <
3.0dB.

Obviously, the axial ratio bandwidth of the antenna is
narrow, and should be improved for practical applications.
The ongoing research is therefore focused on achieving
a wider bandwidth of a LC superstrate.

The antenna concept was shown to be applicable at
terahertz frequencies. When redesigning the antenna, sub-
strates have to be replaced by gallium arsenide, feeder has
to be replaced by photomixer and the dimensions of an-
tenna components have to be related to the terahertz wave-
length. Computer simulations show that parameters of the
terahertz antenna and the microwave one are similar.
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