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A Slender Fabry–Perot Antenna for High-Gain Horizontally Polarized

Omnidirectional Radiation
Ziheng Zhou , Yue Li , Yijing He , Zhijun Zhang , and Pai-Yen Chen

Abstract— In this communication, a special Fabry–Perot (FP) cavity
antenna with a slender structure is proposed to realize an omnidirectional
radiation pattern with horizontal polarization. In our design, a partially
reflective strip consisting of periodical slots is placed over the aperture
of a long and narrow cavity, thus generating an FP resonance with a
uniform electric field distribution along this aperture. As the slot arrays
are excited in phase and with a nearly identical amplitude, the proposed
slender architecture can provide a horizontally polarized omnidirectional
radiation pattern with an enhanced directivity. The proposed antenna is
prototyped with a length of 2.95λ (λ is the free space wavelength at
the center frequency). In well agreement with the simulation results, the
experiment verifies that an omnidirectional pattern is achieved over the
operating band (2.41–2.5 GHz), with a realized gain of 7.1–8.52 dBi
and a gain variation on the E-plane less than 2.3 dB. In virtue of the
low-profile all-metal structure, high efficiency (>86%), and enhanced
gain, the proposed slender FP antenna is promising for future wireless
communication applications.

Index Terms— Antenna array, antenna directivity, antenna radiation
pattern, Fabry–Perot (FP) antennas.

I. INTRODUCTION

The antennas offering omnidirectional radiation pattern have attrac-
tive applications for wireless communication scenarios where the full
coverage of the surrounding environment is required, such as mobile
terminals, portable base stations, and wireless local-area-network
(WLAN) access points, to name a few. Traditional omnidirectional
antennas usually operate with vertical polarization, for example, the
classic dipole and its variants [1]–[4]. However, recent studies [5]–[7]
demonstrated that the vertically polarized (VP) wave may change
its polarization when subject to multiple diffraction and reflection,
which, as a result, leads to severe multipath fading in the urban or
indoor areas. To improve the capacity and reliability of the wireless
communication systems, great interests are dedicated to horizontally
polarized (HP) omnidirectional antennas [6], [7], which assist to
harvest the polarization resource and overcome the multipath fading.

The small-loop antenna with a uniform circular current distribution
can offer an HP omnidirectional pattern, whereas it is inherently
limited by a very small radiation resistance and high input reac-
tance. The wire-type Alford loop [8] is a primary configuration of
the HP omnidirectional antenna for pragmatic applications. Several

Manuscript received March 5, 2019; revised May 30, 2020; accepted
June 1, 2020. Date of publication June 17, 2020; date of current version
January 5, 2021. This work was supported in part by the National Natural
Science Foundation of China under Grant 61771280, in part by the Beijing
Nova Program of Science and Technology under Grant Z191100001119082,
and in part by the Tsinghua University Initiative Scientific Research
Program under Grant 2019Z08QCX16. (Corresponding author: Yue Li.)

Ziheng Zhou, Yue Li, Yijing He, and Zhijun Zhang are with the Department
of Electronic Engineering, Tsinghua University, Beijing 100084, China, and
also with the Beijing National Research Center for Information Science
and Technology, Tsinghua University, Beijing 10084, China (e-mail:
lyee@tsinghua.edu.cn).

Pai-Yen Chen is with the Department of Electrical and Computer
Engineering, University of Illinois at Chicago, Chicago, IL 60607 USA.

Color versions of one or more of the figures in this communication are
available online at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2020.3001717

modified Alford loop antennas were subsequently studied to generate
a magnetic dipole radiation pattern [9]–[12] with better impedance
matching performance and lower gain variation on the azimuth plane.
Alternatively, turnstile antennas based on the rotating phase feed
were invented to realize the omnidirectional pattern with horizontal
polarization, and they have been adopted in transmitting the TV sig-
nals [13]–[15]. Recently, the emerging metamaterials inspired a new
category of HP omnidirectional antennas operating at the zeroth-order
resonance, which are physically realized by the left-handed or com-
posite right-/left-handed artificial materials [16]–[18].

HP omnidirectional antennas in the previous works [8]–[18] are
usually characterized with a low directivity (typically less than 4 dBi),
thus inevitably suffering from the deficiency of limited coverage
range. As the HP omnidirectional antenna delivers its radiation power
evenly on the E-plane, the key point to raise the gain of such an
antenna lies in enabling a directive pattern on every H-plane. By far,
there still remains a grand challenge to design the HP omnidirectional
antenna with a high gain, without the help of complex feeding
networks. The series-fed μ-negative transmission-line loop array with
a length of 2λ was proposed in [19], which achieved a peak gain
of 7.9 dBi. However, the bulky 3-D structure with a cross section
of proximate 0.38λ × 0.38λ can find difficulties in integrating with
the planar and compact systems. Literature [20] presents a novel
low-profile cascaded cavity array with a length of 3.3λ, which can
provide an HP omnidirectional pattern with a gain of 8.67 dBi over
a narrow fractional bandwidth (2%). In the recent work documented
in [21], by the elaborate higher mode suppression and the dual-point
feeding, a 6λ thin microstrip dipole was designed to achieve the HP
omnidirectional pattern with a fractional impedance bandwidth of
7.3% and a peak gain of 9.7 dBi.

In this communication, we present a slender Fabry–Perot (FP)
antenna with a volume of 2.95λ × 0.31λ × 0.032λ to realize
the high-gain HP omnidirectional pattern. The classic FP cavity
antenna [22]–[39], comprising a 2-D partially reflective surface or
an EBG resonator above the metallic ground, is an effective pathway
to realize a uniform radiating aperture and a high directivity. Recent
advances in the 2-D FP cavity antenna design [30]–[39], being more
compact in structures, further facilitate the wideband, reconfigurable,
or dual-polarization operations. Here, we transplant the concept of
FP cavity into the design of high-gain HP omnidirectional antenna,
by introducing a 1-D partially reflective strip (PRS) to cover the
long open aperture of a rectangular cavity. The slots with a length
of about 0.5λ are periodically etched on the PRS, forming a 1-D
periodic structure. We extract the reflection coefficient of the unit
cell of the slender FP cavity, and therefore, the operating frequency
of the proposed antenna is theoretically analyzed by the transverse
resonance method [40]. Due to the uniform field distribution along
the aperture at the FP resonance, the slot array is excited in phase.
In addition, the slender structure has little blocking effect on the
radiation of slots even to the backward direction, and resultantly,
a high-gain omnidirectional pattern is obtained.

0018-926X © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Tsinghua University. Downloaded on April 13,2021 at 12:34:38 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-7080-8561
https://orcid.org/0000-0001-9562-3136
https://orcid.org/0000-0001-7430-7046
https://orcid.org/0000-0002-8421-2419
https://orcid.org/0000-0002-8112-8457


IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 1, JANUARY 2021 527

Fig. 1. Radiation patterns of (a) slot in a finite-size ground and (b) open
rectangular cavity. Solid blue lines depict the electric flux lines and the dashed
lines represent the far-field radiation pattern.

The slender FP antenna is prototyped at the 2.4 GHz WLAN band,
implemented by an all-metal structure. The experimental verification
shows that the proposed antenna can yield a bandwidth from 2.41 to
2.5 GHz (3.7%) for the reflection coefficient lower than −10 dB, and
the HP omnidirectional pattern is achieved over the operating band
with a realized gain of 7.1–8.52 dBi and a gain variation less than
2.3 dB. We envision that the proposed slender FP antenna, with a
brand-new architecture of slender FP cavity, large power capacity,
and an appreciable performance of high-gain HP omnidirectional
performance, has an impact on the future applications in the wireless
applications and countermeasures.

II. ANTENNA DESIGN

A. Mechanism of the HP-Directive Omnidirectional Pattern

We start from the design of a primary HP omnidirectional antenna.
The slot antenna, which inherently emulates a line source of magnetic
current, is a possible way to realize the HP omnidirectional radiation.
Based on this, we first try a simple case: a slot on a finite ground,
as shown in Fig. 1(a). Its radiation pattern, denoted by the dashed
line, however, is accompanied with nulls at the two sides of the slot
(±x-direction). The diagram of the electric flux line presented by the
blue solid line shows that the normal electric fields at the upper and
lower surfaces of the ground are opposite, leading to zero effective
magnetic currents seen from the ±x-directions. On the other hand,
for an open rectangular cavity, as shown in Fig. 1(b), the cancellation
of the electric field is avoided, and the electric fields from the upper
and lower pates of the cavity are always constructively superposed at
the ±x-directions. Consequently, the slot backed by a cavity yields
a radiation pattern with a lower gain unevenness on the xz plane.

Intuitively, we can raise the directive of the HP omnidirectional
pattern on the H-plane (the xy plane) by increasing the length
radiation aperture, namely, enlarging the dimension of the cavity
along the out-of-plane direction of Fig. 1(b). However, as the cavity
becomes longer, it is hard to maintain a uniform field configuration
on the open aperture by a single feed point. The FP cavity, with a
partially reflective superstrate covering the aperture of the rectangular
cavity [22]–[29], is a desired candidate to provide a uniform aperture
with large size. It is noted that due to its 2-D radiation aperture,
a traditional FP antenna typically provides a directional beam.
To accommodate the concept of the FP cavity into the design of the
omnidirectional antenna, we apply a “1-D partially reflective surface,”
namely, the PRS on the open aperture of a slender rectangular cavity,
so as to achieve high aperture efficiency and HP omnidirectional
radiation simultaneously.

Here, we address the relationship of the proposed FP antenna
and the classic FP cavity antenna. As shown in Fig. 2, the slender
FP antenna [Fig. 2(b)], with a PRS placed above a narrow cavity,
is derived from the classic FP cavity antenna [Fig. 2(a)], by picking

Fig. 2. (a) Schematic of classic FP cavity antenna covered by a partially
reflective surface to generate a directive beam. (b) Slender FP antenna
comprising a narrow cavity and a PRS to generate a “figure-of-eight”-shaped
radiation pattern on the xy plane and an omnidirectional pattern on the
xz plane. The electric field distribution over the structure is illustrated by
red vectors.

Fig. 3. (a) Exploded view of the proposed slender FP antenna. The enlarged
view of feeding structure is shown in the inset and the reflective strip is
highlighted by a dashed frame. (b) Enlarged view of the PRS and its unit
cell.

a thin slice with a miniaturized cross section on the xz plane. The
electric field is excited to distribute uniformly over the radiating
aperture, namely, the partially reflective surface or strip. For the
classic FP cavity antenna, the uniform 2-D aperture can generate
a pencil-like beam at the broadside. The slender FP antenna, on the
other hand, with the radiating aperture extended only along the y-axis,
offers the directive pattern on the planes containing the y-axis, e.g.,
the xy plane. Besides that, since we assume that the narrow cavity is
with a small dimension along the x- and z-directions, the radiation
from the partially reflective surface can easily bypass the narrow
cavity to attain an omnidirectional pattern on the xz plane, which is
similar to that of a long magnetic current (along the y-axis). In this
manner, we suggest a new opportunity for the family of FP cavity
antennas to realize the function of omnidirectional coverage.

B. Antenna Topology

The exploded view of the proposed slender FP antenna is shown
in Fig. 3(a). The PRS highlighted by a dashed frame is amounted
on a backed rectangular cavity with two ends open. The slots etched
along the edges of the PRS not only serve as the radiating elements
but also facilitate convenient bending of the rigid metal plate around
these edges. This advantage in mechanics allows the whole structure
to be easily fabricated from one piece of processed metallic plate. The
slender FP cavity is excited by a probe loaded with a disk, which is
shown in the inset of Fig. 3(a). By changing the offset distance d of
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TABLE I

DETAILED DIMENSIONS (UNIT: mm)

Fig. 4. Excitation and boundary setting for extracting the reflection coefficient
of the unit cell of the PRS. Details of the PRS unit cell are shown in Fig. 3(b).

the probe, we can tune the real part of the input impedance to 50 �,
while the capacitance forming between the disk and plates of the
cavity is employed to counteract the inductive feed reactance. The
enlarged view of the PRS is shown in Fig. 3(b). As seen, two columns
of slots with length l and periodicity p are arranged along the edges,
constituting a quasi-1-D periodical structure. The total length ls of
the proposed antenna is 6p = 360 mm, while the total width is
w1 + w2 = 38 mm. The detailed geometry parameters are reported
in Table I.

C. Working Principle

To determine the operating frequency theoretically, we first give
insight into the reflection properties of the unit cell of the PRS. The
unit cell of the PRS (shown in Fig. 4) is subject to the normal
incidence of a plane wave with the magnetic field polarized along
the slots (y-axis). Choosing such a polarization of incidence is
because we are interested in the transverse the magnetic mode [with
respect to the z-axis of the coordinate system in Fig. 3(a)] at the
lowest operating frequency. The excitation and boundary setting for
the extraction of reflection coefficient � of the unit cell are also
shown in Fig. 4, where the excitation and exit ports are shown
as the red regions. A perfect electric conductor (PEC) boundary
is imposed to the upper and bottom surfaces, while the perfect
magnetic conductor boundary is applied at the surfaces with normal
vectors along the ±y-axis. The reflection phase should be calculated
on the back plane of the unit cell, namely, plane ABC in Fig. 4.
The numerical simulation is performed on the commercial software
HFSS 15.0. The simulated reflection phase and the magnitude for
various lengths l of the slot are gathered in Fig. 5. As seen, when
decreasing the length l , the reflection phase will increase sensibly,
while the reflection magnitude always maintains a high level above
0.95 from 2.2 to 2.7 GHz.

Now, we turn to Fig. 3, and when looking from the interface
of the backed cavity and the PRS to the positive x-axis, namely,
the location of the PRS, the input impedance Z1 can be converted
from the reflection coefficient

Z1 = η0(1 + �)/(1 − �) (1)

where η0 = 377 � is the wave impedance in vacuum. While looking
from the interface to the back cavity, the input impedance Z1 reads

Z2 = jη0 tan(βw2) (2)

Fig. 5. Reflection amplitude and phase of the unit cell of the PRS with
different lengths of the slots. The perspective view of the unit cell is shown
in the inset, and the reflection phase is calculated on the plane ABCD denoted
by the dashed frame at the back of the unit cell.

Fig. 6. Simulated vector electric field distribution of (a) TM10 mode at
2.46 GHz and (b) TM12 mode at 2.59 GHz.

where β = ω/c (c is the speed of light in vacuum) is the wavenumber
in vacuum and w2 is the width of the back cavity. Imposing the
transverse resonance condition [40]

Z1 + Z2 = 0 (3)

and making an approximation, the magnitude of � is equal to unity,
and the frequency of the FP resonances fn is derived as

fn = c

4w2

(
Arg[�( fn)]

180◦ + 2n − 1
)

, n = 1, 2, 3, . . . (4)

The phase of the reflection coefficient Arg[�( f )] has been shown in
Fig. 5 (l = 56 mm). The operating frequency f1 of the fundamental
mode (n = 1) is, therefore, solved from (4) as f1 = 2.46 GHz.
We name this lowest transverse magnetic mode as TM10 mode
(with respect to the z-axis), where the first subscript “1” represents
the distribution of electric field along the x-axis with one antinode,
while the second subscript “0” represents no variation along the
y-axis. The simulated vector electric field configuration at 2.46 GHz
shown in Fig. 6(a) verifies a field configuration with a standing-
wave distribution along the x-direction and a nearly unchanged
distribution along the PRS, which coincides with the behavior of the
FP resonance known for its uniform aperture over the superstrate.
The slot array on the PRS is, therefore, excited with the almost
identical amplitude and phase that yield a high-gain omnidirectional
pattern on the xz plane. The higher order mode closest to that
fundamental mode is the TM12 mode, whose frequency f1,2 can be
estimated by considering the wavenumber along the y-axis

f1,2 =
√

f 2
1 + c2/(6p)2 (5)

where 6p is the total length of the antenna. According to (5), the
frequency of the TM12 mode is calculated as 2.59 GHz. We plot
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Fig. 7. Simulated realized gain and gain variation on the xz plane at 2.46 GHz
dependent on the number of constituent elements of the proposed FP antenna.
The perspective of the element is shown in the inset, which is constructed
by the unit cell of the PRS [shown in the inset of Fig. 3(b)] backed by a
low-profiled metallic cavity.

the simulated electric field of the TM12 mode in Fig. 6(b), where a
standing-wave distribution with two zeros along the slender structure
is observed. Since the electric fields in the center and end of the
structure are out of phase, the directivity of the TM12 mode is lower
than that of the TM10 mode. Then, it follows the study to the scalabil-
ity of the proposed antenna. The element constituting the slender FP
antenna is shown in the inset of Fig. 7, which is a rectangular cavity
of length p covered by the unit cell of PRS. It can be concluded from
Fig. 7 that by increasing the length of the antenna, namely, the number
of the constituent elements, the simulated realized gain at 2.46 GHz
increases from 3.9 dBi (two elements) to 8.8 dBi (nine elements),
while the gain variation of the omnidirectional pattern maintains a
low level around 1.4 dB. We also see that the increment in the realized
gain is not obvious for the number of elements exceeding seven
that is caused by the TM12 mode getting closer to the fundamental
TM10 mode in the spectrum when the structure becomes longer.
The higher order mode can be suppressed by introducing multiple
feeding points at the zeros of the electric field distribution [21]. Here,
we are interested to verify the available performance of the slender
FP antenna by a single feed point, and hence, the final structure
comprising six elements is chosen.

III. ANTENNA FABRICATION AND MEASUREMENT RESULTS

The proposed slender FP antenna is fabricated by the metal-
processing technique. We carved slots on a copper sheet with a
thickness of 0.3 mm by the laser-cutting technique. The copper sheet
has been chosen with a suitable thickness so that it can provide
sufficient stiffness and meanwhile allows for the precise cut by the
laser. The laser-cutting machine we used is MARVEL 3000-3015,
produced by HGTECH Inc., which operates with a focal spot
diameter of 0.1 mm, positioning accuracy of 0.025 mm, and a high
laser power of 3 KW. After that, we bended the processed copper
sheet along the two columns of the slots, shaping into a rectangular
cavity. The whole cavity is soldered and sealed at the back. The
photograph of the assembled prototype is shown in Fig. 8, with the
details of a pair of slots on the upper and lower edges being clearly
presented. The feeding structure, a coaxial SMA connector with the
inner probe loaded with a metallic disk, is shown in the inset of Fig. 8.
The inner probe of the SMA connecter protrudes into the cavity,
while the outer conductor is soldered to the bottom metallic plate of
the cavity. The reflection coefficient of the fabricated antenna was
measured by a vector network analyzer (Agilent N9917A); the gain,
radiation pattern, and total efficiency were measured in a standard
microwave anechoic chamber. The measured and simulated reflection

Fig. 8. Photograph of the fabricated slender FP antenna. The unit cell of the
PRS and the SMA with a disk-loaded inner probe are shown in the inset.

Fig. 9. Measured and simulated reflection coefficient of the proposed antenna.

Fig. 10. Simulated reflection coefficients of the antenna with different values
of slot length l.

coefficients are reported in Fig. 9. They are in agreement with each
other, showing an impedance bandwidth of TM10 mode (gray area)
from 2.41 to 2.5 GHz (3.7%) for a reflection coefficient lower than
−10 dB. Although the higher order TM12 mode is also well matched,
it is not under our consideration, for its low directivity. The reflection
coefficient dependent on lengths l of the slots etched on the PRS is
shown in Fig. 10. As seen, increasing the length l decreases the
operating frequency of the TM10 mode. That is in accordance with
our theory. As shown in Fig. 5, a larger l can reduce the reflection
phase of the PRS, which leads to a lower resonant frequency of the
FP cavity according to (4).

Fig. 11(a) shows the simulated 3-D realized gain pattern of the
prototyped antenna, an unequivocal thin fan-shaped pattern with an
omnidirectional coverage on the xz plane. Fig. 11(b) and (c) shows
the realized gain patterns at 2.45 GHz on the xz and yz cut planes,
respectively. As seen, the proposed slender FP antenna provides an
HP omnidirectional pattern on the xz plane and a bidirectional pattern
on the yz plane. The measured cross-polarization level is better than
−35 dB on the xz plane and better than −20 dB over the half-power
beamwidth on the yz plane. The measured copolarizations coincide
well with the simulation counterparts. The fabrication tolerance can
be responsible for the discrepancy between the measurement and
simulation of the small cross polarization components.

The measured and simulated realized gain and gain variation on the
xz plane versus frequency are shown in Fig. 12. Over the operating
band (2.41–2.5 GHz), the measured realized gain is higher than
7.1 dBi, with a peak value of 8.52 dBi at 2.45 GHz, showing good
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Fig. 11. (a) Simulated 3-D realized gain pattern at 2.45 GHz. Measured and
simulated-radiation-realized gain pattern of the proposed antenna at 2.45 GHz
on (b) xz and (c) yz cut planes.

Fig. 12. Measured and simulated realized gain and gain variation on the
xz cut plane dependent on frequency.

Fig. 13. Measured and simulated total efficiency of the proposed antenna.

agreement with the simulation. The measured gain variation ranges
from 1.9 to 2.3 dB within the operating band, slightly higher than the
simulated value around 1.4 dB. Hence, the proposed slender antenna
can provide a stable omnidirectional coverage with an appreciable
realized gain. As shown in Fig. 13, in virtue of the all-metal structure
free from the dielectric loss, the measured total efficiency is higher
than 86% from 2.41 to 2.5 GHz, while the simulated efficiency

TABLE II

COMPARISONS OF HIGH-GAIN HP OMNIDIRECTIONAL ANTENNAS

maintains above 90% over the operating band of TM10 mode.
In addition, the all-metal structure also features lightweight and large
power capacity, which is desired in the electronic countermeasures
and high-power applications.

Comparison of the proposed slender FP antenna with the state-
of-the-art high-gain HP omnidirectional antennas based on similar
low-profile cavity structures is presented in Table II, where the
operating band, aperture cross section (compared with the free-space
wavelength λ at the center frequency), and realized gain of antennas
are reported. We define the absolute realized gain over the GOA to
evaluate the aperture usage rate of the antennas. As seen, the proposed
slender FP antenna can provide a higher GOA owing to the highly
uniform field distribution on the PRS at the TM10 mode.

IV. CONCLUSION

A high-gain HP omnidirectional antenna based on a novel structure
of a slender FP cavity is proposed in this communication. On the
basis of a slender cavity, we adapt the 2-D partially reflective
superstrate of the conventional FP cavity into a quasi-1-D PRS. In this
manner, the directive beam of the 2-D FP antenna can be transformed
into a high-gain omnidirectional pattern. The accurate transverse
resonance method is applied to analyze the fundamental TM10 mode
of the designed slender FP cavity. At the resonance, the tactfully
designed PRS benefits an equal-amplitude and in-phase excitation
of the radiating aperture. The antenna with a length of 2.95λ is
prototyped and tested at the 2.4 GHz WLAN band, showing an
impedance band for the reflection coefficient lower than −10 dB
from 2.41 to 2.5 GHz and a high realized gain of 8.52 dBi. The gain
variation of the HP omnidirectional pattern lower than 2.3 dB and
a total efficiency higher than 86% are obtained over the operating
band. With a compact structure, high aperture usage rate, and stable
omnidirectional performance, the proposed slender FP antenna is a
good candidate to increase the capacity and reliability of the full-
coverage wireless communication systems.
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