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ABSTRACT A wideband and dual-polarized dipole antenna design technique is presented. The proposed
antenna employs two sets of dipole elements in orthogonal configuration and separated by a dielectric
layer. The dipole elements are excited with two separate substrate-integrated-coaxial feeds to achieve high
port-to-port isolation and the overall antenna stackup is enclosed in a substrate-integrated-waveguide (SIW)
cavity. To validate the proposed substrate-integrated-coaxial fed dual-polarized antenna design method, a
prototype antenna was fabricated using standard multi-layer printed circuit board (PCB) manufacturing
technologies to operate in the Ku-band. Measured and simulated results exhibit that the designed antenna
has a wide impedance bandwidth of less than -10dB reflection coefficients at 10.28-14.8GHz and the
port-to-port isolation between the two orthogonally polarized dipole antenna ports is greater than 20dB at
most frequencies, making it suitable for many applications such as satellite communications. The antenna
has a relatively stable gain pattern with a gain value of 5.5-6.5dBi and a low cross-polarization level
(lower than 16dB) over the operating frequency range.

INDEX TERMS Dual-polarization, wide bandwidth, high port-to-port isolation, low cross-polarization,
substrate-integrated-waveguide (SIW), printed circuit board (PCB) antennas, substrate-integrated coax.

I. INTRODUCTION

WITH the rapid advances in modern wireless commu-
nication systems, the increasing demand for high data

rate is becoming a critical issue in many applications such
as mobile communications and satellite communications
system. The wideband and dual-polarized antennas have
received significant attention because of its ability to offer
polarization diversity and are being adopted in many multi-
functional RF antenna systems to significantly enhance the
channel capacity and spectral efficiency, reduce the multipath
fading, and maintain reliable wireless communication links.
When designing standalone dual-polarized antenna ele-

ment for real-world antenna applications, there are multiple
electrical and mechanical challenges: 1) the main electrical
challenge includes achieving wider impedance bandwidth
with stable gain patterns over the operating frequency
range, maintaining high orthogonal port isolation and low
cross-polarization level to maintain the polarization purity.
2) Besides these electrical challenges, there are also many
mechanical and manufacturing challenges such as keeping
the antenna profile low with compact size and light weight,
ability to manufacture the antennas in large number by

leveraging the existing low-cost manufacturing technologies
such as the printed circuit board (PCB) manufacturing, and
easier integration of the antenna elements with external RF
electronics hardware which are extremely important to suc-
cessfully employ these dual-polarized antenna elements for
real-world antenna applications.
Over the past few years, a number of dual-polarized

antenna design techniques have been investigated [1], [2],
[3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21]. For example, designing a
dual-polarized antenna using �-shaped feeding structure is
proposed in [1], [2]. However, this method uses a complex
feed technique and difficult to manufacture in large quanti-
ties, and also, the antennas are high profile in nature. Several
stacked patch antennas with probe feed techniques includ-
ing aperture-coupled feed [6], [7] have been explored. The
aperture coupled stacked patch antennas have low cross-
polarization level, are easier to integrate with RF electrical
hardware, but have backward radiation which reduces the
antenna’s overall radiation efficiency and gain value. On
the other hand, several probe-fed patch antenna design
techniques have been reported in literature such as L-shaped
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probe [8], meander line probe [10] etc. However, these probe-
fed antennas have high cross-polarization level due to the
close proximities of the orthogonal ports resulting in polar-
ization impurity. Also, it is inconvenient to connect these
antennas with the feed networks in an array environment.
A differential driven dual-polarized patch antenna design
has been shown in [14] to enhance the orthogonal port
isolation and achieve low cross-polarization. However, the
differentially driven antennas require balun and differential
amplifier to achieve wider impedance bandwidth requiring
added hardware and cost. Several magneto-electric dipole
antennas in multi-layer stackup were designed for wide-
band performance [15], [16], [17], [18], [19], [20], [21],
[22]. These antennas have the advantage of manufacturing
in high-volume using low-cost standard PCB technologies,
however, most of these antennas have narrow bandwidth
and some use multiple antenna elements to enhance the
impedance bandwidth which requires significant amount
physical space. In recent years, dipole antennas oriented in
orthogonal configuration have gained significant popularity
in designing wideband circularly polarized antennas [23],
[24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34],
[35], [36]. The crossed-dipole antennas use vacant quarter
ring to produce circularly polarized radiation and have the
advantage of achieving wide impedance bandwidth and low
cross-polarization level; however, these types of antennas
have complicated manufacturing and integration techniques
and work in single polarization configuration [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36] which is a significant challenge to employ them in
full-duplex real-world applications.
In this paper, a new way of designing and imple-

menting a standalone dual-polarized and wideband dipole
antenna element based on substate-integrated coaxial feed
technique is proposed and investigated. To demonstrate the
proposed dual-polarized antenna design concept, an antenna
structure comprising two sets of planar dipole element
in orthogonal configuration and excited by two separate
substrate-integrated coaxial feeds is designed and manu-
factured. By utilizing the substrate-integrated coaxial feed
technique, high port-to-port isolation (>20dB) and wider
impedance bandwidth (approximately 36%) are achieved.
The proposed antenna design method is simple and can easily
be manufactured in large quantities by leveraging the existing
low-cost printed circuit board (PCB) manufacturing tech-
nologies, and also, has easier assembly and integration with
the backend RF electronics hardware. This paper is divided
into three sections. In Section II, the proposed antenna design
method and simulated performance is shown. Section III
presents the measurement of a prototype antenna, and a
conclusion is drawn in Section IV.

II. ANTENNA DESIGN
A. ANTENNA CONFIGURATION
The proposed antenna configuration is shown in Fig. 1(a).
It is a multi-layer structure and has two sets of planar

FIGURE 1. Geometry of the proposed antenna structure: a) 3-D view; b) Detailed
geometry of the radiating elements; c) Cross-sectional view of the multi-layer stackup.
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FIGURE 2. Three-dimensional configuration of the overall antenna stackup.

TABLE 1. Antenna dimensions.

modified bowtie-shaped crossed dipole elements printed on
the top surfaces of two separate dielectric layers sepa-
rated by a prepreg bonding layer (Fig. 1(b-c)). To generate
orthogonal polarization and maintain high cross-polarization
level, the dipole elements are configured in a perpendic-
ular orientation in which the two feed sources exciting
the two dipole elements are located in close proximity
(Fig. 1(a-b)) resulting in strong port-to-port coupling. To mit-
igate the port-to-port coupling and improve the orthogonal
port isolation, the dipole pairs are excited with two separate
substrate-integrated-coaxial feeds (Fig. 1(b-c)). Three plated
via holes with a radial via-to-via distance of 70.57mil were
embedded in the substrate material to realize the substate
integrated coax. Each substrate integrated coax has a radius
of 40.57mil which corresponds to a characteristics impedance
of 52�.

The overall antenna structure is enclosed in a square
shaped substrate-integrated waveguide (SIW) cavity to
enhance the antenna gain value and minimize the backward
radiation. In the SIW cavity, four periodic rows of plated
via fence are embedded in the dielectric material to create a
square cavity. These plated via rows along with the top and
bottom metallic layers (Fig. 1(c)) introduce a structure like
a square metallic cavity.
Fig. 1(b-c) and Fig. 2 shows the detailed configura-

tion of the dipole elements and the antenna stackup. The
stackup is made up of seven ‘TSMDS3B’ (dielectric con-
stant εr = 2.95, loss tangent δ = 0.0011) dielectric materials
of different thicknesses (Fig. 1(c) & Fig. 2) with six 4mil-
thick ‘RO4550’ (dielectric constant εr = 3.52, loss tangent
δ = 0.004) prepreg bonding layers and seven 0.5oz copper
layers. To prevent possible electrical shorting during the elec-
troplating and lamination process, several non-functional via
pads were implemented on the anti-pad layers (Fig. 1(c)).
The two dipole elements of the antenna structure (Fig. 1) are
excited through two sub miniature push-on micro (SMPM)
RF connectors. The two feed vias of the proposed dual
polarized antenna structure are located in close proximity
which complicates the connector assembly due to narrower
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FIGURE 3. (a) Simulated active reflection coefficients (active |S11| & active |S22|) and port-to-port isolation (|S21|); (b) S11 & S22 Smith chart.

spacing between the two feed vias of the antenna structure.
To facilitate the connector integration, a stripline layer with
two extended transmission lines is implemented underneath
the antenna ground plane. The stripline layer includes a
via fence (Fig. 1(c) & Fig. 2) between the two-transmission
lines to mitigate the interference between the two orthogo-
nally polarized electric field lines. By adjusting the length of
the two transmission lines, the relative spacing between the
two antenna ports can be made flexible to accommodate the
RF connectors and ease the external RF electronics hardware
integration.

B. SIMULATION RESULTS
The proposed antenna structure was designed and simu-
lated using Ansys’ electromagnetic solver High Frequency
Structural Simulator (HFSS) version 2022R1 software
package. All the design parameters including the via
diameters, minimum via-to-via distance (10mil) and via
pads were optimized to meet the printed circuit board
(PCB) manufacturer’s design guidelines and Table 1
presents the dimensions of the different parameters of the
designed antenna structure. Fig. 3a demonstrates the sim-
ulated active reflection coefficients (active Sii = Sii +∑

i �=j Sij) and the port-to-port isolation (|S21|) between the
two orthogonally polarized antenna ports. Fig. 3b shows
the Smith chart of simulated S11 and S22. From the
simulated predictions, it is obvious that the designed
antenna structure has a relatively wide impedance band-

width with the |S11| and |S22| less than −10dB over
10.28-14.78GHz frequency band and the port-to-port cou-
pling (|S21|) is less than −20dB across most of the
frequency band. The fractional impedance bandwidth is
about 36%.
To predict the radiation patterns and calculate the cross-

polarization, the designed antenna structure was simulated in
both dual-linear (Vertical/Horizontal) polarization and dual-
circular (Right-hand/Left-hand) polarization configurations,
and the antenna gain patterns in both configurations were
predicted in HFSS. For the configuration of dual linear
polarization, one antenna port (vertical or horizontal) was
excited at a time and the other port was terminated with a
50� resistive load. For dual circular-polarization configura-
tion, both the antenna ports were excited simultaneously
with a 90◦ phase difference between the two orthogo-
nal ports. Fig. 4(a-d) shows the simulated two-dimensional
antenna radiation patterns along the XZ and YZ planes at
10.7GHz and 13.75GHz for dual linear polarization con-
figuration and Fig. 4(e-f) shows the radiation patterns for
dual circular polarization configuration at 10.7GHz and
13.75GHz. The simulated radiation pattens at 12.5GHz is
shown in Fig. 5(a) as a function of the elevation angle and
Fig. 5(b) presents the co-pol and cross-pol broadside peak
gain patterns as a function of frequency. From the simu-
lated predictions, it is observed that the designed antenna
has a 16dB lower cross-pol. gain level over most of the
frequency band.
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FIGURE 4. Simulated two-dimensional co-pol/cross-pol radiation patterns along the xz-plane (left) and yz-plane (right) at: (a) 10.7GHz (V-Pol. = ON, H-Pol. = 50� Loaded),
(b) 13.75GHz (V-Pol. = ON, H-Pol. = 50� Loaded), (c) 10.7GHz (V-Pol. = 50� Loaded, H-Pol. = ON).
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FIGURE 4. (Continued.) Simulated two-dimensional co-pol/cross-pol radiation patterns along the xz-plane (left) and yz-plane (right) at: (d) 13.75GHz (V-Pol. = 50� Loaded,
H-Pol. = ON), (e) 10.7GHz (V-Pol. = ON, H-Pol. = ON; with 90◦ phase difference), (f) 13.75GHz (V-Pol. = ON, H-Pol. = ON; with 90◦ phase difference).
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FIGURE 5. (a) Simulated Co-pol and Cross-Pol radiation patterns at 12. 5GHz as a function of elevation angle; (b) Simulated Co-Pol and Cross-Pol broadside gain patterns as a
function of frequency.

C. PHASE CENTER OF THE DUAL-POLARIZED
DIPOLE ELEMENTS
The two orthogonally polarized dipole elements (i.e., the
vertical and horizontal dipoles) in the proposed antenna
structure are positioned slightly offset (by 52.9mil) relative
to the center of the antenna structure to accommodate the
substrate integrated coaxial via fences and this results in
a phase center offset between the horizontal and vertically
polarized dipole elements. For the proposed dual-polarized
antenna structure to be useful for practical applications, it
is necessary to evaluate the effect of the phase center off-
set on the antenna polarization purity over the operating
frequency range. The phase center of an antenna is a point
at which the far field emanates, i.e., all the electromagnetic
field waves radiated from the antenna elements have equal

phase front along the spherical curvature at that imaginary
point [37], [38], [39].
To calculate the phase center variations of the designed

antenna structure using HFSS software, the radiation bound-
ary of the designed antenna structure was moved in along
the z-axis and the phase variation over the beamwidth
was minimized using HFSS. Fig. 6(a) shows the simulated
phase center variations of the two linearly polarized antenna
element as a function of the scan angle at 11GHz. As seen,
the phase offset between the H-pol. and V-pol. dipoles is rel-
atively smaller (9◦) along the boresight and has little effect
on the axial ratio performance at the operating frequency
range. Fig. 6(b) presents the simulated phase center varia-
tion over the frequency range. As evident, the phase center
variation of the two orthogonal dipole elements is relatively
stable over the entire operating frequency range.

FIGURE 6. Simulated phase center variation of the two linearly polarized dipole elements: (a) V-Pol. and H-Pol. phase center variation with the elevation angle; (b) Phase center
variation as a function of frequency.
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III. MEASUREMENT AND VALIDATION
A prototype of the designed multi-layer antenna structure
was manufactured using standard printed circuit board (PCB)
manufacturing technique and assembled with two surface
mounted standard sub miniature push-on micro (SMPM)
connectors at the two excitation ports. Fig. 7 shows a
picture of the fabricated antenna prototype. A 4-port vec-
tor network analyzer (Rhode and Schwarz’s ZNB40) was
used for measuring the reflection/transmission coefficients
and the far-field radiation patterns. The measured antenna
gain of the fabricated antenna, in both linear/circular polar-
ization configuration, was calculated by comparing with
a Ku-band standard gain horn antenna. To calculate the
circularly polarized gain patterns, a COTS 90◦ hybrid
coupler was used to generate the 90◦ phase difference
between the two orthogonal (vertical/horizontal) antenna
ports.

FIGURE 7. Fabricated antenna prototype.

A. MEASURED RESULTS IN DUAL LINEAR
POLARIZATION CONFIGURATIONS
The measured results of the reflection coefficients and port-
to-port isolation are shown in Fig. 8 (a-b) and compared with
the simulated predictions. From the comparison, it is seen
that the measurements agree well with the HFSS simulations.
The simulated impedance bandwidth for |Sii| lower than
−10dB is 36% (10.28-14.8GHz) while the measured |Sii| is
less than −10dB from 9.9GHz to 14.5GHz, corresponding
to a fractional bandwidth of 37.7%. The measured port-to-
port isolation is greater than 20dB at most frequencies over
9.7-14.7GHz frequency range.
To measure the radiation patterns in dual linear polar-

ization configuration, the vertical and horizontally polarized
antenna elements were excited at a time while the other one
was terminated with a 50� load. To calculate the gain pat-
terns as a function of angle and frequency, the testing antenna
was rotated under computer control and on the receive end, a
standard gain horn antenna was used and oriented in vertical
and horizontal configuration to calculate the co-pol/cross-
pol gain patterns of the testing antenna. Radar absorbing
materials was placed all around to reduce any wanted reflec-
tions. The measured and simulated co-pol/cross-pol gain
patterns of the fabricated antenna at 12.5GHz and 13.5GHz
are shown in Fig. 9 for vertical/horizontal polarization and
Fig. 10 presents the gain patterns as a function of frequency.
As seen, the gain patterns are relatively stable and symmetric
around the broadside peak gain, and the cross-polarization
levels are approximately 16dB lower than the broadside peak
gains. The smaller deviations and ripples in the measured
results can be attributed to the reflections and losses in
the RF cables, connectors, attenuators, and the fabrication
tolerances.

FIGURE 8. (a) Comparison of measured and simulated return losses (|S11| & |S22|); and (b) Measured and simulated port-to-port isolation (|S21|.
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FIGURE 9. Measured co- and cross-polarized radiation patterns at 12.5GHz and 13.5GHz of the designed antenna and comparison with simulated prediction: (a) V-Pol. is
excited, and H-Pol. is terminated with 50� load (YZ-plane); (b) H-Pol. is excited and V-Pol. is terminated with 50� load (XZ-plane).

FIGURE 10. Measured and simulated co-pol. and cross-pol. gain patterns as a function of frequency: a) V-Pol. is excited, and H-Pol. is terminated with 50� load; (b) H-Pol. is
excited and V-Pol. is terminated with 50� load.
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FIGURE 11. (a) Schematic of the dual linearly polarized antenna ports with 90◦ hybrid coupler; (b) Comparison of measured and simulated RHCP/LHCP gain patterns as a
function of frequency; (c) Measured and simulated axial ratios.

TABLE 2. Comparison of similar PCB-based dual-polarized antennas.

B. MEASURED RESULTS IN DUAL CIRCULAR
POLARIZATION CONFIGURATIONS
To generate right-hand and left-hand circular polarization
(RHCP and LHCP) from the proposed dual linearly polarized
antenna structure, a COTS 90◦ hybrid coupler was con-
nected to the two linearly polarized antenna ports (i.e., H/V
ports) to generate a 90◦ phase difference between the two
orthogonal dipole elements as shown in Fig. 11(a) [40], and
the axial ratio performance and RHCP/LHCP gain patterns

were measured. Fig. 11(b-c) compares the measured and
simulated co-pol/cross-pol (i.e., RHCP/LHCP) gain patterns
and the corresponding axial ratio as a function of frequency.
The designed antenna with the 90◦ hybrid coupler exhibits a
wide axial ratio bandwidth and the 3dB axial ratio bandwidth
is about 34.5%.
Table 2 compares the performance characteristics of

the proposed dual-polarized crossed-dipole antenna struc-
ture with other PCB-based dual-polarized antennas. It is
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evident that the proposed standalone dual-linearly polar-
ized antenna achieves relatively wide impedance bandwidth
with low cross-polarization level and high port-to-port
isolation.

IV. CONCLUSION
In this paper, a new way of designing and implementing a
wideband and dual-polarized standalone antenna element has
been demonstrated. The antenna design method is straight-
forward and employs two sets of substrate-integrated coaxial
feeds to improve the orthogonal port isolation between the
two antenna ports. Measured results show that the proposed
antenna has a relatively wider impedance bandwidth (about
36%), high orthogonal port isolation (>20dB), and low cross
polarization level (lower than 16dB). The radiation pat-
terns are relatively stable and symmetric over the operating
frequency range. The proposed antenna structure is mechan-
ically robust and has planar configuration which makes it
easily integrable with the external RF electronics hardware
without having any integration issues and cable requirement.
Also, the proposed multi-layer antenna structure can eas-
ily be manufactured in high-volume by leveraging existing
low-cost PCB manufacturing technologies.
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