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Abstract— A novel method to enhance the high-frequency gain
of a wideband Fabry-Pérot (FP) antenna by using a truncated
field correcting structure (TFCS) is proposed. The TFCS is
formed by laminated dual-layer dielectric substrates and acts
as the high-frequency operating band phase and amplitude
correcting structure of the FP antenna for the radiated field. This
method not only has a small effect on the operating bandwidth
of the antenna, but also has a positive effect on improving the
gain over the low-frequency operating band. The simulation and
experimental results verify that the TFCS can effectively enhance
the gain within the high-frequency operating band, and expand
the 3 dB gain bandwidth of the FP antenna. The measured
results show that the proposed antenna has a 10 dB return loss
bandwidth of 8.49-12.34 GHz (37.0%), a 3 dB gain bandwidth
of 8.48-11.82 GHz (32.9%), and a maximum gain of 17.73 dBi.
The 3 dB gain bandwidth of the FP antenna is extended from
28.8% to 32.9% after loading with the TFCS, and the maximum
gain enhancement within the high-frequency operating band is
increased by 3.48 dB at 11.58 GHz.

Index Terms—Bandwidth enhancement, Fabry-Pérot (FP)
antenna, high gain, wideband.

I. INTRODUCTION

ABRY-PEROT (FP) antennas are also called partially
reflective surface (PRS) antennas, 2-D leaky-wave anten-
nas, electromagnetic bandgap (EBG) resonator antennas, res-
onant cavity antennas, and FP resonator antennas [1]—[7].
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They are basically composed of a PRS and a primary antenna
where the FP resonant cavity is formed by the ground of the
primary antenna and the PRS. In early stages, the FP resonant
cavity had high Q-value characteristics, which enabled FP
antennas to exhibit high gain and narrowband properties. With
the advance of FP antenna research, they can achieve proper-
ties such as wide bandwidth [8], [9], low profile [10], [11],
circular polarization [12], [13], multiband operation [14],
reconfigurability [15]-[17], and low RCS [18]-[20], which
provide them with a broad application prospect in the field
of wireless communication.

For wideband FP antennas, various methods for expanding
the 3 dB gain bandwidth have been proposed [21]-[30].
Generally, PRSs are used which adopt printed or all-dielectric
structures. The printed PRS structures of wideband FP
antennas can be divided into two categories: nonuni-
formly printed PRSs [21], [22] and uniformly printed
PRSs [8], [23]-[25]. More recently, all-dielectric PRS struc-
tures have been introduced to expand the bandwidth of FP
antennas, including single-layer all-dielectric transverse per-
mittivity gradient (TPG) PRS structures [26], [27], a multi-
layer all-dielectric PRS with small footprint [28], multilayer
all-dielectric TPG PRS structures [29], [30], a multilayer
truncated all-dielectric PRS structure [31], and a near-field
correction all-dielectric PRS structure [32]. Note that near-field
manipulation can be applied to improve various properties of
antennas, such as the bandwidth [32], directivity [33], and
beam steering [34]. It can also be observed that most of
all-dielectric PRSs provide superior gain enhancement and
bandwidth expansion capabilities compared with printed PRS
structures.

Although many efforts focused on extending the 3 dB gain
bandwidth of FP antennas, it was found that wideband FP
antennas, which employ a uniform printed PRS with positive
reflection phase gradient, exhibit a sharp gain drop in the
high-frequency operating band. This is due to the fact that
the reflection phase of PRSs drops significantly toward high
frequencies [35]-[39]. There are several ways to improve
the gain and the gain bandwidth of FP antennas. In [31],
a multilayer truncated PRS is effectively used to excite the
resonance of the FP cavity at both low and high frequencies,
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which provides the excitation of the FP resonance in a wider
band. However, its disadvantage is that the reflection amplitude
of the truncated PRS is small at the low and high resonant
frequencies, which affects the ability of the FP resonance to
enhance the gain. In [37], a hybrid reflection method is pre-
sented to improve the 3 dB gain bandwidth of an FP antenna.
Although two adjacent positive reflection phase gradient bands
are obtained to optimally excite the low- and high-frequency
FP resonances through two FSS units on the PRS, the gain
deterioration within the high-frequency operating band is still
unresolved. In [40], a quasi-curve reflector is proposed to
improve the operating bandwidth and gain of an FP antenna
by exciting a multimode response. This design is not only
complicated, but the gain in the high-frequency operating band
is still significantly reduced. In [41], a shaped ground plane is
employed to extend the 3 dB gain bandwidth. This increases
the difficulty of the ground design, and the inclination angle
of the shaped ground is sensitive to the return loss bandwidth
and the 3 dB gain bandwidth. Also, the use of optimization
algorithms in FP antenna design is an important means to
improve gain and gain bandwidth [32], [42]. In summary,
the deterioration of the high-frequency gain of wideband FP
antennas is a common problem, and seeking ways to improve
it is of great value for expanding the gain bandwidth of FP
antennas.

This article focuses on a novel method to enhance the
gain of wideband FP antennas in the high-frequency oper-
ating band. A truncated field correcting structure (TFCS) is
located directly above the FP antenna to manipulate the phase
and amplitude distributions of the aperture field within the
high-frequency operating band, thereby enhancing the gain of
the FP antenna toward higher frequencies and expanding the
3 dB gain bandwidth. Moreover, the TFCS has little effect on
the 10 dB return loss bandwidth and has a positive effect on
the gain in the low-frequency operating band. The measured
results show that the proposed antenna has a 10 dB return
loss bandwidth of 8.49-12.34 GHz (37.0%), the 3 dB gain
bandwidth is increased from 28.8% to 32.9%, the maximum
gain is increased from 17.03 to 17.56 dBi, and the maximum
gain enhancement at the high-frequency operating band is
3.48 dB.

II. ANTENNA CONFIGURATION

The geometric configuration of a primary antenna, con-
sisting of a slot antenna and a parasitic patch, is depicted
in Fig. 1(a). Note that other types of antennas that meet the
requirements, such as a probe-fed microstrip antenna, dipole
antenna, or waveguide-fed slot antenna, can also be used as
the primary antenna. The parasitic patch is placed a distance
h,ir above the slot antenna, and its length and width are both
W = 80 mm. The metal structure of the slot antenna and
the parasitic patch are etched on Rogers RT5880 (g, = 2.2,
tand = 0.0009) substrate with a thickness of %, and the square
patch size of the parasitic patch is w,. Fig. 1(b) shows the
overall structure of a FP antenna. It consists of the primary
antenna shown in Fig. 1(a) and a PRS; the thickness of the
cavity is h.. The PRS consists of 9 x 9 FSS units etched on
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Geometric configurations of antenna. (a) Primary antenna. (b) FP

TABLE I
PARAMETER OF SLOT-COUPLED PATCH ANTENNA

Parameters h Paic L I3 L I
Value (mm) 0.787 24 315 85 3 8.6
Parameters h; Wp Wy Wy Wy Wy
Value (mm) 1.524 93 15 23 12 1
Parameters P he Gy i wp g
Value (mm) 7 18 15 6 1.9 0.1

Rogers RT6002 (g, = 2.94, tand = 0.0012) substrate with
a thickness of /. The FSS unit consists of a patch and a
metal square ring. Mutual coupling between the patch and
the metal square ring is required to produce a proper positive
reflection phase gradient and reflection amplitude. Note that
the PRS can be replaced by other printed structures with
similar properties. CST is employed for numerical simulation,
periodic boundaries are applied to the simulation of unit
structures, and open boundaries are used to simulate the FP
antennas. Fig. 2(a) shows the reflection coefficient of the FSS
unit, which displays a positive reflection phase gradient band
between 9.54 and 10.86 GHz, and the reflection amplitude
is greater than 0.59. The structural parameters are shown
in Table L.

Fig. 2(b) shows the simulated results of the primary antenna
and the FP antenna. It is observed that the primary antenna
has a 10 dB return loss bandwidth of 9.04-11.57 GHz, and
a maximum gain of 9.13 dBi at 11.2 GHz. The FP antenna
has a 10 dB return loss bandwidth of 8.49-12.23 GHz, a 3 dB
gain bandwidth of 8.46—-10.99 GHz, and a maximum gain of
17.04 dBi at 9.3 GHz. The simulated results demonstrate the
FP cavity’s ability to enhance the gain of the antenna and
expand its 10 dB return loss bandwidth. However, the gain
of the FP antenna drops sharply between 11 and 12.23 GHz
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Fig. 2. (a) Simulated reflection coefficient of FSS. (b) Simulated [S;;| and
realized gain of FP antenna.
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Fig. 3. Leaky-wave model of the FP antenna.

due to the fact that the reflection phases of the PRS cannot be
fully adjusted to meet the resonant conditions of the FP cavity
in this high-frequency operating band. To resolve this issue,
Section III introduces a TFCS to improve the high-frequency
gain of the FP antenna.

III. TFCS

The working mechanism of FP antennas can be explained
by leaky-wave theory, as shown in Fig. 3. The FP cavity is
formed between the ground and the PRS. As the primary
antenna is excited, the electromagnetic wave E,(x) propagates
in the cavity from the central area to the edge along the x-axis,
which can be expressed as [43]

E,(x) = Ege "™ Jo 7 ©)dc )

where E( represents the source, y represents the propagation
constant, and sgn(x) is the signum function at position x inside
the cavity. Since the PRS possesses characteristics of partial
reflection, a part of the electromagnetic wave propagates in the
cavity, passes through the PRS, and leaks out of the cavity to
generate the leaky wave E;(x). The expressions of the phase
and amplitude of the leaky wave are

@1(x) = Oprs(x) — Sgn(x)/o B(O)de )
|Ei(x)] = Cy/a(x)Ege 8" Jo 0 3)

where C represents a constant variable, and o and / represent
the attenuation and phase constants, respectively. Note that
the phase of the leaky wave is related to the phase constant,
while the amplitude is related to the attenuation constant.
A nonuniform phase distribution of the radiated field leads to
the divergence of radiant energy, and a nonuniform amplitude
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Fig. 4. Simulated phase distribution of the FP antenna on observation
surface 1 at 11.5 GHz.

distribution causes a relatively low aperture efficiency of the
FP antenna. However, the phase and attenuation constants are
strongly correlated in a way that they interfere with each other,
which poses a major challenge for the design of wideband
FP antennas with high gain, especially in the high-frequency
operating band.

A TFCS is proposed to correct the radiated field properties
of the FP antenna at high frequencies. From Section II, it can
be seen that the gain of the FP antenna drops sharply within
the operating band between 11 and 12.23 GHz; therefore,
11.5 GHz is selected as a frequency of observation. Fig. 4
shows the simulated phase distribution of the FP antenna
on observation surface 1 with a height of iy = 6.024 mm
above the PRS. It can be observed that there is a single
square phase area (Al) in the center of observation surface 1,
and four phase areas (B1-B4) are generated on the four
corners due to the edge effect of the PRS. Therefore, the
key research direction of high-frequency gain enhancement is
to optimize the high-frequency radiation phase and amplitude
distributions so that the high-frequency radiated waves tend
to be plane waves. From Fig. 4, the phase difference between
the average phase value of area Al and the surrounding area
C1 is approximately 50°. In this case, the phase value of area
Al should be reduced by about 50° through a phase correction
structure.

Dielectric loading is one of the important measures to
modulate the phase distribution in the primary direction of
radiation. Therefore, a single-layer square dielectric substrate
is adopted, first, to compensate for the phases of area Al on
observation surface 1. Considering prototype fabrication and
the phase compensation properties of the dielectric substrate,
Rogers TMM 4 (g3 = 4.5, tand = 0.002) with a thickness of
h3 = 1.524 mm is selected as the field correcting structure
(FCS). Fig. 5(a) depicts the simulated phase compensation
of the FCS and shows that the phase compensation value
of the FCS at 11.5 GHz is —52°, which meets the phase
compensation requirement. The size and height of the FCS
are the main factors that affect the performance of the FP
antenna. They not only have to ensure the improvement of
high-frequency radiation characteristics, but also should affect
the low-frequency characteristics of the antenna as little as
possible. After optimizing the design, the size of the FCS is
Py = 40 mm, and it is placed h, = 4.5 mm away from the
PRS. Fig. 5(b) shows the phase distributions of the FP antenna
with FCS on observation surface 1 at 11.5 GHz. It can be seen
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Fig. 5. (a) Simulated phase compensation curve of the FCS. (b) Simulated
phase distributions of the FP antenna with FCS on the observation surface 1
at 11.5 GHz.
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Fig. 6.  Phase distributions of FP antenna on observation surface 2 at
11.5 GHz. (a) Loaded with FCS. (b) Loaded with TFCS.

that the phase distribution of the FP antenna in the central
square area has been greatly improved.

Secondly, affected by the phase areas at the four corners,
the non-uniformity of the phase distribution of the FP antenna
will be increased when the electromagnetic waves propagate
to a higher height in the propagation direction. In order to
further optimize the phase distributions of the FP antenna at a
higher distance, an observation surface 2 is set at a height of
hg; = 16.7 mm above the PRS. Fig. 6(a) shows the phase dis-
tribution of the FP antenna with FCS on observation surface 2
at 11.5 GHz. We note that the phase distribution of observation
surface 2 in the central yellow area can be optimized and
that the phase difference between the central yellow area and
the surrounding red area is about 50°. Therefore, a small
square dielectric substrate with the same dielectric as the
FCS is laminated on top of the above FCS to form a TFCS.
The optimized size of the small square dielectric substrate is
P> =20 mm. According to the numerical simulation, the size
of the TFCS will affect the gain bandwidth of the antenna.
When P; and P, increase, the gain at 11 GHz decreases,
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Fig. 7. Electric-field phase distributions versus (a) x and (b) y; and amplitude
distributions versus (c) x and (d) y for the FP antenna with/without TFCS on
observation surface 2 at 11.5 GHz.

which affects the 3 dB gain bandwidth of the proposed
antenna. Meanwhile, the gain enhancement at high frequencies
increases with the increase of P; and P,. Fig. 6(b) shows the
phase distribution of the FP antenna with TFCS on observation
surface 2 at 11.5 GHz. Obviously, the phase distributions of the
FP antenna with TFCS in the central area have been improved.
Moreover, the uniformities of the phase distribution of the
electric field E, along the x-axis (y = 0) and y-axis (x = 0)
are increased, as shown in Fig. 7(a) and (b). The FP antenna
with TFCS can obtain a relatively uniform electric-field
phase distribution between —20 and 20 mm at 11.5 GHz
compared with the original FP antenna on observation
surface 2. Fig. 7(c) and (d) show the amplitude distributions
of the electric field E, along the x-axis (y = 0) and y-axis
(x = 0) at 11.5 GHz. They show that the uniformity of the
amplitude distribution along the x-axis is weakened, while
the uniformity of the amplitude distribution along the y-axis
is enhanced. This is due to the fact that in the x-direction,
the TFCS does not completely cover the central phase
singular area to prevent the gain sagging around 11 GHz,
so as to ensure that the antenna has a relatively wide 3 dB
gain bandwidth. Also, the field amplitude of the FP antenna
with TFCS is larger than that of the original FP antenna. This
is due to the fact that the TFCS moves the positive gradient
reflection phase band of the PRS toward higher frequencies,
which enhances the FP resonance of the cavity. This proves
that the TFCS can not only modulate the phase distribution
of the radiated field, but also has the ability to manipulate
the uniformity of the electric-field amplitude distribution.
Fig. 8 shows the phase distributions of the three antennas
in the xz plane at 11.5 GHz. It can be seen that the electro-
magnetic waves in the radiation direction of the FP antenna
with TFCS tend to be plane waves, which is the essence of
the high-frequency gain improvement of the FP antenna with
TFCS. Moreover, this TFCS has the capability to manipulate
radiated waves at frequencies around 11.5 GHz, but its ability
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TABLE II
COMPARISON BETWEEN THE DESIGNED ANTENNA AND EXISTING WORKS
Ref. Realization method 10-dB return loss bandwidth 3-dB gain bandwidth Maximurp Gain GBP Area (A))
(GHz) (GHz) (dBi)

[31] CAMS 9.42-11.35 (18.6%) 16.58% About 11.8 251 2.20%2.20x0.57
[33] HPRS 8.64-12.07 (33.1%) 8.6-11.1 (25.4%) 17.08 1297  2.81x2.81x0.69
[34] Embedded CPCM 8.48-12.21 (36.1%) 8.9-11.5 (25.5%) 17.2 1338 2.76x2.76x0.73
[36] Quasi-curve reflector 24% 10% 16.3 427 10.0x5.80%1.40
[37] Shaped Ground 19.7% 23% 16 916  2.75%2.75%0.56

This work TFCS 8.49-12.34 (37.0%) 8.48-11.82 (32.9%) 17.73 1951  2.77%x2.77x0.96

Note: GBP=BWx10%"’, where GBP denotes the gain-bandwidth product, BW denotes the 3-dB gain bandwidth, G denotes the maximum gain. o denotes the
wavelength at the center frequency of the effective bandwidth in free space. CAMS, HPRS, CPCM are abbreviations of chessboard arranged metamaterial
superstrate, hybrid partially reflecting surface, and chessboard polarization conversion metasurface, respectively.

Fig. 8. Phase distributions of three antennas in the xz plane at 11.5 GHz.
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is weakening as the operating frequency moves away from
11.5 GHz.

Fig. 9 shows the simulated results of |S;;| and realized gain
of the FP antennas. It is observed that the operating band
of the FP antenna is almost unchanged after loading with
the TFCS and that the gain in the high-frequency operating
band is enhanced. The FP antenna with TFCS has a 10 dB
return loss bandwidth of 8.56-12.31 GHz (35.9%), a 3 dB
gain bandwidth of 8.60-11.71 GHz (30.6%), and a maximum
gain of 17.56 dBi at 9.7 GHz. Compared with the original FP
antenna, the maximum gain enhancement of the FP antenna
with FCS in the high-frequency operating band is 2.15 dB
(11.5 GHz), while the maximum gain enhancement of the FP
antenna with TFCS is 2.91 dB. Moreover, the gain around
10 GHz has been enhanced, which is due to the increase in
the reflection amplitude of the PRS in this band after loading
with the TFCS.

IV. MEASUREMENTS

The designed high-gain wideband FP antenna has been
fabricated and measured. The prototype consists of a wide-
band slot-coupled antenna, a PRS, and a TFCS. The primary
antenna structure is etched on Rogers RT5880 (¢ = 2.2,

Fig. 10. Measurement setup of the proposed antenna.
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gain.

tand = 0.0009) substrate with a thickness of 0.787 mm,
and the PRS is etched on Rogers RT6002 (e, = 2.94,
tand = 0.0012) substrate with a thickness of 1.524 mm;
W = 80 mm in length and width, and the TFCS structure
is composed of two layers of Rogers TMM 4 (g3 = 4.5,
tand = 0.002) substrates with different sizes. The overall size
of the antenna is 80 mm x 80 mm x 27.859 mm. The mea-
surement of the proposed antenna is completed in a microwave
anechoic chamber, and the experimental environment is shown
in Fig. 10.

Fig. 11 shows the measured results of |S;;| and realized
gain of the three different antennas. It is observed that
the primary antenna has a 10 dB return loss bandwidth of
8.98-11.45 GHz (24.2%) and a maximum gain of 9.05 dBi
at 11.77 GHz; the original FP antenna has a 10 dB return
loss bandwidth of 8.41-12.31 GHz (37.6%), a 3 dB gain
bandwidth of 8.34-11.15 GHz (28.8%), and a maximum gain
of 16.82 dBi at 9.51 GHz. The proposed antenna with TFCS
has a 10 dB return loss bandwidth of 8.49-12.34 GHz (37.0%),
a 3 dB gain bandwidth of 8.48-11.82 GHz (32.9%), and a
maximum gain of 17.73 dBi at 9.53 GHz, which are consistent
with the simulated results. Also, compared with the original

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on December 19,2021 at 18:43:22 UTC from IEEE Xplore. Restrictions apply.



8226

20 2
__jp] TP @sciiz o e vais
go A
= =
o:,»m @»lﬂ
S0 S0 —Sin-Coal
= o = = Mea. Co-Pal
30 Hao Sim, Cross-Pol
3 Fi ea. Cross-P
2404 S0 Meu, Cross-Pol
-l 50
0 ey e 1) RIS S S
80135 90 45 0 45 90 135 180 CI80 135 90 45 0 45 90 135 180
Theta (deg.) Theta (deg.)
(@) (b)
20 2
—10 —10
Zo g0
=1 =
E-TG 5""
%-zu %-zu —— Sim. Co-Pol
S3n Ni3p = —Mea. CoFol
| s Sim. Cross-Pal
240 d 240 - Mes. Cross-Pal
=0 H 50

604 ey
-180 -135 90 45 0 45 90 135 180

Theta (deg.) Theta (deg.)
(© (d)

20

o] HePlane @ 11GHz E-Plane @ 11GHz
S0 V=2 ]
= ——Sim. Co-Fol i
510 = = Mea. Co-Fol R
Sy Sirn. Cross-Pol S.
B -+ Mea, Cross-Pol B o
%0 & Sim. Cross-Fol
£ B4 Mea. Cross-Pol

-60 A
-180 <135 90 45 0 45 90 135 180

Theta (deg.) Theta (deg.)
O] ®
20
-Plane @ 126
_ 1] BeHane @ 126H: —
= &
£, g
= ——Sim. Co-Pol =
&0 — = Mea. Co-Pol g
“0 Sim, Cross-Pol -
3 - Mea, Cross-Pol .. B
B30 ; £
=
k1
240 24

Theta (deg.)

Theta (deg.)

(& (h)

Fig. 12.  Co-pol and cross-pol radiation patterns of the proposed antenna.
(a) H-plane and (b) E-plane at 9 GHz. (c) H-plane and (d) E-plane at 10 GHz.
(e) H-plane and (f) E-plane at 11 GHz. (g) H-plane and (h) E-plane at 12 GHz.

FP antenna, the maximum gain enhancement of the proposed
antenna within the high-frequency operating band is 3.48 dB
at 11.58 GHz, while the relatively 3 dB gain bandwidth is
improved from 28.8% to 32.9%.

Fig. 12 displays the simulated and measured radiation
patterns in E- and H-planes at 9, 10, 11, and 12 GHz
which prove that the proposed antenna has good radiation
characteristics. Moreover, it is observed that the simulated
and measured cross-polarization levels are lower than —20 dB
in both planes. Table II shows the performance comparison
between the proposed antenna and comparable existing works.
It is found that the proposed FP antenna has excellent 10 dB
return loss bandwidth and 3 dB gain bandwidth. The essential
reason for the 3 dB gain bandwidth expansion of the FP
antenna is that the TFCS effectively improves the gain toward
the high-frequency operating band.

V. CONCLUSION

A TFCS is employed to adjust the radiated field of a wide-
band FP antenna within the high-frequency operating band.
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The TFCS adopts a stacked structure of dual-layer dielec-
tric substrates with different sizes, which can effectively
enhance the gain by correcting the phase and amplitude
distributions of radiated waves in the high-frequency oper-
ating band. Also, the TFCS not only has almost no effect
on the impedance matching bandwidth but also enhances
the gain of the low-frequency operating band. Experiments
show that the proposed FP antenna has a 10 dB return
loss bandwidth of 8.49-12.34 GHz (37.0%), a 3 dB gain
bandwidth of 8.48-11.82 GHz (32.9%), and a maximum
gain of 17.73 dBi at 9.53 GHz. Moreover, after loading
with the TFCS, the maximum gain enhancement of the FP
antenna within the high-frequency operating band reaches
3.48 dB. It demonstrates that this method is of great signifi-
cance for expanding the 3 dB gain bandwidth and enhancing
high-frequency operating characteristics of FP antennas.
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