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Abstract— This article presents a novel dual slant polarized
antenna for millimeter-wave (mmWave) base stations. Com-
pared with the traditional slant polarized mmWave anten-
nas, the proposed antenna offers the advantages of high
cross-polarization discrimination (XPD), good aperture efficiency,
simple structure, and low profile. The corner-fed substrate
integrated waveguide (SIW) cavity is adopted to improve the
port isolation and XPD of this slot-coupled antenna. Four
corner-truncated patches connected by a thin cross strip are
placed over the SIW cavity to increase the operation bandwidth.
Then, a 2 × 8 antenna array is designed to exemplify the antenna
element performance. To improve the impedance matching,
a shorted patch is introduced in designing the series feeding
network and the power divider. The experimental results show
that the 2 dB-down gain bandwidth of the proposed antenna
array reaches 6.0% and the port isolation is better than 20 dB.
The gain and XPD of the antenna array measure 16.7 dBi and
25 dB at the center frequency, respectively.

Index Terms— 5G, base station, cavity-backed antenna,
dual-polarized antenna, millimeter-wave (mmWave), patch
antenna, slant polarization, slot-coupled antenna, substrate inte-
grated waveguide (SIW) cavity.

I. INTRODUCTION

BOTH the theoretical and experimental results prove
that polarization diversity can combat multipath

fading, increase channel capacity, and improve system
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reliability [1]–[4]. Polarization diversity also aids in reducing
the overall volume and installation cost of the wireless
systems. Compared with the horizontally/vertically polarized
(HP/VP) antennas, the antennas with ±45◦ dual slant
polarization perform better in most scenarios [5], [6]. This
is because the received signal strength in HP/VP antenna
systems has significant difference, whereas the mean signal
level in ±45◦ polarized antenna systems is almost equal.
During the past two decades, considerable attention has
been paid to ±45◦ dual-polarized antennas working in the
low-frequency bands for 2G/3G/4G base stations [7]–[10]
and sub-6 GHz for 5G base stations [11]–[14]. Thanks to the
advantages of wide bandwidth, high resolution, high gain,
and small size, the millimeter-wave (mmWave) technology
is considered as one of the potential solutions in future
mobile communications for the purpose of delivering gigabits
per second (Gb/s) data rate. However, only a few studies
on ±45◦ dual slant polarized antenna arrays have been
reported for mmWave applications. In [15], a 45◦ linearly
polarized antenna was designed with hollow waveguides,
but its configuration is complicated and not suitable for
integration.In [16], a microstrip comb-line antenna with
matching stubs was proposed to realize 45◦ slant polarization.
However, this antenna suffers from low XPD and narrow
bandwidth. Most importantly, these antennas and the 45◦
inclined slot array antennas reported in [17]–[21] are only able
to operate with single slant polarization. Dual polarization can
be realized by interleaving the +45◦ and −45◦ slant polarized
antenna elements as reported in [22]–[24], but it would lead
to low XPD, large size, and low aperture efficiency. In [25],
a mmWave ±45◦ dual-polarized aperture antenna using
low-temperature cofired ceramic (LTCC) technology was
proposed to achieve high gain, but this antenna has a very
large size (≈2.4λ0×2.4λ0) which makes it not suitable for the
antenna array design. In the low-frequency bands lower than
6 GHz, generally, most of the ±45◦ dual-polarized antenna
designs for base station applications are inspired by cross
dipoles due to their wide bandwidth, high cross-polarization
discrimination (XPD), and wide-angle scanning capability
[7]–[14]. In [26], a differentially fed cross slot antenna
backed by a substrate integrated waveguide (SIW) cavity
is designed to achieve high XPD and good port isolation.
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Fig. 1. Geometry of the proposed cavity-backed slot-coupled patch antenna
with ±45◦ dual slant polarization.

However, these antennas cannot be applied to mmWave
base stations due to high profile and high complexity in
designing the feeding structures at mmWave frequencies. All
these antennas mentioned above cannot simultaneously meet
the requirements of dual slant polarization, high aperture
efficiency, small size, low complexity, and low profile.

In this article, a low-profile, low-complexity, and high-XPD
±45◦ dual slant polarized cavity-backed slot-coupled patch
antenna is developed. To increase the port isolation and XPD,
a corner-fed SIW cavity is adopted in the design. The antenna
is realized by using four corner-truncated patches connected by
a cross strip, which effectively improves the bandwidth with-
out increasing the antenna thickness. The truncated patches are
excited by a cross slot. The proposed antenna is different from
the antenna reported in [27] where the bandwidth improvement
is achieved by introducing a rectangular loop and increasing
the cavity height. To verify the performance of the proposed
antenna, a 2 × 8 antenna array is fabricated and measured.
The measurement shows that the developed antenna array has
a good performance in terms of impedance bandwidth, port
isolation, XPD, aperture efficiency, and radiation patterns.

This article is organized as follows. The geometry and
design of the proposed antenna are presented in Section II.
Section III illustrates the design of the antenna array and
feeding networks. Section IV gives the simulated and mea-
sured results, as well as discussions. A conclusion is given in
Section V.

II. CAVITY-BACKED SLOT-COUPLED PATCH ANTENNA

A. Geometry

Fig. 1 shows the geometry of the proposed cavity-backed
slot-coupled patch antenna. Two Rogers RO4003C laminates
with relative dielectric constant �r = 3.55 and loss tangent
tan δ = 0.0027 are used in the design. An SIW cavity is
built in Substrate 2 and excited at two neighboring corners.
Ports #1 and #2 are the feeding ports for +45◦ and −45◦ slant
polarizations, respectively. They are designed with microstrip
lines printed on the bottom surface of Substrate 2. A cross

Fig. 2. Top view of each structure in the proposed antenna. (a) Radiating
patch. (b) Cross slot etched on the ground plane. (c) SIW cavity in Substrate 2.
(Detailed dimensions: wp = 2.19 mm, wg = 0.45 mm, rc = 1.46 mm, ts =
0.17 mm; ls = 2.84 mm, ws = 0.3 mm; wc = 5.4 mm, w f = 0.6 mm,
lt = 1.1 mm, wt = 1.22 mm.)

slot is etched on the ground plane. On the top surface of
Substrate 1, two pairs of planar patches are printed. Different
from the patch antenna reported in [28] where four separate
patches are placed over a slot aperture, the patches in our
design are truncated at the corners and a cross strip is added at
the center of antenna to connect these patches. It is found that
good impedance matching is difficult to obtain when separate
patches are excited by a slot aperture in mmWave band
frequencies [29]. It will be demonstrated in Section II-C that
the introduced cross connection aids in improving the antenna
impedance matching. Considering the bandwidth improvement
and surface-wave suppression, Substrate 1 should have a mod-
erate thickness. To avoid using wide microstrips, Substrate 2 is
chosen to have a relatively low thickness. Thus, the thickness
of Substrates 1 and 2 is chosen as 0.508 and 0.305 mm,
respectively. The corner-truncated patch antenna is excited
by the cross slot. Aperture 1 positioned along the ϕ = +45◦
direction couples the signal input from port #1 to excite the
patch antenna for +45◦ slant polarization, while aperture 2
positioned along the ϕ = −45◦ direction is used to excite the
patch antenna for −45◦ polarization. Due to the orthogonality
between the diagonal TE120 and TE210 modes inside the SIW
cavity, high isolation between ports #1 and #2 and high XPD
are expected. Detailed dimensions of the proposed antenna are
illustrated in Fig. 2.

B. Slot Antenna Designed on Square SIW Cavity

The proposed antenna is developed from a cavity-backed
slot antenna, as shown in Fig. 3(a). A cross slot antenna is
etched over the cavity and 45◦ tilted away from the y-axis. The
antenna is excited by the inset microstrips at two neighboring
corners of the SIW cavity. To illustrate the corner-fed SIW
cavity used in the antenna design, another reference model,
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Fig. 3. Slot antenna designed on a square SIW cavity fed from different
positions. (a) Corner fed. (b) Edge fed.

Fig. 4. Simulated S-parameters of the corner-fed and edge-fed cavity-backed
slot antennas.

namely edge-fed cavity-backed slot antenna, is also inves-
tigated. As shown in Fig. 3(b), to achieve ±45◦ dual slant
polarization, the overall structure of the reference antenna is
45◦ tilted away from the y-axis [30]. In these two designs,
the SIW cavity supporting TE120 and TE210 modes is used.
The resonance frequency of a designated TEmnp mode in a
square SIW cavity is given by [31]

fmnp = c

2π
√

�r,e f f

√(
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nπ
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where �r,e f f is the effective dielectric constant of the used
laminate. Wef f and h are the effective width and thickness
of the SIW cavity, respectively. An SIW cavity has the same
resonance characteristics as a square metallic cavity filled with
the same dielectric material. Empirically, an SIW cavity can be
considered as a square metallic cavity by using the following
equivalence [32]

Wef f = W − 1.08
d2

s
+ 0.1

d2

W
(2)

where W is the physical width of the square metallic cavity
filled with the same dielectric material. d and s are the via
diameter and spacing between neighboring vias, respectively.
By applying (1) and (2), the initial cavity size for designing
the two antennas can be obtained.

Fig. 4 shows the simulated S-parameters of the two anten-
nas. Although the only difference between the two antennas
lies in their feeding positions for dual polarization, the port
isolation of the corner-fed cavity-backed slot antenna is much

Fig. 5. Diagonal TE120 mode field distribution in the square SIW cavity fed
from different positions when port #1 is excited. (a) Corner fed. (b) Edge fed.

Fig. 6. Normalized radiation patterns of the two slot antennas when port #1
is excited. (a) Corner-fed antenna. (b) Edge-fed antenna.

better than that of the edge-fed one. At the center frequency
28 GHz, the isolation between ports #1 and #2 of the edge-fed
antenna is 26 dB, whereas for the corner-fed antenna, the port
isolation is 36 dB. The reflection coefficient curves of the
two antennas are almost identical. Due to only a single mode
excited in the cavity and the inherent characteristic of slot
antennas, their impedance bandwidth for |S11| < −10 dB is
quite narrow, which is from 27.8 to 28.2 GHz.

The electric field patterns in the SIW cavities of Fig. 3
are shown in Fig. 5. It is observed that the TE120 mode field
in the corner-fed cavity is well odd symmetric with respect
to the backward diagonal when port #1 is excited, as shown
in Fig. 5(a). The electric field is almost null along the diagonal.
However, it is found in Fig. 5(b) that the electric field pattern
inside the edge-fed cavity is odd symmetric with respect to
the reference line B B � but not identical with the ideal TE120

field pattern, whose field distribution is odd symmetric with
respect to the axis of symmetry AA�. This is primarily resulted
from perturbation introduced by the feeding ports. However,
perturbation introduced by the ports in the corner-fed cavity
is almost negligible since its effective size for the diagonal
TE120 mode is larger than the size of the edge-fed cavity. It is
also demonstrated in [33] that thin substrate would increase
the perturbation for the modes inside the cavity. As a result,
the port isolation between ports #1 and #2 of the corner-fed
cavity is higher than the port isolation in the edge-fed cavity.
Fig. 6 shows the normalized radiation patterns of the two
antennas. In this design, the E-plane is defined as the plane of
ϕ = 45◦, and the H-plane is defined as the plane of ϕ = −45◦.
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Fig. 7. Simulated S-parameters of the proposed antenna.

Fig. 8. Radiation patterns of the proposed antenna.

It is observed that the copolarization patterns of the corner-fed
antenna are very similar to the edge-fed antenna since they
have the same slot radiating aperture. However, as one of the
key parameters in evaluating antenna performance, the XPD
of the corner-fed antenna is much lower. The XPD of the
corner-fed antenna is 32 dB, whereas the XPD from the
edge-fed antenna is only 19 dB. This difference is resulted
from the mode misalignment in the edge-fed cavity. Since
the TE120 mode in the edge-fed cavity is rotated by a certain
angle with respected to AA�, cross-polarized electric fields are
radiated from the slot etched over the cavity.

C. Bandwidth Improvement

With odd symmetrical TE120 and TE210 mode patterns inside
the SIW cavity, high isolation (36 dB) and high XPD (32 dB)
are achieved in the corner-fed antenna at the center frequency.
However, the bandwidth of this antenna is quite narrow, only
400 MHz (27.8–28.2 GHz).

To overcome this problem, four corner-truncated parasitic
patches are printed on the top surface of Substrate 1, and they
are connected by a thin cross strip, as shown in Fig. 2(a). The
simulated performances of the proposed antenna are illustrated
in Figs. 7–9. As shown in Fig. 7, two resonances are observed
at 27.6 and 28.4 GHz. The impedance bandwidth for |S11| <
−10 dB is 1.6 GHz, from 27.2 to 28.8 GHz. Within this
frequency band, the isolation between ports #1 and #2 is higher

Fig. 9. Simulated gain and XPD versus frequencies.

Fig. 10. Simulated S-parameters of the proposed antenna and the corre-
sponding antenna without the cross strip.

than 26.5 dB. The decrease of the port isolation is because
the introduction of the patch perturbs the field distribution of
the TE120 or TE210 mode inside the cavity. Fig. 8 presents the
radiation patterns of the proposed antenna. Symmetric patterns
are observed in both the E-plane and H-plane. The XPD of
this antenna is 28 dB at the boresight. It is seen from Fig. 9
that the XPDs in both the E- and H-planes are higher than
26.3 dB over the frequencies 27.2–28.8 GHz and the realized
gain is in the range of 6.2–7.2 dBi.

A comparison between the proposed antenna and the
corresponding reference antenna without the cross strip is
performed. Fig. 10 shows the simulated input impedance of
the two antennas. It is observed that only one resonance
at f1 = 28.1 GHz is found in the reference antenna, even
though four parasitic patches are printed on the top surface
of Substrate 1. The single resonance comes from the cross
slot etched on the ground plane, while the added patches
produce no additional resonance. The main reason for this
is that the coupled patches introduce high capacitance at
mmWave frequencies. This effect cannot be mitigated simply
by optimizing the size and the gap between the patches. In our
design, the cross strip used to unite the separate patches can
be equivalent to an inductor between the patches to neutral-
ize the capacitive reactance. As can be seen from Fig. 10,
the imaginary part of Zin at the frequencies lower than f1

moves from negative to 0, and then a new resonance emerges at
f2 = 27.6 GHz. The original resonance generated by the cross
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Fig. 11. Simulated |S11| of the proposed antenna. (a) With different truncated
corner sizes (rc). (b) With different gaps between patches (wg).

slot shifts from f1 = 28.1 GHz to f3 = 28.4 GHz. Between
the resonance frequency points f2 and f3, the imaginary part
of Zin almost equals zero and the real part of Zin ranges from
47 to 54 �, indicating that a good impedance matching is
achieved.

The cross strip helps to produce the new resonance. How-
ever, the resonance characteristics of the proposed antenna are
also affected by the truncated corner size (rc) and the gap
between the patches (wg). Fig. 11(a) shows the simulated
|S11| with different truncated corner sizes. It can be seen
that increasing rc the first resonance frequency shifts to the
lower band, while the second resonance frequency almost
keeps unchanged. This indicates that the size of the truncated
corner only has an effect on the first resonance frequency.
In Fig. 11, when wg increases, the two resonances shift toward
the center frequency and merge into one resonance when
wg = 0.65 mm. This implies that the gap between patches can
affect both resonances and proper selection of wg can achieve
good impedance matching over a wide bandwidth.

III. ANTENNA ARRAY

A. Configuration

As shown in Fig. 12, a 2 × 8 dual slant polarized antenna
array is designed to exemplify the performance of the proposed
antenna element in array antenna design. The antenna element
separations in the x- and y-directions are sx = sy = 9 mm
(0.84λ0). Ports #1 and #2 are the feeding ports, of which
port #1 is used to excite the antenna array for −45◦ slant
polarization and port #2 is used to excite the antenna array
for +45◦ slant polarization. Each feeding port is followed by

an equal power divider. Different from the structure of conven-
tional power dividers, a shorted patch is inserted between the
two output branches of the power divider. Two series feeding
networks are designed to feed and connect all the antenna
elements. In order to realize high compactness, the series
feeding networks are interleaved between the linear antenna
arrays. Uniform excitation is achieved between the antenna
elements by adjusting the impedance of transmission lines.
Similar to the power divider design, a shorted patch is added
to each bend of the microstrip line to improve the impedance
matching. The effect of the shorted patch on the performance
will be discussed in the following section.

B. Feeding Network

In this antenna array, the feeding networks include the
design of a power divider and a series feeding network. Fig. 13
shows the layout of the designed equal power divider. Ideally,
the characteristic impedances of the microstrip lines connected
to input port #1 and output ports #2 or #3 are Z0 = 50 �
and Z1 = 71 �, respectively; the electric length of the
transmission line θ1 is λ/4. However, due to the parasitic
effect caused by the structure discontinuity at mmWaves,
the center operation frequency of the reflection coefficient
|S11| would shift to the lower band when designing the power
divider by taking these values, as shown in Fig. 15. This
parasitic effect cannot be mitigated by adjusting the microstrip
impedance or varying the microstrip electric length. In our
design, a grounded patch is inserted between the two output
branches to alleviate the side effect caused by the discontinuity.
The V-shaped shorting vias are used to connect the patch to
the ground plane. To better understand its working mechanism,
the equivalent circuit model of the proposed power divider
is developed and shown in Fig. 14. The grounded patch is
modeled as a series L-C circuit in which L1 = 0.42 nH and
C1 = 0.028 pF. The values of L1 and C1 are extracted by
carrying out curve-fitting based on the EM simulation results.
The series L-C circuit is connected to the transmission lines
with the characteristic impedance Z1 and the electric length
θ1 in parallel. The capacitance C1 is the coupling between the
output branch and the grounded patch, and L1 is the inductance
caused by the shorting vias. Thus, the center frequency of S11

can be controlled by varying lts , gts , and lt as they affect
the values of L1 and C1. Fig. 15 compares the simulated
reflection coefficients |S11| of the proposed power divider
and its equivalent circuit representation. The center frequency
of |S11| moves from 27.5 to 28 GHz after inserting the
shorted patch between the output branches. It is also seen
that the transmission coefficients |S21| and |S31|of the designed
power divider range from −3.4 to −3.5 dB over the operation
frequency band of the antenna.

The series feeding network is used to feed the antenna
elements uniformly, which is designed at the bottom layer of
Substrate 2. The layout and its equivalent circuit are shown
in Fig. 16. The network mainly includes seven microstrip
junctions and each junction has three quarter-wavelength
impedance transformers. Port #1 is the feeding port.
Ports #2–#9 are output ports which connect to the designed
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Fig. 12. Geometry of the array antenna. The element spacing in the x- and y-directions is sx = sy = 9 mm and the overall dimension is 123 mm × 24 mm.

Fig. 13. Layout of the power divider. (Detailed dimensions: lts = 1.56 mm,
lt = 3.05 mm, and gts = 0.56 mm.)

Fig. 14. Circuit representation of the proposed power divider.

Fig. 15. Simulated S-parameters of the power divider with or without the
grounded patch.

antenna elements with input impedance Z p. The realization of
such a network is based on its equivalent circuit illustrated in
Fig. 16(b), where Zm1, Zm2, and Zm3(m = 1, 2, . . . , 7) are the
branch impedances of the mth junction. Zinm(m = 1, 2, . . . , 8)
and Zinmp(m = 1, 2, . . . , 7) are the input impedances seen
from different points. According to the transmission line

TABLE I

IMPEDANCES IN EACH JUNCTION OF THE SERIES FEEDING NETWORK

theory [34], the relationship between these impedances are
given by

Zin7 = Zin8p//Zin7p = (
Z 2

73/Z p
)
//

(
Z 2

72/Z p
)

(3)

Z71 = √
Zin7 Zc (4)

Zinm = (
Zm2/4Z 2

p

)
//Zinmp = (Zm2/4Z 2

p)//
(
Z 2

m3/Z p
)

(5)

Zm1 = √
Zinm Zc, . . . , Z11 = √

Zin1 Zin (6)

where the input impedance of the antenna element is
Z p = 50 � and the impedance of the transmission line with
the length of 3λ/2 is set to Zc = 100 �. To avoid
microstrips being too narrow or too wide, here the charac-
teristic impedance of each transmission line is specified in the
range 50–100 �. By solving (3)–(6), the branch impedances
of all the microstrip junctions are obtained and the values
are given in Table I. Due to the discontinuity at each bend
of microstrip lines, strong parasitic effect also exists in this
series feeding network, which makes the center frequency of
reflection coefficient shift to the lower frequency band. Thus,
similar to the power divider design, a shorted patch with the
dimensions of l1 = 1.8 mm and w1 = 0.8 mm is inserted in
each bend. Fig. 17 shows the simulated |S11| and the trans-
mission coefficients of the designed series feeding network.
It is observed that |S11| is less than −14 dB from 26 to
30 GHz. The transmission amplitudes vary from −10.5 to
−9.3 dB at 28 GHz and the amplitude imbalance is ±1.1 dB
over the operating frequency 27.2–28.8 GHz. This variation
is acceptable considering that it is a series network with eight
output ports.

IV. EXPERIMENTAL RESULTS

To verify the proposed design, a prototype of the antenna
array is fabricated and tested. Fig. 18 shows the top and
bottom views of the fabricated antenna. A series of shorting
vias located along the laminates are added to make sure that
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Fig. 16. Series feeding network. (a) Layout. (b) Equivalent circuit.

Fig. 17. Simulated |S11| and the transmission coefficients of the designed
series feeding network.

the ground planes of both laminates are well connected. Two
locating holes placed near the feeding ports are used for
alignment.

A. Antenna Performance

Fig. 19 presents the measured and simulated results of
the return loss (|S11|) and the isolation (|S21|) between
ports #1 and #2. It is seen that the simulated and measured
results agree reasonably well with each other in the frequency
band 26–29 GHz. The simulated impedance bandwidth for
return loss higher than 10 dB is 26.3–28.8 GHz, which is
wider than the operation bandwidth of the antenna element.
The bandwidth extension is mainly caused by the propagating
loss from the feeding network and incomplete mismatching
of the antenna element outside the bandwidth. The measured
impedance bandwidth for return loss higher than 10 dB is
26.2–30 GHz. The discrepancy between the measured and the
simulated return loss at the upper band 29–30 GHz is due

Fig. 18. Fabricated prototype of the designed antenna array. (a) Top view.
(b) Bottom view.

Fig. 19. Simulated and measured S-parameters of the designed array antenna.

to the misalignment between the two laminate boards. The
measured isolation between ports #1 and #2 is larger than
23 dB at 28 GHz and higher than 20 dB over the frequency
band of interest, 27.2–28.8 GHz. The simulated and measured
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TABLE II

COMPARISON BETWEEN THE PROPOSED ANTENNA AND THE REPORTED mmWAVE ANTENNAS WITH 45◦ SLANT POLARIZATION

Fig. 20. Gain and efficiency of the proposed antenna array.

realized gain when port #1 is excited is shown in Fig. 20.
The measured gain is up to 16.7 dBi, and the bandwidth of
the gain 2 dB lower than the peak gain is 27.2–28.9 GHz.
Because the losses caused by the connectors are not calibrated,
the measured gain is about 0.9 dB smaller than the simulated
one. The radiation efficiency calculated from the simulated
directivity and gain is up to 75% while decreases to 60% at
the edge frequencies, 27.2 and 28.8 GHz.

Fig. 21 shows the measured and simulated far-field radiation
patterns at 27.2, 28, and 28.8 GHz. As expected, the copo-
larization patterns in both planes, ϕ = 45◦ and ϕ = −45◦,
are very similar to each other. The measured unidirectional
radiation patterns at 28 GHz are observed with sidelobe levels
less than −14 dB. The simulated and measured XPDs at the
boresight is 25 dB. Off the boresight angle, the measured
XPD is decreased. In this prototype, the alignment between the
laminates is manually performed, where the positioning error
would degrade the antenna performance. To characterize the
board-to-board misalignment, the relative position between the
top and bottom laminate in the y-axis direction (see Fig. 12)
is defined as 	d (e.g., the two laminates are perfectly aligned
when 	d = 0 mm). Fig. 22 shows the simulated radiation
patterns with different 	d . The XPD in both planes of ϕ = 45◦
and ϕ = −45◦ is degraded with the increase of 	d . It is
worth noting that there is a null observed in the cross-polarized
radiation patterns at the boresight when 	d is in the range
0.08–0.15 mm. These patterns look similar to the radiation
patterns in our measurement. Thus, it can be concluded that
the board-to-board misalignment is the main factor resulting
in the discrepancies between the simulated and measured
results.

B. Comparison and Discussion

A comparison between our work and the reported mmWave
antenna arrays with slant polarization is carried out in Table II.
Note that the aperture efficiency of an antenna in the table is

Fig. 21. Normalized far-field radiation patterns in the planes of (a) ϕ = 45◦ at
27.2 GHz, (b) ϕ = −45◦ at 27.2 GHz, (c) ϕ = 45◦ at 28 GHz, (d) ϕ = −45◦
at 28 GHz, (e) ϕ = 45◦ at 28.8 GHz, and (f) ϕ = −45◦ at 28.8 GHz.

Fig. 22. Simulated normalized far-field radiation patterns in the planes of
(a) ϕ = 45◦ and (b) ϕ = −45◦ at 28 GHz with different board-to-board
misalignment 	d.

calculated by [35]

ηap. = G peakλ
2
0

4π Aap
(7)

where G peak and Aap are the peak gain and the physical size of
the antenna, respectively. The antenna arrays in [19] and [21]
has high aperture efficiency, but they are only able to operate
with a single slant operation and has high profile. The dual
slant polarized antenna arrays in [22] and [23] are realized
by interleaving their orthogonally polarized antenna elements
in separate rows. Thus, they have low aperture efficiency,
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low XPD, and large size. High gain is achieved in the dual
slant polarized antenna element reported in [25]. However, this
antenna has very large size, resulting in low aperture efficiency
and making it not suitable for antenna array design. In com-
parison, the proposed antenna array is able to work with dual
slant polarization while maintaining high XPD, good aperture
efficiency, and low profile. In our design, the bandwidth of
the gain 2 dB down is 6.0%, which is almost equal to the
impedance bandwidth of the antenna element.

V. CONCLUSION

This article proposes a novel ±45◦ dual slant polarized
antenna operating at 28 GHz. By introducing the corner-fed
SIW cavity, high port isolation, and XPD are achieved.
The operating bandwidth is improved by employing four
corner-truncated patches connected with a thin cross strip.
A 2 × 8 array antenna is conceived by using the proposed
antenna element to exemplify its performance in array antenna
designs. Compared with the traditional single/dual slant polar-
ized mmWave antennas, the proposed antenna exhibits high
XPD, good aperture efficiency, small size, low profile, and
low complexity. The proposed antenna would be a promising
candidate for mmWave base station applications.
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