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Communication
An Open Cavity Leaky-Wave Antenna With Vertical-Polarization

Endfire Radiation
Libin Sun , Yuefeng Hou , Yue Li , Zhijun Zhang , and Zhenghe Feng

Abstract— This communication presents an all-metal high-gain vertical
polarization (VP) leaky-wave antenna (LWA) with exact endfire radiation.
The antenna is composed of ten periodic-arranged open cavity elements
coupling fed by double-sided parallel-strip lines (DSPSLs). Different from
the conventional LWA with frequency-scanning performance, the endfire
beam of the proposed antenna is fixed due to the nondispersion property
of the air-filled TEM LWA. Moreover, the array characteristic of the
proposed TEM LWA is investigated to suppress the unwanted grating
lobe with a suitable period. In order to validate the performance of the
proposed antenna, a prototype was fabricated and tested. Because of
the mutual coupling between every radiation element, the electric field
distribution along the array is uniform, contributing to a high endfire
gain of 13.6 dBi within a short array length of 2.9λ0. Furthermore,
the extension ability is validated to achieve a higher endfire gain when
expanding the array length. Consequently, the proposed LWA is a good
candidate for the planar high-gain VP endfire antenna.

Index Terms— Endfire array, high gain, leaky-wave antenna (LWA),
open cavity, vertical polarization (VP).

I. INTRODUCTION

In the past decades, endfire antennas have drawn extensive attention
due to their specific applications in radar, wireless communication,
and detection systems. There are numerous different types of endfire
antennas, such as log-periodic antennas, Yagi–Uda antennas, horn
antennas, surface-wave antennas, and leaky-wave antennas (LWAs).
The log-periodic antenna [1] has ultrawide bandwidth for endfire
radiation, and some optimized low-profile log-periodic antenna has
been proposed recently [3], [4], but its endfire gain is limited due
to the partly radiated property. The Yagi–Uda antenna employs
directors and reflectors to generate high-gain endfire radiation [2].
The conventional Yagi–Uda antenna consists of dipole elements,
the polarization of which is parallel to the dipole elements. However,
for the practical vertical polarization (VP) application, the height
of the stand-up dipole elements is too high to be well applied in
the size-limited environment. Hence, some novel Yagi–Uda antennas
with monocone [5], [6], patch [7]–[9], and microstrip magnetic
dipole [10], [11] elements are proposed to reduce the height of
the conventional Yagi–Uda dipole antennas for the VP application.
However, the radiation beams in [5]–[10] are not exact endfire
due to the tilted radiation patterns of elements and the impact
of the ground plane. Another way to generate endfire radiation is
surface-wave antennas, which have the merits of wideband and low
profile [12], [13].
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Recently, LWAs are widely investigated for its simple feeding
structure and beam-scanning nature [14]–[16]. Some studies have
been focused on the high-gain endfire LWAs [17]–[22]. In [17],
a substrate integrated waveguide (SIW) LWA with double-sided
transverse slots is proposed to achieve endfire radiation. In [18],
a uniform aperture half-width microstrip LWA is designed. A periodic
magnetic dipole LWA is proposed in [19] with beam-scanning prop-
erty. However, the beam-scanning nature of the LWA will deteriorate
the beam property for the endfire application and limit the gain
bandwidth. To address this issue, a TEM-guided wave LWA with
air media is validated to have the fixed-beam performance against
frequency [23]. Hence, some LWAs with air media and quasi-TEM
microstrip transmission line are proposed to achieve the targets of
low-profile [20], [21] and high-gain [22] near-endfire radiation. The
beams of them, however, are not exact endfire radiation due to the
impact of the ground plane.

In this communication, a high-gain LWA with exact endfire radia-
tion is proposed. The proposed antenna is composed of double-sided
parallel-strip lines (DSPSLs) and several coupling-fed open cavity
elements. The array characteristic of of the air media TEM LWA
is investigated to validate the fixed-beam performance of 90° ± 1°
across the entire band. Different from the conventional LWA with
attenuate electric field (E-field) distribution, a uniform E-field dis-
tribution along the array is observed in our design due to the mutual
coupling effect of the radiation elements; hence, a high endfire gain
of 13.6 dBi is acquired within an array length of 2.9λ0. Compared
with the up-to-date VP endfire array antennas, the proposed antenna
has an absolutely higher endfire gain per unit area.

II. ANTENNA DESIGN

A. Antenna Configuration

The proposed endfire LWA is depicted in Fig. 1. A dual-port
DSPSL is placed in the center of the antenna to serve as a TEM
traveling-wave transmission line. There are two taper transitions
between the feed ports and DSPSL to achieve a good impedance
matching. Two rows of rectangular open cavity elements are arranged
at both sides of the DSPSL. The open cavity elements are not
connected with the DSPSL to reduce the impact of the traveling-
wave transmission line, and the energy in the DSPSL will be coupled
gradually to the open cavity elements by the means of electromagnetic
coupling. To acquire a wider bandwidth, the open cavity elements are
slightly higher than the DSPSL, as shown in Fig. 1(c). In order to
maintain the nondispersion property, the antenna is made by metal
thoroughly. The parameters are optimized by HFSS 18.0, and the
detailed dimensions are listed in Table I.

B. Design of the Open Cavity Elements

To demonstrate the operating mechanism of the open cavity ele-
ment, the E-field distribution is shown in Fig. 2(a). For the proposed
cavity with three conductor planes, the E-field is varied along the
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Fig. 1. Geometry of the proposed endfire LWA. (a) Perspective view.
(b) Top view. (c) Side view.

Fig. 2. Vector E-field distribution and equivalent magnetic currents model of
the open cavity element. (a) E-field distribution in the yz plane. (b) Equivalent
magnetic currents model.

TABLE I

DETAILED DIMENSIONS (UNIT: MILLIMETERS)

y-direction with half-mode distribution, which is a TM0,1/2,0 reso-
nant cavity mode. According to Love’s equivalent principle

−→
J m = −n̂ × �E, (1)

the equivalent magnetic current can be derived as illustrated
in Fig. 2(b). The radiation field of the proposed open cavity can be
derived from the superimposition of three magnetic currents, which
could generate a quasi-isotropic radiation pattern [24]–[27].

To illustrate the merits of the proposed open cavity element, the
schematic of the array radiation patterns with different VP radiation
elements is exhibited in Fig. 3, according to the pattern multiplication
theory [28]. As shown in Fig. 3(a), the array radiation pattern tilts
severly after multiplying by an endfire array factor for the patch
antenna. The planar inverted-F antenna (PIFA) with a tilting element
factor can improve the tilting angle of the array slightly but cannot
reach to exact endfire radiation, as shown in Fig. 3(b). Therefore,
to realize an exact endfire radiation without beam tilting, an open
cavity element with VP omnidirectional radiation is employed here,

Fig. 3. Schematic of the array radiation patterns with different VP radiation
elements according to the pattern multiplication theory. (a) Patch element.
(b) PIFA element. (c) Proposed open cavity element.

Fig. 4. Simulated normalized phase constant and main beam angle of the
proposed endfire LWA.

which contributes to the array radiation pattern same with the array
factor as illustrated in Fig. 3(c).

C. Design of the Leaky-Wave Endfire Array

For a classical quasi-uniform LWA, the radiating field along the
array is [14]

ψ(y) = Ae− j ky y (2)

where ky = β − jα, β is the phase constant, and α is the leaky
constant. The radiation pattern of the LWA can be approximately
derived by

sin θ ∼= β/k0 (3)

where k0 is the propagation constant in the free space. Hence,
the endfire radiation condition is β = k0 according to (3). For
a fast-wave waveguide with β < k0, the dielectric substrate can
be employed to slow down the wave speed and satisfy the endfire
condition at a specified frequency as depicted in [17]; however,
the disperse property of the phase constant β will lead to the
frequency-scanning performance. In order to maintain a fixed-beam
endfire radiation, the phase constant should be nondisperse with
β = k0. Therefore, a TEM traveling-wave antenna with air media
is utilized here to match the phase constant β with the free-space
propagation constant k0 with a nondisperse radiation performance.
The simulated normalized phase constant and corresponding beam
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Fig. 5. Simplified array model of the proposed endfire array. (a) Model of
the ten-element array. (b) Normalized array factor with different cell periods.

pointing are depicted in Fig. 4. There exists a slight fluctuation from
0.94 to 1.03 for β/k0 due to the effect of the radiation elements.
Nevertheless, the beam pointing is fixed at the endfire direction with
a tiny fluctuation of ±1° across the entire band.

To analyze the array property of the proposed air media TEM
LWA, a simplified model is illustrated in Fig. 5(a). The endfire array
can be simplified as a ten-cell uniform array with equal amplitude
and progressive phase, and each cell includes a pair of open cavities
distributed at both sides of the DSPSL. The phase of cell n is the
traveling-wave phase in the DSPSL

β�
n = −nk0 P (4)

where P is the period of the array. The array factor of the proposed
ten-cell array can be derived by the superposition of each cell’s
E-field

AF(θ) = 1
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The normalized array factor with different periods is depicted
in Fig. 5(b). When P < 0.5λ0, the main beam is pointing at the
endfire direction without grating lobe, the quasi-uniform leaky-wave
(0-order) mode is the dominant one. When P ≥ 0.5λ0, the grating
lobe is dropped into the visible region, i.e., the periodic space
harmonic (−1-order) mode enters to the fast-wave region and coexists
with the 0-order mode for the air-filled TEM LWA. The beam
pointing of the −1-order mode can be approximately derived by

sin θ � ∼= β−1

k0
= β − 2π/P

k0
. (6)

Consequently, in our design, the period should be less than 0.5λ0 to
satisfy the single-mode endfire radiation and restrain the unwanted
grating lobe.

As we all know, the amplitude of the conventional LWA is
decayed exponentially along the array. However, for the endfire LWA
with electromagnetic wave propagating along the endfire direction,
the strong spatial mutual coupling between radiation elements can
improve the amplitude distribution along the array. By finely adjusting
the element period, a uniform E-field amplitude distribution can be
generated, as shown in Fig. 6. Fig. 6(a) depicts the complex E-field

Fig. 6. Simulated E-field distribution of the proposed endfire LWA.
(a) Complex E-field amplitude in the yz plane. (b) E-field intensity along
the y-axis.

in the yz plane, and Fig. 6(b) depicts the E-field intensity along the
y-axis. With the exhibited uniform E-field distribution, a high endfire
gain can be realized.

D. Parameter Analysis

The distance between the DSPSL and open cavity elements, i.e.,
W2, is a significant parameter to adjust the leaky constant. With
a large leaky constant, the power is leaked out quickly, leading to a
nonuniform E-field distribution along the array. On the contrary, with
a small leaky constant, part of the energy is not radiated effectively
and absorbed by the matched port, leading to the decline of the
antenna efficiency. Thus, there exists a tradeoff between the E-field
uniformity and radiation power. As shown in Fig. 7(a), the radiation
power declines gradually with the increasing W2. The endfire gain,
however, does not reach to the maximum point when all of the power
is radiated out (W2 = 2 mm) due to the drop of the E-field intensity
at the end of the array, as exhibited in Fig. 7(b). A maximum endfire
gain of 13.6 dBi is achieved when W2 = 3 mm and 97.8% of the
power is radiated out, as illustrated in Fig. 7.

III. ANTENNA FABRICATION AND MEASUREMENT RESULTS

A. Antenna Fabrication

A prototype was fabricated to verify the performance of the
proposed endfire LWA. As shown in Fig. 8(a), a 0.1 mm-thick poly-
ethylene terephthalate (PET) film with printed footprint is employed
to accurately locate the positions of the DSPSL and open cavity
elements. The impact of the PET film is negligible due to the
thin thickness. As shown in Fig. 8(b), the prototype with all-metal
structure is manufactured by 0.3 mm-thick brass plates (σ = 1.5 ×
107 S/m), which is cut by the laser cutting machine with a high
precision of ±0.1 mm. Two 50 	 semirigid cables are soldered at
the beginning and end sides, and two taper transitions between the
cables and DSPSL are designed for a good impedance matching. The
proposed antenna is fed through port 1, whereas a 50 	 matched load
is connected at port 2 to absorb the residual power.
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Fig. 7. Tradeoff between the radiation power and E-field uniformity.
(a) Simulated endfire gain and normalized radiation power against W2.
(b) Simulated E-field intensity along the y-direction when W2 = 2, 3, and
4 mm.

Fig. 8. Photographs of the positioning PET film and proposed endfire LWA.
(a) PET film with printed footprints. (b) Proposed endfire LWA.

B. S-Parameters and Radiation Performance

The S-parameter of the proposed prototype is exhibited in Fig. 9.
The simulated and measured S11 are better than −10 dB across the
entire band. Small discrepancy between the simulated and measured
results is occurred due to the manufacturing error. The bandwidth
of S21, however, is not that wide due to the intrinsic narrowband
property of the low-profile coupling-fed open cavity elements.

The simulated and measured normalized radiation patterns at
3.4 GHz in the E- and H-planes are depicted in Fig. 10. The measured
co-polarization results agree with the simulated ones. An exact endfire
radiation in both planes is realized with a high front-to-back ratio
(FBR) of more than 19 dB. The measured cross-polarization level is
better than −22.1 and −18.6 dB in the E- and H-planes, respectively.

The simulated and measured endfire realized gains are presented
in Fig. 11. A small-frequency shift occurs for the simulated and
measured results, but the maximum endfire gain is both 13.6 dBi for
the simulated and measured results. The simulated total efficiency

Fig. 9. Simulated and measured S-parameters of the proposed endfire LWA.

Fig. 10. Simulated and measured normalized radiation patterns at 3.4 GHz.
(a) E-plane (yz plane). (b) H-plane (xy plane).

TABLE II

DETAILED DIMENSIONS AND ENDFIRE GAINS OF THE ANTENNAS

WITH DIFFERENT ARRAY LENGTHS

is also illustrated in Fig. 11. A maximum efficiency of 96.0% is
realized due to the low conductor loss and absorbed loss at the center
frequency, and it drops gradually out of the center frequency due to
the increase in the absorbed loss by the matched load.

IV. DISCUSSION

A. Extension Ability for a Longer Array

As discussed in [10] and [11], it is hard to further increase the
endfire gain with increased directors, which is the intrinsic property
of the classical Yagi–Uda antenna [2]. However, for the endfire LWA
with series-fed strategy, the endfire gain can be further enhanced with
a longer array. As discussed in Section II-D, the leaky constant and
radiation power of the proposed antenna can be adjusted by W2;
therefore, the antenna can be easily extended to a longer array with
the adjustment of W2. The simulated endfire realized gain varied
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Fig. 11. Simulated and measured endfire realized gains and simulated total
efficiency for the proposed LWA.

TABLE III

COMPARISONS OF THE ENDFIRE ARRAYS

with the array length is shown in Table II, and the corresponding
dimensions and cell numbers are also exhibited.

B. Comparison With the Up-to-Date Endfire Array

In order to highlight the merits of our design, a comparison chart
is proposed in Table III. In [10] and [11], two microstrip magnetic
dipole Yagi arrays are proposed to achieve the planar integration
of VP Yagi–Uda antenna. Reference [10] shows a low endfire gain
due to the beam tilt. Reference [11] is an improved version with
exact endfire radiation and has the same endfire gain with our work,
but the array width is 1.7λ0, which is four times larger than our
work. Moreover, it is difficult to enhance the endfire gain further
for the proposed Yagi-typed endfire antenna. In [13], a microstrip-
fed surface-wave antenna is proposed with a low endifre gain per
unit area (G/A). In [17], a long SIW LWA is proposed to achieve
exact endfire radiation. The array length is as long as 14.6λ0, but
the endfire gain is only 1.2 dBi higher than our work, leading to a
low G/A. In [20]–[22], three endfire LWAs with tilting beams are
proposed, but the endfire gain is lower than our work with a longer
array length. Consequently, the proposed endfire LWA achieves a
high-gain exact endfire radiation within a small array length, narrow
width, and low height, contributing to a higher G/A than the up-to-
date endfire arrays.

V. CONCLUSION

A high-gain VP endfire antenna with exact endfire radiation is
proposed in this communication. The periodic-arranged open cavity
elements are coupling excited by the center DSPSL. By utilizing the
air-filled TEM LWA, a fixed endfire beam with 90° ± 1° across the
entire band is achieved. Moreover, because of the mutual coupling
effect between the radiation elements, a uniform E-field distribution
is achieved along the array, contributing to the high endfire gain
of 13.6 dBi in an array size of 2.9λ0 × 0.45λ0, which means an
absolutely higher G/A than the up-to-date endfire arrays. Finally,
the extension ability for longer arrays is validated.
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