5446

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 9, SEPTEMBER 2021
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Abstract— In this article, an omnidirectional dual-polarized
antenna with low windage is presented within a wedge-profiled
structure for supersonic onboard systems. Based on aerodynamic
analysis, a wedge-profiled cavity is designed with colocated slots
for omnidirectional and dual-polarized radiation. For horizontal
polarization, two identical half-wavelength slots are etched onto
the cavity sidewalls symmetrically. The vertical polarization is
achieved by another horizontal slot, with the port isolation higher
than 42 dB. A low windage coefficient of 0.11 is obtained within
the wedge-profiled cavity with the dimensions of 41.6 × 16 ×
30 mm3 (0.34λ0 × 0.13λ0 × 0.24λ0 ). The proposed antenna is
constructed and tested, with the measured results in agreement
with the simulated ones. The operating bandwidths cover the
band of 2.40–2.48 GHz, and the gain variations below 3.5 dB
are realized in the azimuthal plane for both polarizations. The
proposed wedgy antenna is with both electromagnetic and aerodynamic considerations, exhibiting the potentials in supersonic
onboard communication systems.
Index Terms— Antenna diversity, antenna radiation patterns,
low windage, slot antennas, supersonic flight.

I. I NTRODUCTION

I

N ONBOARD systems, the omnidirectional dual-polarized
(ODP) antennas [1]–[4] are usually installed on the aircrafts
for various applications, such as communication, positioning,
and detection. For example, the ODP antennas can be used
in the traffic alert and collision avoidance systems to avert
collisions. There are merits of ODP antennas in practical
systems. First, the antennas with omnidirectional radiation
are able to provide full coverage in the azimuthal plane to
improve system reliability [5]–[12]. Second, the antennas with
dual polarizations are used to avoid polarization mismatching [13]–[17].
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Fig. 1. General scenario of the proposed wedge-profiled ODP antenna for
supersonic onboard applications.

Recently, the antennas with omnidirectional patterns have
been studied with various methods. The first one is to align
several identical antennas in a rotationally symmetric array
configuration, providing a superimposed quasi-omnidirectional
radiation pattern [18]–[20]. As another method to achieve
more compact volume, the intrinsic omnidirectional antennas are developed, such as electric monopole [21], [22] or
mono-cone [23], [24] antennas. The omnidirectional patterns
can also be obtained using magnetic dipoles, that is, folded
slots [25] and slot doublets [26]–[29]. Besides, the literatures
of [30]–[33] design circular patch antennas or cavity antennas
at specific operating modes for nearly omnidirectional patterns.
Next, by combining omnidirectional radiation patterns with
dual-orthogonal polarizations, the ODP antennas are designed
in recent works [34]–[40]. The antenna in [34] adopts a probefed cavity for horizontal polarization and a microstrip-fed
slot for vertical polarization within a thin structure. In [35],
a multiband ODP antenna is achieved by integrating a modified
biconical with six printed dipoles. Soliman et al. [36] present
a developed ODP cusp antenna with high port isolation by
exciting orthogonal modes. However, as depicted in Fig. 1,
the ODP antenna is usually mounted on the metal fuselage
surface for onboard applications. Therefore, low windage is
required for aircraft antenna design [41]–[48], especially in
supersonic onboard applications. The proposed ODP antenna
in [34] adopts a saber-like profile, realizing the low-windage
property under low-speed airflow. In [41], an omnidirectional
antenna is presented within a tapered metal cavity for supersonic platforms, but vertical polarization is not included. Up to
now, it still remains a challenge to design ODP antennas with
low windage for supersonic systems.
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In this article, a wedge-profiled ODP antenna is proposed
for low-windage supersonic applications. A slot doublet is
aligned symmetrically for horizontal polarization, and a folded
slot is arranged horizontally for vertical polarization. The
colocated slots are all directly etched onto a thin cavity
with wedgy profile for omnidirectional radiation, realizing
a lower windage compared with other ODP antennas. High
isolation is achieved within the structure with the dimensions
of 41.6×16×30 mm3 (0.34λ0 ×0.13λ0 ×0.24λ0 , λ0 represents
the free space wavelength at 2.44 GHz). A prototype of
the proposed ODP antenna is fabricated and measured. The
experimental results show that azimuthal gain variations below
3.5 dB are realized in the frequency band of 2.40–2.48 GHz
for dual-polarization cases. With the characteristics of low
windage and high isolation, the proposed wedge-profiled ODP
antenna using colocated slots has a potential for supersonic
communications.
II. L OW-W INDAGE A NTENNA P ROFILE
A. Antenna Profile Consideration
In onboard communication systems, it is essential to design
low-windage antenna profile. Especially in supersonic systems,
a shock wave occurs near the leading edge of the object, resulting in a large windage. Here, the leading edge represents the
front end of the object toward the oncoming flow. Moreover,
the leading edges with different shapes will occasion different
types of shock waves with different values of windage, such
as the normal shock wave or oblique shock wave.
Fig. 2 shows the pressure contours for different cases in
the 2-D supersonic scene. The objects with different profiles
are denoted by black areas. The air is assumed to be an ideal
gas, and the relative velocity is 2.0 Ma (1 Ma is equal to the
sound velocity). The numerical simulation is performed in the
commercial software ANSYS Computational Fluid Dynamics
(CFD) v16.1. As shown in Fig. 2(a), the rectangular configuration has a leading edge perpendicular to the oncoming
airflow, leading to a robust normal shock wave with severe
windage. Fig. 2(b) depicts a still strong oblique shock wave
near the raindrop-profiled leading edge in the flow field. The
wedge-profiled objects with sharp leading edges are shown
in Fig. 2(c)–(e). For these wedgy cases, all airflows near the
leading edges are oblique shock waves. The oblique shock
wave can be divided into two types: attached oblique shock
wave and detached oblique shock wave. When the wedge angle
is quite small as shown in Fig. 2(c), a weak attached oblique
shock wave exists near the leading edge. However, as the angle
becomes larger than a certain threshold which is depended on
the airflow velocity, a strong detached oblique shock wave
appears as shown in Fig. 2(e), leading to a large windage
coefficient. Hence, the wedgy profile with a small angle, which
is involved in this work, is a competent design for low-windage
supersonic applications.

Fig. 2. Pressure contours for different cases in the 2-D supersonic scene.
(a) Rectangle profile. (b) Raindrop profile. Wedge profile with different angles.
(c) 6◦ . (d) 24◦ . (e) 72◦ .

radiating elements. The wedge-profiled cavity is with the sharp
angle of α and the metal thickness of t1 , as shown in Fig. 3(b).
The upper and lower sides of the cavity are open-ended, and
other sidewalls, namely, Side 1 to Side 3, are all metal. A probe
is stuck through the cavity and arranged parallel to Side 1.
Fig. 3(c) demonstrates the expanded view of the proposed
antenna. Two identical C-shaped slots are etched onto Side 2
and Side 3 symmetrically. When the cavity is excited by the
feeding probe through Port 1, the slot doublet operates at the
half-wavelength mode, realizing a pair of in-phase equivalent
magnetic currents along with the slots and omnidirectional
horizontal-polarized radiation pattern in the azimuthal plane.
Besides, a horizontal folded slot is carved onto three sides
of the cavity, and a 50- microstrip line with the F4BM
dielectric (εr = 2.65) is attached on Side 1. When fed by the
microstrip line through Port 2, the slot also operates at the
half-wavelength mode, achieving omnidirectional vertically
polarized radiation in the azimuthal plane. The total dimensions of the proposed ODP antenna are 41.6 × 16 × 30 mm3
(0.34λ0 × 0.13λ0 × 0.24λ0 ). The detailed parameters are
reported in Table I.
III. A NTENNA D ESIGN AND S IMULATED R ESULTS

B. Antenna Structure

A. Slot Doublet for Horizontal Polarization

Fig. 3(a) shows the geometry configuration of the proposed
wedge-profiled ODP antenna, which is composed of a wedge
metal cavity as the main profile and colocated slots as the

The operating principle of the proposed wedge-profiled
antenna for horizontal polarization is validated by the software
Ansoft HFSS 18.0. Fig. 4(a) presents the initial configuration.
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Fig. 3. Geometric configuration of the proposed antenna. (a) Perspective
view. (b) Top view. (c) Expanded view.
TABLE I
D ETAILED D IMENSIONS (U NIT: mm)

Based on the wedgy profile with low windage, a pair of
straight slots are etched symmetrically on Side 2 and Side 3
at a proper position from the leading edge. When fed by
the probe through the port, the electric field distribution
on the cross section of the cavity is depicted in Fig. 4(b).
In most areas away from the slots, the electric field is uniform
along the ϕ-axis, and the null field exists on Side 1 and
leading edge. Besides, large ρ components of the electric field
occur near the slot doublet and out of phase on different
slots, as shown in the inset of Fig. 4(b). The electric field
distribution on the slot doublet is depicted in Fig. 4(c). The
half-wavelength-distributed electric field on the slot doublet
is denoted by black arrows. Two equivalent magnetic currents
are realized in-phase along the z-axis, as denoted by red-dotted
arrows. Hence, a nearly omnidirectional radiation pattern for
horizontal polarization is achieved in the azimuthal plane.
B. Optimization for Low Windage
Based on the horizontal-polarized antenna configuration
with the slot doublet carved onto the cavity, a series of
optimization approaches to achieve lower windage coefficient are proposed under the synergetic consideration of the

Fig. 4.
Vertical straight slots for omnidirectional horizontal-polarized
radiation. (a) Slot doublets carved on the wedge cavity. (b) Electric field
in the cavity. (c) Magnetic currents along the slot doublet.

aerodynamic and electromagnetic characteristics. The evolution of the proposed wedge-profiled antenna is shown in
Fig. 5(a)–(c). The initial antenna, named Ant. 1, is with a
height larger than a half-wavelength, which is necessary due
to the half-wavelength operating modes of the slot doublet.
To achieve lower windage, the slot doublet is bent to C shape
from Ant. 1 to Ant. 3. The whole height of the antenna is
decreased gradually from 70 to 30 mm. Fig. 5(d) illustrates
the radiation patterns of three antenna designs in the azimuthal
plane at 2.44 GHz. It is shown that all three antennas realize
omnidirectional radiation patterns in the XOY plane. This is
because the magnetic currents on the upper and lower parts of
the slot are out of phase, leading to the field cancellation in the
far-field. With the decrease in the antenna height, the middle
vertical part of the slot doublet is shortened, hence reducing the
effective radiation aperture and decreasing the realized gain of
the antenna in the azimuthal plane. Considering the tradeoff of
the slot doublet length and azimuthal gain, Ant. 3 is selected
for horizontal polarization, and the whole profile is with the
height of l5 = 30 mm.
The value of the wedge angle is also a critical part impacting
on the supersonic windage. Fig. 6 and Table II illustrate the
study on the influence of wedge angles on the electromagnetic and aerodynamics properties. Three antennas, named
Ant. 4–Ant. 6, are with the wedge angle α which increases
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Fig. 6.
Study on the influence of wedge angles on the electromagnetic properties. The antennas with different wedge angles. (a) α = 12◦ .
(b) α = 24◦ . (c) α = 36◦ . (d) Radiation patterns in the azimuthal plane at
2.44 GHz. (e) Reflection coefficients.

Fig. 5. Evolution of the proposed antenna for horizontal polarization. Three
antennas with different profiles. (a) l5 = 70 mm. s1 = 65 mm. (b) l5 = 50 mm.
s1 = 45 mm. s2 = 13.3 mm. (c) l5 = 30 mm. s1 = 25 mm. s2 = 20.9 mm.
(d) Radiation patterns in the azimuthal plane at 2.44 GHz.
TABLE II
C OMPARISONS A MONG THE A NTENNAS
Fig. 7.

Study on the influence of parameter w2 on the port isolation.

variation, bandwidth, and windage coefficient, the optimized
parameter here in this design is α = 24◦ with the windage
coefficient of 0.11.
from 12◦ to 36◦ , as shown in Fig. 6(a)–(c). Fig. 6(d) shows
the radiation patterns in the XOY plane at 2.44 GHz. As the
wedge angle increases, two equivalent magnetic currents on
the slot doublet are pulled away. Hence, the antenna with the
large angle achieves the larger gain variation than small ones.
Besides, it is observed that Ant. 4 is with a smaller volume,
leading to a higher quality factor and narrower bandwidth as
illustrated in Fig. 6(e). Table II reports the windage coefficient
comparison among Ant. 4–Ant. 6. Based on the aerodynamic
numerical analysis, the antenna with the sharper angle has a
lower windage coefficient under the supersonic airflow. As a
result, considering the trade-off among the properties of gain

C. Dual-Polarized Configuration
Based on the wedgy profile for horizontal polarization,
a folded slot is carved onto three cavity sidewalls to achieve
omnidirectional vertical polarization, as shown in the inset of
Fig. 7. When fed by the microstrip line through Port 2, the slot
operates at the half-wavelength mode. A folded magnetic
current is equivalently achieved along with the slot, radiating
omnidirectional pattern in the azimuthal plane.
For ODP antenna design, the port isolation is an essential
target. Owing to the orthogonal operating modes of magnetic
currents for dual polarizations, high port isolation is achieved
within such a compact volume. Fig. 7 illustrates the study
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horizontal polarization. This is because the metal ground
supports the vertically polarized electromagnetic waves but not
the horizontally polarized ones. Fig. 8(c) and (e) displays the
copolarized radiation patterns in the YOZ plane for vertical
polarization. It is observed that the radiation pattern remains
stable with different ground sizes D or mounting distances
h g . For horizontal polarization shown in Fig. 8(b) and (d),
the radiation patterns tilt upward visibly, leading to low gain in
the azimuthal plane. As shown in Fig. 8(b) with D = 2λ0 , the
upwarping of the radiation pattern is eased and the azimuthal
gain increases by 7 dB as the mounting distance h g varies
from 0 to 30 mm. Fig. 8(d) depicts that the azimuthal gain
decreases when the ground becomes larger due to the metal
boundary condition. Hence, the azimuthal gain of the proposed
antenna can be enhanced by modifying the ground size D or
mounting distance h g .
IV. E XPERIMENTAL R ESULTS
A. Antenna Fabrication

Fig. 8.
Radiation properties of the proposed antenna above the metal
ground. (a) Configuration. Radiation patterns in the YOZ plane for horizontal
polarization with different values of (b) h g and (c) D. Radiation patterns in the
YOZ plane for vertical polarization with different values of (d) h g and (e) D.

on the distance between colocated slots w2 affecting the port
isolation. When the horizontal slot for vertical polarization is
too close to the feeding probe or the C-shaped slot doublet,
the slot modes of dual-polarized radiation will be coupled,
deteriorating the port isolation. Based on the parametric
analysis, the distance between colocated slots is optimized as
w2 = 3.5 mm, with the port isolation higher than 50 dB in
the band of 2.40–2.48 GHz.
D. Antenna Mounted on Ground
In the supersonic onboard systems, the ODP antennas are
required for metallic fuselage installation for low windage.
In this design, the ODP radiation is achieved by the colocated slots. Hence, the boundary condition of the wedge
cavity has little influence on the operating modes. Fig. 8(a)
depicts the antenna configuration that the proposed antenna is
h g away from the circular metal ground with the diameter
of D. The metal ground has little effect on the vertically
polarized radiation patterns, but it tilts up the patterns of

To verify the antenna design, a prototype of the proposed
antenna was built and measured. The front and rear views of
the fabrication are shown in Fig. 9. The fabricated prototype
is composed of an all-metal cavity and a microstrip line on
the substrate. As shown in the inset of Fig. 9(a), a probe
protrudes into the cavity, while one end connects with the
cavity sidewall. A 50- semirigid coaxial cable is used to
excite the cavity as port 1. The outer conductor of the
cable welds to the outer surface of the cavity, and the inner
conductor connects with the other end of the probe. The
horizontal slot is fed through a coaxial SMA connector, with
the inner conductor soldering to the fabricated microstrip line
on the F4BM substrate (εr = 2.65). The S-parameters of the
antenna were characterized by Agilent N9917A vector network
analyzer. The radiation patterns, gain, and total efficiency were
measured in a microwave anechoic chamber with a far-field
antenna measurement system.
B. Antenna Measurement
The measured and simulated S-parameters are depicted
in Fig. 10. The measured −10-dB impedance bandwidth is
2.40–2.48 GHz for horizontal polarization, which is close to
the simulated result. For vertical polarization, the measured
−10-dB bandwidth is 2.35–2.55 GHz, covering the operating
bandwidth of the antenna and agreeing with the simulation.
The measured transmission coefficient |S21 | is lower than
−42 dB, implying that high isolation is obtained within the
wedge-profiled antenna.
Fig. 11 shows the measured and simulated radiation patterns of the proposed ODP antenna at the center frequency
of 2.44 GHz for dual polarizations. It is worth mentioning
that the measured radiation patterns at other frequencies in
the operating bandwidth are also similar to the patterns given
here. As depicted in Fig. 11(a), an omnidirectional radiation
pattern is achieved in the azimuthal plane when Port 1 is
excited for horizontal polarization, with the gain variation
of 3.0 dB. In Fig. 11(c), the radiation pattern of vertical
polarization is also omnidirectional in the azimuthal plane with
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Fig. 10.

Measured and simulated S-parameters of the proposed antenna.

Fig. 9. Photographs of the fabricated wedge-profiled ODP antenna. (a) Front
view. (b) Rear view.

a gain variation of 3.5 dB. In the elevated plane, the measured
copolarizations coincide well with the simulation, as shown in
Fig. 11(b) and (d), which are acceptable for the ODP systems.
Hence, the proposed antenna provides ODP radiation patterns
in the desired frequency band of 2.40–2.48 GHz.
The simulated and measured peak realized gains and
total efficiencies of the proposed ODP antenna are depicted
in Fig. 12. For horizontal-polarized radiation, the measured
peak realized gains are higher than 1.0 dBi in the frequency
band of 2.40–2.48 GHz and reach 1.8 dBi at the center
frequency of 2.44 GHz. The total efficiency higher than 80% is
obtained in the proposed antenna when Port 1 is excited. The
peak gain of vertical polarization is 1.4 dBi and it maintains
stable gains above 1.2 dBi in the band of 2.40–2.48 GHz.
While the measured total efficiency is better than 92.2% in the
overall operating frequency band. The discrepancies between

Fig. 11. Measured and simulated radiation patterns at 2.44 GHz. (a) and (b)
Horizontal polarization. (c) and (d) Vertical polarization.

the measured and simulated results are mainly attributed to
fabrication errors.
To highlight the performance merits of electromagnetics
and aerodynamics, Table III summarizes the comparisons of
the measured results in this work and other omnidirectional
antenna designs for onboard systems. All these works adopt
low-windage antenna structures for omnidirectional radiation,
including cylinder profile [1], saber profile [25], [34], [37],
and low profile [38], [49], [50]. Exactly, they are not suitable
for supersonic onboard applications based on the aerodynamic
analysis. Besides, due to the limit of the boundary condition,
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TABLE III
C OMPARISONS OF THE P ROPOSED A NTENNA W ITH O THER P ROTOTYPES IN THE L ITERATURE

Fig. 12. Total efficiency and realized gain of the proposed antenna under
simulation and measurement.

the antennas in [34] and [37] are not applicable for directly
installing on the metal ground. Compared with these antenna
designs, this work adopts a compact wedge-profiled structure, which is with lower windage of 0.11 in supersonic
systems. Based on the electromagnetic analysis with the
circular ground, the proposed antenna has the ability to
install directly on the metal fuselage of the fighter, further
reducing the windage of the systems. Owing to the orthogonal slot operating modes for ODP radiation, the proposed
antenna obtains a higher port isolation than other reported
literatures.
C. Antenna With Ground
To verify the metal-mountable antenna design, the proposed
ODP antenna is directly installed on the metal circular ground
with the diameter of 2λ0 , as shown in Fig. 13. Fig. 13(a)
depicts the photograph of the proposed antenna with the metal
ground. It is worth noting that some detailed parameters in
Fig. 13(b) have to be adjusted slightly for impedance matching,
such as w1 = 10.9 mm, s2 = 18.4 mm, s5 = 16 mm, and p2 =
3.5 mm. The proposed antenna after modification is physically
connected with the ground. Fig. 13(c) depicts the S-parameters

Fig. 13. Integrating the proposed antenna with the metal ground. (a) Photograph. (b) Updated dimensions of the antenna. (c) Measured and simulated
S-parameters of the proposed antenna on the metal ground.

of the antenna on the circular ground. The measured results are
consistent with the simulated ones. The antenna on the circular
ground operates in the frequency band of 2.43–2.45 GHz for
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horizontal polarization, which is narrower than that of the
proposed antenna without the ground. The metal boundary
condition limits the operating bandwidth of the horizontal
polarization. For vertical polarization, the measured −10-dB
impedance bandwidth is 2.30–2.57 GHz, which is close to that
without the ground. The measured transmission coefficient is
below 45 dB, leading to a high port isolation in the practical
applications.
V. C ONCLUSION
In this article, an ODP antenna is proposed with wedgy
profile for low-windage supersonic onboard systems. Based on
the aerodynamic analysis, a wedge cavity with colocated slots
is adopted as the main profile of the antenna. Two identical
C-shaped slots are etched onto the wedge cavity for horizontal
polarization. Meanwhile, a folded slot is carved onto three
cavity sidewalls for vertical polarization. Besides, the proposed
antenna can be mounted directly on the metal fuselage owing
to the operating modes of the slots. The experimental results
show an ODP radiation with port isolation higher than 42 dB
is achieved in the desired frequency band of 2.40–2.48 GHz.
With the merits of compact volume, high isolation, and low
windage, the proposed wedge-profiled ODP antenna exhibits
promising usage in supersonic onboard systems.
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