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Design of a Dual-Linearly Polarized
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Abstract— In this article, a dual-linearly polarized endfire
antenna is proposed with high gain and stable radiation patterns.
A double-sided slot array antenna (DSSAA) and a corrugated
rectangular metal strip (CRMS) are employed to realize vertical
and horizontal polarization (HP), respectively. Omnidirectional
radiation pattern is obtained by etching transverse slots on both
sides of the top and bottom metallic plates of a cavity. Based on
the double-sided slot antenna, a DSSAA is proposed and fed by an
air-substrate parallel strip line (PSL) for stable endfire radiation
patterns. Then, the top plate of the DSSAA is reused as a CRMS
for HP and compact size. To verify this concept, an all-metal
prototype was fabricated and measured. Both the simulation and
experimental results show that the DSSAA and the CRMS could
offer the highest endfire gains of 12.5 and 12.9 dB, respectively,
within a footprint of 3.47λ0× 0.72λ0× 0.13λ0 (λ0 is the free-space
wavelength at the center frequency). Moreover, an overlapping
bandwidth of 7.6% is realized with |S11| < −10 dB, gain variation
less than 3 dB. This work may provide useful references for
designing dual-polarized endfire antennas with stable radiation
patterns, high gain, and compact size.

Index Terms— Dual-linear polarization, endfire antenna, high
endfire gain.

I. INTRODUCTION

ENDFIRE antennas have received great attention for long-
distance directional communications since they enable

efficient data rates and high-quality reception. To realize
endfire beam, one approach is to use Yagi-Uda [1]–[8]
and log-periodic antennas [9]–[15]. A microstrip Yagi array
antenna with endfire radiation and vertical polarization (VP)
was realized in [7]. The radiation beams in [7] and [8] are
not exactly endfire due to the tilted radiation patterns of the
radiation elements and the impact of the finite ground plane.
In [9], a log-periodic monopole array antenna was proposed
for endfire radiation with VP. A compact-printed log-periodic
dipole array antenna in [14] was designed for radiating hor-
izontal polarization (HP) wave in the endfire direction. It is
noted that the realized endfire gain of log-periodic antennas is
limited due to the partly radiated property.

On the other hand, many leaky-wave antennas are explored
for endfire radiation. By properly adjusting the energy-leak
rate along a leaky-wave antenna, a large and uniform radiating
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aperture can be obtained for high gain [16]. Leaky-wave
antennas with large radiating aperture were fed by substrate
integrated waveguide [17]–[19] or air-substrate transmission
line [20]–[23]. In [21], a slot array antenna was fed by
microstrip line. An endfire beam was realized since the TEM
mode provides a proper phase constant in [21]. Recently,
many traveling-wave antennas based on spoof surface plasmon
polaritons (SSPPs) transmission lines were investigated to
realize endfire radiation with HP [24]–[27]. In [24], an endfire
radiating planar prototype of a corrugated rectangular metal
strip (CRMS) was proposed with high endfire gain and wide
bandwidth.

Polarization diversity is widely used in radar, imaging,
and wireless communication systems. Multipolarized anten-
nas were widely exploited to enhance the channel capac-
ity and solve the polarization mismatch issues [28], [29].
Dual-polarization and endfire radiation can be achieved by
using a log-periodic dipole array or a Yagi antenna [30]–[32].
In [30], a vertically stacked Yagi antenna was proposed for
dual-polarization with a size of 0.96λ0× 0.96λ0× 1.16λ0

and an operating bandwidth of 4%. A wideband nonplanar
log-periodic dipole array was designed for endfire radiation
with a size of 3.28λ0× 2.96λ0× 2.96λ0 and an average gain
of 6.7 dB within the working bandwidth. Besides, Vivaldi and
horn antennas are also capable of realizing dual-polarized end-
fire radiation at the expense of large transverse size [33], [34].
Therefore, it is still a challenge to achieve a dual-linearly
polarized endfire antenna with high gain and compact size.

In this article, a dual-linearly polarized antenna is realized
by combining two different types of endfire antennas. An end-
fire slot array antenna with VP is realized by etching transverse
slots on both top and bottom sides of a rectangular waveguide.
Besides, the double-sided slot array antenna (DSSAA) is fed
by a TEM-guided wave parallel strip line (PSL) with air media.
Hence, stable endfire radiation patterns with high gain can
be obtained. Moreover, to realize horizontal-polarized endfire
radiation, the top layer of the DSSAA also works as a CRMS
for low profile. Hence, the polarization-flexible functionality
is obtained by combining the two antennas with orthogo-
nal linear polarization excited by different inputs. A proto-
type was fabricated to provide experimental verification of
the idea. The measured highest endfire gains are 12.5 and
12.9 dB for the HP and VP, respectively, within a footprint
of 3.47λ0× 0.72λ0× 0.13λ0.

The main contribution of this work can be summarized as
follows.

1) An air-substrate PSL is applied here to feed a DSSAA
for steady endfire radiation. Moreover, the proposed
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Fig. 1. Schematics of the radiation patterns and E-field distributions
with different vertically polarized radiation elements at 4 GHz in the
E-plane (YZ plane). (a) Planar slot antenna. (b) Cavity-backed slot antenna.
(c) Double-sided slot antenna.

vertically polarized structure has the advantage of high
gain and an acceptable profile.

2) Compact size is achieved by designing the top layer of
the DSSAA as an antenna with HP.

3) High endifre gains are realized in two polarization
states.

The remainder of this article is organized as follows.
In Section II, the basic radiating structure and the operation
mechanism are presented and discussed. The structure and
parametric studies of the proposed antenna are presented in
Section III. In Section IV, the antenna fabrication, simu-
lated, and measured performance of the antenna are provided.
Finally, Section V summarizes our work.

II. ANTENNA DESIGN

A. Vertical-Polarization Endfire Antenna

To realize an endfire array antenna, an antenna element with
an omnidirectional radiation pattern is desirable according
to the pattern multiplication theory [35]. Fig. 1 presents the
schematic of the radiation patterns and E-field distributions
with different vertically polarized radiation elements. The
detailed dimensions are listed in Table I. As shown in Fig. 1(a),
the undesirable pattern null can be seen in the endfire (+Y )
direction for the planar slot antenna. Hence, endfire array radi-
ation patterns are unrealizable based on the planar slot antenna.

TABLE I

DETAILED DIMENSION OF THE DIFFERENT ANTENNAS

The cavity-backed slot antenna with a tilted radiation pattern
has the potential to be used as the basic radiation element
of an endfire array antenna but cannot reach exactly endfire
radiation, as shown in Fig. 1(b). Besides, the radiation capacity
of the cavity-backed slot element becomes worse with the
decrease of the profile since parallel electric fields cannot exist
on the surface of the metal plate. Hence, the profile of the
cavity-backed slot antenna was selected as 0.26λ0 in [21] for
effective radiation. Hence, to realize exactly endfire radiation
without beam tilting and high profile, a double-sided slot
element with vertically polarized omnidirectional radiation
pattern is employed here as illustrated in Fig. 1(c). It is noted
that the slots on the top and bottom plates should be excited
with equal amplitude and inverse phase so as to obtain the
omnidirectional radiation pattern.

A SIW leaky-wave antenna with double-sided slots on the
top and bottom planes is presented in [18]. However, the beam
direction was sensitive to the frequency since the dispersive
TE10 mode was excited in the SIW. To address this issue, a dif-
ferent feeding method is used in this article. A TEM-guided
wave PSL is adopted to feed the double-sided slot antenna as
shown in Fig. 2(a). The vector electric distribution is plotted
in Fig. 2(b). Since the central line of the PSL is aligned at the
location of the maximum electric fields of the slot antenna,
the E-coupling occurs, and the radiating element radiates
vertically polarized wave. An omnidirectional radiation pattern
can be obtained since the slots on the top and bottom metallic
plates are effectively excited with equal amplitude and inverse
phase as shown in Fig. 2(b). Based on the proposed radiating
element in Fig. 2(a), a DSAA fed by an air-substrate PSL is
proposed, as shown in Fig. 3. Stable endfire radiation patterns
are obtained since the feeding structure works on the TEM
mode. Hence, the TE10 mode of the rectangular waveguide
is undesired. To suppress the TE10 mode, the width of the
waveguide is reduced. The w3 is optimized as 0.43λ (λ is the
free-space wavelength at 4 GHz) for increasing the suppression
of the TE10 mode. The cutoff frequency of the TE10 mode is
about 4.6 GHz with w3 = 0.43λ. The spacing between two
adjacent slots is designed to be about 0.25λ0 since the energy
reflected from two adjacent radiating elements can cancel each
other out. It is noted that compared with the Yagi-Uda and
log-periodic antennas, the series-feed DSSAA has the ability
to realize a long structure with high endfire gain since the
coupling energy of each radiating element of the proposed
antenna could be designed.

B. HP Endfire Antenna

HP endfire antenna with high gain can be realized by excit-
ing the surface-wave mode (TE1 mode) in a metal strip [24],
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Fig. 2. (a) Proposed vertically polarized radiation antenna element with
feeding structure. (b) Vector E-field distribution of the double sides slot
antenna element at 4 GHz.

Fig. 3. Configuration of the DSAA fed by an air-substrate PSL.

Fig. 4. Geometry of the CRMS and schematic of the vector E-field
distribution of the TE1 mode.

as shown in Fig. 4. Periodic grooves are etched on both edges
of the metal strip to tailor the phase constant and leak rate for
high endfire gain. The CRMS is fed by magnetic excitation.
Two taper transitions are implemented at both sides of the
antenna to realize better impedance match. Besides, a center
E-field null is obtained of the TE1 mode as shown in Fig. 4.

TABLE II

DETAILED DIMENSION OF THE PROPOSED ANTENNA

Based on the analysis mentioned above, a dual-linearly
polarized antenna can be realized by properly combining the
two distinct radiation structures without deteriorating their
radiation patterns and occupying a large space.

III. ANTENNA STRUCTURE AND SIMULATION RESULTS

A. Antenna Structure

Based on the antennas in Figs. 3 and 4, a dual-linearly
polarized antenna is proposed, as shown in Fig. 5. Three metal
sheets and two metal strips are used here. Fig. 5(a) depicts
the top plate of the antenna. The top plate of DSSAA is
reused as the CRMS. The PSL is composed of two metal
strips with air substrate as shown in Fig. 5(b). One metal
sheet is bent to form the side plates and bottom plate with
several slots etched. Hence, the DSSAA is implemented by
combining the top and bottom metal sheets and fed by the
TEM-guided wave PSL. The length of the bottom and top
plates of the antenna is 2.9λ0 and 3.5λ0, respectively. The
proposed antenna is shown in Fig. 5(c). A square reflector is
loaded behind to suppress the backside radiation caused by
the feed radiation of the CRMS. The distance between the
CRMS and the reflector is defined by parameter g, which can
be used for impedance bandwidth improvement. The CRMS is
fed through Port 1 by the magnetic excitation, while other ports
are matched by 50 � to absorb the residual power. And the
DSSAA is fed through Port 3 while other ports are matched
by 50 �. The whole dimension of the proposed antenna is
3.47λ0× 0.72λ0× 0.13λ0 at 3.95 GHz. The parameters are
optimized in full-wave simulation software HFSS [36] and the
detailed dimensions are given in Table II. In order to highlight
the novelty of this work, a comparison between this work and
the proposed antennas in [21] and [24] is given as follows.

1) Cavity-backed slot element was utilized in [21] for
endfire radiation with high profile (0.26λ0) and tilted
radiation patterns. Since a double-sided slot element is
applied in this work, low-profile (0.13λ0) and stable
endfire radiation are obtained. Therefore, the proposed
vertically polarized antenna has different radiating ele-
ments with a lower profile and exactly endfire radiation.

2) Microstrip line and PSL are applied as feeding structures
in [21] and this work, respectively. PSL is used to feed
a double-sided slot array for the first time.
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Fig. 5. Configuration of the dual-polarized antenna. (a) Top plate of the
antenna. (b) Feeding structure of the DSSAA. (c) Bottom and side plates of
the antenna. (d) Perspective view of the proposed antenna.

3) Both the antennas in [21] and [24] are single-polarized.
By skillfully reusing the top layer of the DSSAA as a
horizontally polarized endfire antenna, compact size and
dual-polarization are realized in this work.

B. Dispersion Analysis and Radiation Performance

To further reveal the radiation principle, the normalized
phase constant β/k0 and leakage rate α/k0 verse the frequency
are presented in Fig. 6. For the MRSA, the surface-wave
mode is the dominant mode. Hence, the phase constant is
obtained from the E-field distributions of the surface wave.
Since the energy of the surface-wave mode focus on the top
and bottom surfaces of the DSSAA, the phase constant is
sampled from the position right above the top plate. To make
an intuitive comparison, the phase constants in free space,
of the theoretical Hansen–Woodyard (H–W) condition [37] are
also shown here. The optimum phase constant was proposed
by Hansen–Woodyard [37] for maximum endfire directivity

Fig. 6. Simulated normalized phase constant β/k0 and leak rate α/k0 versus
frequency.

based on the basic premise of a finite continuous line source
with a uniform amplitude distribution. It is noted that leak
rate α was not considered in [37]. Hence, the H–W condition
does not necessarily yield the maximum possible endfire gain
since the leak rate is not taken into consideration. During the
antenna design, an appropriate leak rate is desired for uniform
E-field magnitude distribution along the antenna and ensuring
that most of the power is radiated. Therefore, high endfire gain
can be obtained with the β/k0 closing to the H–W condition
and appropriate leak rate. As shown in Fig. 6, the DSSAA and
the CRMS have similar and stable β/k0 within the operating
bandwidth from 3.75 to 4.15 GHz. The leak rate is decreased
with the increase of β/k0 since more fields are confined in the
surface with the increase of β/k0. Hence, β/k0 of the DSSAA
and CRMS are smaller than H–W condition for obtaining an
appropriate leak rate. Though TEM mode is excited in the
PSL, the actual propagation mode is affected by the radiating
double-sided slots. Hence, the phase constant of DSSAA is
perturbed to some extent. It can be seen that the leak rate of the
CRMS is decreasing gradually with the frequency increasing.
However, the leakage rate of the DSSAA changes obviously
within the operating bandwidth since the coupling between the
double-sided slots and the PSL is related to frequency. High
leakage rate of the DSSAA is obtained when the slots are
strongly resonant.

The E-field distribution of the CRMS at 4 GHz is depicted
in Fig. 7 with Port 1 excited. Fig. 7(a) illustrates the
E-field amplitude distribution in the YZ plane. A uniform
E-field distribution along the Y -axis is seen due to the surface-
wave transmission. The absolute E-field intensity along the
reference line (shown in the inset) is also given in Fig. 7(b)
to demonstrate the uniformity of the E-fields.

The E-field distribution of the DSSAA at 4 GHz is shown
in Fig. 8 with Port 3 excited. It is found that all the slot
antennas contribute to the radiation. High endfire gain can be
obtained due to the uniformity of the E-fields.

C. Parameter Analysis

The value of the H is a vital factor to adjust the phase
constant and leak rate of the CRMS. Fig. 9 shows the
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Fig. 7. Simulated E-field distribution at 4 GHz when Port 1 is excited.
(a) Complex E-field amplitude distribution in the YZ plane. (b) E-field
intensity along the reference line shown in the inset.

simulated radiation patterns of the CRMS with the value H
varied from 5 to 11 mm with 3 mm step in the range. The
phase constant increases with the increase of H . To realize a
higher endfire gain, H = 8 mm is selected finally.

The effect of the parameter l1 on |S33| and |S43| is shown
in Fig. 10, by varying it from 30 to 34 mm with 2 mm step in
the range. The value of the l1 is a key parameter to adjust the
operating frequency of the DSSAA. The resonant frequency
of the double-sided slots shifts downward with l1 increasing
due to the increase of the resonant length of the double-sided
slots. Effective radiation is realized as long as most of the
energy in the PSL is coupled into the DSSAA. Therefore,
the value of l1 has a great effect on the DSSAA. For the
CRMS, as l1 increases, the simulated |S11| and |S21| are almost
unaffected. The results are not given here for brevity. This
phenomenon is corresponding to the electric field distribution
of the CRMS as shown in Fig. 4. A center E-field null of the
TE1 mode is obtained while a center-strong E-field is obtained
for the DSSAA. To cover the desired frequency range,
l1 = 32 mm is selected finally.

IV. EXPERIMENTAL VERIFICATION

A. Antenna Fabrication

The proposed dual-polarized antenna was fabricated and
measured to provide a verification of the approach. The
prototype is shown in Fig. 11. The antenna is composed of
three copper sheets, two copper strips, and four 50 � coaxial

Fig. 8. Simulated E-field distribution at 4 GHz when Port 3 is excited.
(a) Complex E-field amplitude distribution in the YZ plane. (b) E-field
intensity along the reference line shown in the inset.

Fig. 9. Simulated normalized radiation patterns of the CRMS with differ-
ent H in the YZ plane.

cables. The 50 � matched loads were connected at other ports
to absorb the residual power when one port was excited by a
coaxial cable. For a clearer view, the coaxial cables and welds
of Port 1 and Port 3 were enlarged. The two coaxial cables
passed through the square reflector, feeding the antenna. The
CRMS was fed through Port 1 by a 50 � semirigid cable with
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Fig. 10. Variation of the resonant frequency of the DSSAA with respect to
length l1.

outer conductor soldered at one side of the feeding slot and
inner conductor soldered at another side. In the same way,
a 50 � semirigid cable was used for feeding the DSSAA
with outer conductor soldered at the lower copper strip and
inner conductor soldered at another strip. The metals were
manufactured by 0.5 mm-thick brass plates (σ = 1.5 ×
107 S/m) with laser cutting process. One of the copper sheets
with 15 slots notched was bent to form the side plates and
the bottom plate of the antenna. And one of the coppers is
recognized as the reflective plate. Since the PSL was located
in the middle of the DSSAA, some polyvinyl chloride (PVC)
foams with a thickness of 4 mm under the PSL were used as
supports, as shown in Fig. 11(a). The real part of the relative
permittivity of the PVC foam is around 1.21. Besides, some
PVC foams with a thickness of 1 mm were placed between
the two metal strips since the weight of the strips is too light
to ensure the stability of the transmission line. Using as few
foams as possible to avoid deteriorating the performance of the
DSSAA. S-parameters of the antenna were measured using
a N5071B vector network analyzer (300 kHz–9 GHz). And
the gains and radiation patterns were measured in a far-field
anechoic chamber.

B. S-Parameters

Fig. 12 shows the measured and simulated S-parameters.
It can be seen that the measured data agree well with the
simulated results. A little shift of the operating frequency of
the DSSAA occurs for the measured data compared to the
simulated results. The discrepancy between the measurement
and simulation is mainly caused by the foams loaded. The
reflection coefficients are below −10 dB in 3.8–4.1 GHz band
in two polarization states.

C. Radiation Performance

The measured and simulated normalized radiation pat-
terns of the fabricated prototypes at 4 GHz are shown
in Fig. 13 with good agreement between simulation and
measurement. From these results, it is clear that stable endfire

Fig. 11. Fabricated prototype of the proposed antenna. (a) Feeding structure
of the DSSAA. (b) Whole proposed antenna.

Fig. 12. Simulated and measured S-parameters of the proposed antenna.

radiation patterns in two polarization states are achieved.
The measured half-power beamwidths of the CRMS and
the DSSAA at 4 GHz are 20◦ and 35◦ in the E-plane
and 28◦ and 35◦ in the H-plane, respectively. Therefore,
a dual-linearly polarized antenna with stable endfire radiation
patterns is realized.
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TABLE III

COMPARISON AMONG THE ENDFIRE ANTENNAS (NG: NOT GIVEN)

Fig. 13. Simulated and measured normalized radiation patterns of the
proposed antenna at 4 GHz. (a) Port 1 in the YZ plane. (b) Port 1 in the
XY plane. (c) Port 3 in the YZ plane. (b) Port 3 in the XY plane.

D. Gains and Total Efficiency

The comparison between simulated and measured endfire
gains is illustrated in Fig. 14. It is seen that the measured
results agree well with the simulated ones. The measured
endfire gains of both the CRMS and the DSSAA are better
than 10 dB from 3.8 to 4.1 GHz with the maximum values
of 12.5 and 12.9 dB, respectively. The discrepancy is mainly
caused by the soldering error and the foams loaded. Thanks
to the all-metal strategy with negligible dielectric and metal
loss, a high antenna efficiency better than 80% of the CRMS
is realized as shown in Fig. 14. It is noted that the total
efficiency of the DSSAA is related to the coupling level
between the double-sided slots and the PSL. Hence, the
simulated minimum and maximum efficiency of the DSSAA
is 60.2% at 3.8 GHz and 88% at 4.05 GHz.

Fig. 14. Gains and efficiency of the proposed dual-linearly polarized antenna.

To highlight the novelty of the proposed design scheme,
comparisons of the measured results between our work and
other endfire antennas in the open literature were summarized
in Table III. Table III indicates that most of the published
works with endfire radiation are single polarization. The
proposed antenna shows high endfire gain in two polarization
states with acceptable electric size and bandwidth. Compared
to the dual-polarized endfire works [31]–[33], the proposed
antenna has smaller transverse dimensions. The effective radi-
ation aperture in [32] is limited due to the partly radiated
property of log-period dipole antennas. Compared with the
Vivaldi antenna [33], a more uniform E-field distribution is
achieved in this work. Hence, higher endfire gain is obtained
in this work, though the log-period dipole antenna [32],
Vivaldi antenna [33], and our work show similar electrical
length.

V. CONCLUSION

In this work, a dual-linearly polarized antenna with high
endfire gain and compact size is proposed. We employ the
DSSAA and the CRMS to realize vertical and HP, respectively.
Approximately uniform E-field amplitude distributions are
obtained in two polarization states for high endfire gain.
In pursuit of the compact size of the antenna, the top plate of
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the DSSAA is also worked as the CRMS. To the best of our
knowledge, no dual-linearly polarized endfire antennas with
high gain and low profile have been published. The proposed
design scheme offers a new solution to the dual-polarized
endfire antennas with advantages of high gain, stable radiation
patterns, and compact size.
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