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Gain Flattening of Wideband FPC Antenna Using Elliptical
and Rectangular Slotted AMC Layers
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Abstract—In this paper, the gain flattening of a wideband Fabry-Perot cavity (FPC) antenna, using
truncated partially reflecting surface (PRS) and slotted elliptical and rectangular shape artificial
magnetic conductor (AMC) layers is proposed. FPC is fed using a metal plated microstrip antenna
(MSA) which comprises three layers — elliptical slotted rectangular AMC-I layer, truncated PRS layer,
and rectangular slotted elliptical AMC-IT layer. AMC-II layer is designed complementary to AMC-I
layer to obtain gain variation < 1 dB over wide frequency band. Elliptical shaped AMC-IT and truncated
PRS reduce the reflected fields towards ground and thus improve front to back lobe ratio (F/B) and
side lobe level (SLL). These layers resonate at higher frequency and thus reduce gain variation and
couple electromagnetically with MSA and AMC-I layer to provide wide bandwidth (BW). The proposed
antenna provides S1; < —10dB, 17.2dBi peak gain with gain variation < 1.2dB over 5.7-6.4 GHz
frequency band, which covers 5.725-5.875 GHz ISM and 5.9-6.4 GHz satellite uplink C band. Broadside
radiation patterns have SLL < —19dB, cross polarization (CPL) < —17dB, and F/B > 20dB with
wide 3dB gain BW of 15.2%. The overall antenna dimensions are 2.3\g X 2.75\g X 0.5\, where \g
is the free space wavelength corresponding to 5.8 GHz, central frequency of ISM frequency band. The
measured results of the prototype fabricated structure agree with simulation ones.

1. INTRODUCTION

Recently, various techniques have been reported to enhance the gain BW of FPC antennas. High gain
wide band FPC antennas should offer advantages like ease of fabrication, simple feeding technique,
low cost, and improved radiation characteristics viz. low CPL, low SLL, and low gain variation
over wide band. Hence, high impedance surface (HIS), frequency selective surface (FSS), reactive
impedance surface (RIS), partially reflected surface (PRS), artificial magnetic conductor (AMC),
and electromagnetic band gap (EBG) structures have attracted significant attention in the design of
wideband FPC antennas [1-17].

The printed compound air-fed array antenna, with a flat gain-frequency response is designed, using
FSS cover and inversely tapered mushroom type HIS in FPC [1]. These techniques enlarge the gain-BW
product and improve the aperture efficiency of the antenna. A broadband, low profile, wideband MSA
array, sandwiched between RIS and PRS layers has been reported in [2]. The RIS and PRS consist of
an array of square patches of dimension and periodicity much smaller than the wavelength. The PRS
in FPC antenna is designed by fabricating parasitic metallic patches on a superstrate layer to enhance
the gain of the primary radiator. Various PRS structures are designed using single layer [3,4], dual
layer [5], and triple layer [6] superstrates and analysed for gain enhancement.

Frequency selective surfaces (F'SS) are periodic structures used to reflect, transmit, or absorb
electromagnetic waves. Various FSS structures are designed in [7-9], as a class of wideband PRS,
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which exhibit frequency filtering properties. Directivity enhancement of EBG antenna with single FSS
layer [7], wideband Fabry-Perot resonator antenna (FPRA) with two complementary FSS layers [8], and
dual band FPC antenna with shared-aperture FSS layer [9] have been reported.

A compact high gain resonant cavity antenna (RCA) with via hole feed patch and hybrid parasitic
ring superstrate is designed in [10]. Various FPC antennas based on different techniques such as
shaped ground plane [11], modified AMC-PRS layers [12], and stratified meta-surfaces [13] have been
investigated. A dual-wideband high-gain antenna is reported in [14] while a wideband FPRA is designed
with two layers of electrically thin dielectric superstrates in [15]. An orthogonally polarized high gain
antenna, using double layer of Jerusalem-Cross PRS [16] and a dual-band frequency reconfigurable PRS
with PIN diodes [17] have been reported. However, these antennas suffer from high SLL and small gain
BW product.

Besides complex feeding technique, high SLL and gain variation have been observed over wide
frequency band in reported antennas. To overcome these limitations, a high gain wideband FPC
antenna by using elliptical and rectangular slotted AMCs and truncated PRS layer is designed. An
elliptical AMC layer reduces the reflected fields towards the ground and thus improves F/B ratio. The
AMC-PRS layers are modified to resonate, at higher frequencies to increase gain at higher frequencies
and to provide flat gain-frequency response over wide BW. The proposed antenna is compact, light
weight, low cost, and easy to fabricate. It offers 17.2dB peak gain, 15.2% gain BW, SLL < —19dB,
CPL < —17dB, and gain variation < 1.2dB over 5.7-6.4 GHz frequency band.

2. ANTENNA GEOMETRY AND DESIGN THEORY

The proposed antenna comprises metal plated MSA, AMC-I, PRS, and AMC-II. The side view of the
proposed antenna is shown in Fig. 1(a), while the top views of AMC-I, AMC-II, and truncated PRS
are shown in Figs. 1(b)—(e). A 0.5mm thick, rectangular copper metal plated MSA is suspended at
1.8 mm above the ground plane. The rectangular AMC-I is designed, using an array of 4 mm square
metallic patches, with inter-element spacing of 1 mm and printed on the bottom side of 1.59 mm thick,
FRA4 superstrate-I [2].

A rectangular AMC-I, with elliptical shaped slot, as shown in Fig. 1(b), is placed at 0.48 mm above
the MSA, and superstrate-II is placed at about 0.5)\¢ from feed patch to form FPC. Elliptical slotted
AMC-I improves the bandwidth of antenna. Truncated PRS, as shown in Fig. 1(e), is formed using
square patches, with side dimension about 0.5\, spaced at about 1), and printed on the bottom side
of superstrate-II, where A is the wavelength in dielectric at 5.8 GHz. An elliptical AMC-II, with a
rectangular slot, as shown in Fig. 1(d), is fabricated on the other side of superstrate-II. The dielectric
constant and loss tangent of FR4 superstrates are 4.4 and 0.02, respectively. The antenna structure is
fed by a 502 coaxial probe. The structures are simulated using method of moment based IE3D 14.0
simulator.

An FPC antenna is a cavity resonator antenna consisting of a PRS and a perfectly reflecting ground
plane. FPC is fed by an MSA. FPC antenna has high gain and narrow BW, when all the elements
that constitute the FPC resonate in unison. However, when different elements of FPC resonate at
different but nearby frequencies, the resonant cavity resonates at two or more nearby frequencies, which
electromagnetically couple to provide wide impedance and gain BW. The resonant frequency of an FPC
antenna depends on feed antenna dimensions, height of FPC, and dimensions and spacing of parasitic
patches fabricated on an FR4 superstrate, which acts as a PRS in the proposed antenna. The gain at
lower frequencies can be increased by increasing the dimensions of one or more elements or height of
FPC and vice-versa. Thus different elements can be optimized to enhance the gain BW of FPC antenna.
A wide gain FPC antenna should have a wideband feed antenna.

Wide gain BW in the proposed antenna is obtained by enhancing the BW of feed antenna. To obtain
broad impedance BW, a metal plated rectangular suspended MSA with air as a dielectric is designed
to feed the FPC. An AMC-I layer with an elliptical slot is placed above it, and the dimensions of MSA
and AMC-I with an elliptical slot are optimized. The AMC layer has its own resonant frequency, which
depends on the dimension of square patches, spacing between the patches, and the distance between
ground and AMC layers. In slotted AMC, the removal of patches decreases the effective capacitance
and inductance of AMC, and therefore, it resonates at higher frequency. Since there is gradual variation
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Figure 1. Geometry of proposed antenna (Center of all layers and ground plane are aligned). (a) Side
view (AMCs and PRS are truncated and should be seen with its top view), (b) AMC-I, (c) truncated
PRS, (d) AMCH-II, (e) truncated PRS.

of inductance and capacitance in AMC-I with an elliptical slot, it provides larger impedance BW than a
rectangular, square, or circular slot [12, 18]. The periodic structure used on the superstrate is merely an
FSS. However, the reflection phase variation of the unit cell is within +90°, over the operating frequency
band, and therefore, it is termed as AMC [12].

The gain of an FPC antenna depends on the feed antenna and reflection coefficient of PRS. Metallic
patches are good reflector of electromagnetic waves and thus increase the reflection coefficient and gain
of the antenna. Therefore, gain of the proposed FPC depends on PRS and AMC-II layer [12]. Corner
truncated PRS has effectively smaller dimensions than PRS without any truncation and thus improves
the gain of the antenna at higher frequencies. Since the width of MSA is more than its length, an
elliptical AMC-IT is designed so that it can provide higher gain. An elliptical AMC-II offers lower SLL
and larger gain BW than rectangular AMC-II. A rectangular AMC-IT has higher SLL, due to reflection
at the sharp corner of rectangular AMC-II. A square or circular AMC-II offers lower gain and slightly
higher SLL and CPL.

AMC-II surface is designed complementary to AMC-I surface, so as to decrease SLL, CPL, and
gain variation over wide frequency band. PRS with truncated corner also increases the gain at higher
frequency and thus reduces gain variation. Truncated PRS and elliptical AMC-II reduce the reflected
fields towards ground and thus improve F/B lobe ratio. As the electric field coupling along X-axis is
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more than Y-axis, an elliptical AMC-II provides higher gain with low SLL than circular or rectangular
or square AMC. The dimensions of metal plated MSA, AMC-I, PRS, AMC-II, FPC height and AMC-I
layer height are optimized to obtain wide gain BW (15.2%) with < 1.2 dB gain variation over frequency
band 5.7-6.4 GHz. The proposed antenna operates over 5.7 GHz to 6.62 GHz with 6.16 GHz as central
operating frequency. The optimum dimensions of the proposed antenna are listed in Table 1. All
dimensions are in mm only.

Table 1. Dimensions of proposed antenna.

. Square patch dimensions
1 1 h h | 120 x 14 4
Ground plane length x widt 0 x 140 of AMCLT and AMCLIT
. Spacing between square
MSA length dth 18.6 x 21.3 1
ength X wi % patches of AMC-I and AMC-II
Feed position of MSA, 7 Square patch dimensions of PRS | 12
from centre along x axis
. Spacing between
AMC-I length dth 64 x 74 11
engilL > wi % square patches of PRS
major and minor length .
of elliptical slot of AMC-I 28 x 18 Height of MSA from ground 1.8
major and minor length .
114 x 104 Height of AMC-I f; 2.
of elliptical AMC-TI x 10 eight o C-I from ground 3
Slot length x width in AMC-II 26 x 26 Height of PRS from ground 27

3. SIMULATION RESULTS AND ANALYSIS

Initially, a metal plated MSA is suspended at a height of 1.8 mm above the ground plane, and a
rectangular uniform AMC-I, without any slot, is printed on the bottom side of superstrate-I. The MSA
is fed using a 502 coaxial probe at 3.8 mm from the center of MSA, along X-axis. AMC-I increases
the L and C of structure and as a result, decreases the resonant frequency. An ellipse shape slot is
introduced in the uniform AMC-I layer, by removing patches from its center, as shown in Fig. 1(b).
Slotted AMC-I resonates at higher frequency than uniform AMC-I, since removal of patches reduces L
and C of the structure.

Now the MSA along with an ellipse shape slotted AMC-I is placed in FPC to enhance the gain
of the antenna. The PRS layer is placed at about 0.5\¢ height from the ground plane, as shown in
Fig. 1(a). A PRS is formed by printing square patches of size 12 mm and periodicity 23 mm on an FR4
superstrate. FPC antenna gain depends on the reflection coefficient of the PRS layer [12]. Antenna
gain increases with patches on the PRS as it increases the reflection coefficient of PRS. The proposed
antenna is designed with truncated PRS as shown Fig. 1(e). As truncated PRS has smaller dimensions,
it increases the gain at higher frequencies and decreases gain variation. Besides this, corner patches in
non-truncated PRS increase SLL; therefore, truncated PRS also improves SLL.

Now, a rectangular slotted elliptical AMC-II layer, as shown in Fig. 1(d), is designed using an array
of square metallic patches of side 4mm and inter element spacing of 1 mm and printed on the upper
side of FR4 superstrate-II. AMC-II layer is designed complementary to AMC-I, to reduce SLL, CPL,
and gain variation. The addition of AMC-II not only increases the gain BW but also increases effective
reflection coefficient of the PRS layer, which in turn increases the antenna gain. The structure with
AMC-I, single patch on PRS and AMC-II is termed as ANT1.

The optimized ‘ANT.1’ provides a peak gain of 14.5dB, SLL < —21.1dB, CPL < —17.4dB, F/B
ratio > 21.2dB, and S1; < —10dB over 5.7 GHz to 6.5 GHz frequency band. The overall size of ‘ANT.1’
is 1.7Ag x 2.1Ag. The ‘ANT1’ with AMC-II layer reduces the SLL and CPL significantly, as compared
to ‘ANT.1’ without AMC-II layer.
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The antenna gain is enhanced further by increasing the size of PRS array. Thereafter, a 2 x 2 array
of square metallic patches of side 12 mm and inter element spacing of 11 mm is placed at PRS layer with
AMC-II layer, and this structure is termed as ‘ANT.2’. These 2 x 2 patches act as a space fed array
antenna. Therefore, the dimensions and periodicity of PRS patches are larger than the metallic patches
on AMC-T and AMC-IT layers. Similarly, ‘ANT.3” with a 3 x 3 PRS array is designed and optimized.
S11 and gain variation of these structures are shown in Fig. 2.
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Figure 2. (a) S vs. frequency, (b) gain vs. frequency.

4. GAIN BANDWIDTH ENHANCEMENT

The PRS array size is further increased to achieve wide gain BW. The ‘ANT.4’ with truncated PRS-1, as
shown in Fig. 1(c), is designed and optimized. The optimized ‘ANT.4’ provides a peak gain of 16.6 dBi,
SLL < —18.7dB, CPL < —16.3dB, F/B ratio > 20dB, and S1; < —10dB over 5.7 GHz to 6.6 GHz
frequency band. Though the gain of antenna has increased, SLL and CPL have also increased at higher
frequencies.

The ‘ANT.5” with 4 x 4 PRS array and ‘ANT.6’ with 5 x 5 PRS array are designed and optimized.
The optimized ‘ANT.5’ provides a peak gain of 16.9dBi, SLL < —18.7dB, CPL < —17.9dB, and
F/B ratio > 20dB. The optimized ‘ANT.6’ provides a peak gain of 17.3dBi, SLL < —17.9dB,
CPL < —17.2dB, F/B ratio > 18.3dB, and S1; < —10dB over 5.7 GHz to 6.6 GHz frequency band.
Gain increases with the increase in array size, but SLL, CPL also increase, and F/B lobe ratio decreases
in ANT.6.

Now, the corner metallic patches are removed from the 5 x 5 array of PRS layer to form truncated
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Figure 3. (a) Si;1 vs. frequency, (b) gain vs. frequency.
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PRS-II, as shown in Fig. 1(e). This antenna structure termed as ‘ANT.7’ is optimized. The ‘ANT.7’
offers flat gain-frequency response with gain variation < 1.2dB and 3-dB gain BW of 15.2%. This
antenna provides peak gain of 17.2dBi, SLL < —18.6 dB, CPL < —18.0dB, and F/B ratio > 20dB. All
the structures from ANT.1 to ANT.7 depict gain flattening. Peak gain has increased by 2.7dB from
ANT.1 to ANT.7. ANT.1 to ANT.3 have a peak gain less than 16 dBi, while ANT.4 to ANT.7 have
a peak gain about 17dBi. Compared to ANT.6, ANT.7 offers lower SLL and CPL and higher F/B
lobe ratio with improved 3dB gain BW. S1; and gain variation of these structures are shown in Fig. 3.
The simulated radiation patterns of proposed antenna ‘ANT.7’ are shown in Fig. 4. The radiation
parameters of ‘ANT.1" to ‘ANT.7’ structures at frequency 5.8 GHz and 6.15 GHz are listed in Table 2.

== E@at =90°, —E8at=0°, = E6 at ¢ = 90°

Figure 4. Radiation patterns of ANT. 7 at (a) 5.8 GHz and (b) 6.15 GHz.

Table 2. Radiation parameters.

ANT. Gain 3dB Gain SLL (dB) CPL (dB) F/B Size
Str. (dBi) BW (GHz) 5.8]6.15 GHz 5.8/6.15 GHz (dB) (A3)

1 14.5 1.06 —22.5| —21.1  —22.5| - 174 176  1.7x21

2 15.4 1.12 —20.4] —19.4  —23.7) - 17.8 196 1.9x23

3 15.8 1.04 -19.2| —19.7  —23.8/—174 236 2.1x25

4 16.6 0.96 —23.3| —18.7 232|163 200 23 x2.7

5 16.9 0.95 —21.3| —18.7  —24.0/—17.9 200 23 x2.7

6 17.3 0.86 -19.6| —17.9  —24.1| —17.2 183  23x27

7 17.2 0.92 —22.1| —18.6 ~ —24.2|—18.0 200 23 x2.7

5. FABRICATION AND MEASUREMENT RESULTS

The fabricated prototype ‘ANT.7” structure is shown in Fig. 5. The return loss (S11) is measured by
using 9916A Agilent network analyzer. The radiation patterns and gain of the antenna are measured
by using a standard horn antenna. The simulated and measured S1; and gain variation are shown in
Fig. 6. The measured results are in good agreement with the simulation ones. Fabrication error and
alignment can be attributed to the discrepancy between simulated and measured results. The measured
broadside radiation patterns at 5.8 GHz and 6.15 GHz are shown in Fig. 7.

6. COMPARISON WITH STATE OF ART ANTENNAS

The comparison of the proposed antenna with the existing state of art FPC antennas structures is listed
in Table 3. While comparing the different antennas, we have considered peak gain, common bandwidth
(common BW include BW which is common to 3dB gain BW, 10dB impedance BW and 3 dB axial
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Figure 7. Radiation pattern of proposed prototype structure. (a) 5.8 GHz, (b) 6.15 GHz.

structure. (a) AMC-I, (b) truncated PRS, (c¢) AMC-II, (d) 3D

ratio BW), and the lateral size of the antenna. Therefore, the figure of merit, i.e., GBP/LA (gain BW
product per unit lateral area) is calculated as shown in Table 3. Also, SLL, CPL, and profile (height) of
the antenna are considered. The proposed antenna provides figure of merit 129 along with compact size
2.3X\p X 2.75Xg x 0.5Ag, as compared to other antennas reported in literature. The antenna structure

in [5] has higher % common BW and higher figure of merit of 141; however, this antenna is 1\g high
and suffers from high SLL (—11dB). Reference antennas [4,7,8,11,15] have higher % common BW

and more flat gain BW, but these antennas have higher SLL. Beside this, these antennas either have
lower gain or larger lateral dimensions. Therefore, their GBP/LA is less than the proposed antenna.
All the structures have SLL > —15dB except [12] which has much lower figure of merit. The antenna
dimensions, flat gain-frequency response, and peak gain of 17.2dB, with gain variation < 1.2dB over
the frequency band 5.7 GHz to 6.4 GHz provide an edge to the proposed antenna over other antennas.
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Table 3.
Gain SLL—CPL F/B Common fo Size
Rel. mi) (dB) dB BW% GHz  Agx Agx )y COF GBP/LA
1 19.1 —13] — 22 20 14.1 14.0 29x34x05 1146 116
4 13.5 —10] — 20 13 32.0 10.5 25 x25x0.7 716 114
) 15.0 —11] - 25 NA 25.8 16.0 24x24x13 816 141
6 20.0 —10|NA NA 15.0 14.5 3.8 x3.8x1.2 1500 104
7 15.0 —15| — 20 22 18.7 9.5 23 x23x0.5 591 111
8 13.8 —-12| - 21 13 28.0 10.0 24x24x05 672 116
11 16.0 —10| - 15 NA 23.0 5.9 2.7x27x06 916 121
12 17.4 —20| — 16 20 11.6 5.8 28 x3.2x0.5 637 72
13 19.4 NA|NA NA 14.0 19.0 4.0x4.0x0.5 1219 76
15 14.0 —15|NA NA 28.0 10.0 24 x24x05 703 122
PA 17.2 —19| — 18 20 15.2 5.8 23 x27x05 798 129

P. A. — Proposed antenna, N. A. — Not Available, GBP — Gain BW product, GBP/LA — Gain
BW product per unit lateral area.

The compact, light-weight and low-cost MSA fed FPC antenna is easy to fabricate and offers lower SLL
and CPL than other reported state of art antennas.

7. CONCLUSION

In this communication, a compact, high gain, and wideband MSA using slotted elliptical and rectangular
shaped AMCs and truncated PRS layer is designed, with gain variation < 1dB over 5.725-6.4 GHz for
WLAN and Satellite C band communication. The complementary AMCs and truncated PRS layers
provide flat gain-frequency response and gain BW enhancement. The truncated PRS with slotted AMC
layers also improves the radiation characteristics of antenna, reduces SLL and CPL, and improves F/B
ratio.
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