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Abstract— This article presents a pattern-reconfigurable saber-
like antenna with low wind drag for the onboard communica-
tion application, under the requirement of upper hemispherical
coverage. The compact antenna mainly consists of a segmented
loop and a �-shaped polygon, which are closely integrated for
compact size. By controlling the OFF/ON states of a p-i-n diode
embedded in the segmented loop, the proposed antenna can be
operated at dipole/monopole modes. An upper hemispherical cov-
erage area can be achieved since broadside and omnidirectional
patterns are obtained at dipole and monopole modes, respectively.
To validate the design strategy, a prototype was fabricated and
tested. A good agreement between the simulated and measured
results is achieved. The measured −8 dB reflection coefficient
common bandwidth of two modes is from 2.16 to 2.63 GHz with
the relative bandwidth of 19.6% while keeping a smaller size
of 30.5× 32.5 × 0.6 mm3 (0.24 λ0 ×0.26λ0 × 0.005λ0, λ0 is the
free-space wavelength at the center frequency). We portend that
the proposed design scheme, with merits of low wind drag, metal
ground compatibility, and upper hemispherical coverage, has the
potential for airborne application.

Index Terms— Aircraft antenna, pattern-reconfigurable, saber-
like structure, upper hemispherical coverage.

I. INTRODUCTION

AS AN important part of airborne communication systems,
aircraft antennas are installed on civil and military air-

craft for various applications. As shown in Fig. 1, the antenna
is built inside the profile of the airframe. Hence, antennas in
vehicles require peculiar aerodynamic shape to decrease wind
drag in high-speed case [1]. Furthermore, due to the flexibility
of the aircraft during flying, antennas with acceptable gain
within a wide range of airspace are necessary to establish
a reliable communication link. The aircraft cavity-backed
antenna [2], monopole blade antenna [3], low-profile inverted-
L aircraft antenna [4], and saber-like antennas [5], [6] are
proposed for low wind drag airborne application but without
upper hemispherical coverage characteristic. To realize upper
hemispherical coverage, one approach is to realize continu-
ously sweeping patterns [7]–[10]. These antennas are usually
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Fig. 1. General scenario of the proposed antenna in aircraft application.

bulky and complex in geometry for fabrication and unsuitable
for airborne communication systems. On the other hand, an
antenna that is switchable between distinct omnidirectional
pattern and broadside pattern enables enhanced radiation cov-
erage [11]–[16]. Broadside and omnidirectional radiation pat-
terns are generated by double-feed patch antennas in [11]–[13].
In [14] and [15], orthogonal-mode antennas with broadside
and omnidirectional radiation patterns were proposed for 5G
smartphone applications. However, the structure of the above-
mentioned antennas is nonlaminated, which is not competent
for the practical airborne application. Besides, a reconfigurable
antenna is another candidate for realizing upper hemispherical
coverage.

In the past decades, reconfigurable antennas have attracted
great attention due to their ability to alter polarization, fre-
quency, and radiation patterns in a single antenna to fit various
applications with small size and low cost [17]. Switching
elements such as p-i-n diodes [18]–[25], MEMS [26], [27], and
varactor [28] are always placed on the radiator element or the
ground plane to realize the reconfigurable function. Lots
of researches are proposed to design reconfigurable
antennas. Polarization diversity antennas are widely used
for increasing transmission capacity and improving signal
quality. Polarization switching is realized by using printed
monopole antennas [18], cut ring microstrip [19], and annular
ring slot antenna [20]. Frequency reconfigurable antennas are
useful in frequency-agile systems to receive signals over a
large frequency range. There are a few methods of control
mechanism that can be used to achieve frequency reconfigura-
tion. A tunable frequency microstrip patch antenna using RF
MEMS was proposed in [27]. In [21], p-i-n diodes are placed
in the slot to produce three reconfigurable frequency bands.
Pattern-reconfigurable antennas can provide great flexibility
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and directivity for the radiation pattern to improve the system
capacity, transmission rate, and detection range [29]. A great
amount of effort has been devoted to the pattern-reconfigurable
antennas. At present, the realization of pattern-reconfigurable
antennas has three common methods. One approach is
to add other parasitic elements around the main radiation
body [21], [22]. Slits were positioned at the edge of the ground
plane with three switches which were placed in each slit to
produce a pattern-reconfigurable antenna in [21]. In [22], slot
antenna with reconfigurable radiation patterns is obtained by
controlling each parasitic loop at open or closed states with
p-i-n diodes. On the other hand, reconfigurable electric
structure is another candidate for obtaining changeable
radiation apertures [23], [24], [28]. By using a four-sector
array excited with a feeding network composed of three
tunable T-junction power dividers, a pattern-reconfigurable
array with circular polarization (CP) is obtained in [23].
In [28], by controlling the reverse voltages of dual varactors
mounted on the slot line, the array can offer three patterns
in the H-plane. The last approach is to change different
operation mechanisms or modes of antennas, which
realizes reconfigurable radiation current distribution in
essence [21], [25]. In [25], monopole mode and patch mode
can be operated separately or simultaneously by controlling
p-i-n diodes. The last method is adopted in this article.

Several pattern-reconfigurable antenna designs have been
reported with broadside and omnidirectional patte-
rns [30]–[36]. The structure of the microstrip antenna was
used in the designs described in [30]–[35]. Hence, the above-
mentioned antennas are not satisfactory for airborne
application due to their size or shape. A combination of a
monopole antenna and dipole antenna with a reflector was
proposed in [36] but with large size and poor omnidirectional
radiation coverage. Therefore, to achieve a compact recon-
figurable antenna with low wind drag and upper hemispherical
coverage for airborne application is still a challenge.

In this article, a pattern-reconfigurable saber-like antenna
with low wind drag and upper hemispherical coverage is
proposed for the onboard communication application. A seg-
mented loop and a �-shaped polygon are closely placed for
compact size. By switching the ON/OFF states of a p-i-n diode
embedded in the segmented loop, the proposed antenna can
be considered as a planar monopole/dipole mode and has two
operation modes, i.e., an omnidirectional pattern mode at the
frequency band of 1.74–2.82 GHz and a broadside pattern
mode at the frequency band of 2.15–2.63 GHz. Hence, with the
combination of the monopole and dipole modes, a wide com-
mon matched bandwidth from 2.15 to 2.63 GHz is performed.
On the other hand, the laminated structure is utilized to reduce
cross section in front for low wind drag airborne application.
A prototype is fabricated to provide an experimental verifica-
tion of the idea. The proposed saber-like antenna can achieve
an impedance bandwidth of 19.6% (|S11|<8 dB) from 2.16 to
2.63 GHz while keeping a compact size of 30.5 × 32.5 × 0.6
mm3 (0.24λ0 × 0.26λ0 × 0.005λ0, λ0 is the free-space
wavelength at the center frequency). Meanwhile, the measured
average gain at two modes of the proposed antenna is greater
than 2 dBi.

Fig. 2. Concept of proposed pattern-reconfigurable antenna.

The remainder of this article is organized as follows.
In Section II, the operation mechanism and design process
of the compact aircraft antenna is discussed, including the
operating principle and evolution procedure. The structure and
parametric studies of the proposed antenna are presented in
Section III. In Section IV, the antenna fabrication, and simu-
lated and measured performances of the antenna are provided.
In Section V, a comparison chart is reported to highlight the
merits and novelty of the proposed design scheme. Lastly,
conclusions are drawn in Section VI.

II. ANTENNA DESIGN

For an aircraft antenna, switchable patterns between dis-
tinct omnidirectional pattern and broadside pattern are desired
for enhanced radiation coverage. Since aircraft antennas are
installed on the top of an aircraft, the effect of ground plane
must be considered for metal ground compatibility.

To realize such an aircraft antenna with upper hemispherical
coverage, a conceivable way is to combine a monopole, which
is perpendicular to the ground with an omnidirectional pattern
and a dipole, which is parallel to the ground with broadside
pattern. Monopole antenna and dipole antenna installed on
an infinite ground plane are simulated via high-frequency
structure simulator (HFSS) [38], respectively. Omnidirectional
and broadside patterns are obtained as shown in Fig. 2.
By combining the two distinct patterns, undesirable gain null
of radiation pattern can be improved for upper hemispherical
coverage. A combination of a monopole antenna and dipole
antenna with a reflector was proposed in [36] but with large
size and poor omnidirectional radiation coverage. Hence,
to achieve a reconfigurable antenna with compact size and
upper hemispherical coverage for airborne application is still
a challenge.
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Fig. 3. Evolution procedure of the proposed saber-like antenna. (a) Monopole
antenna. (b) Bended dipole. (c) Closely integrated segmented loop and
�-shaped polygon elements.

To clearly exhibit the antenna design process, Fig. 3 illus-
trates the evolution procedure of the proposed saber-like
antenna. Shown in Fig. 3(a) is a monopole installed on a
finite ground plane. Shown in Fig. 3(b) is a bended dipole
antenna. It is notable that a dipole antenna with 0.5λ0 length
is inacceptable for the specific aircraft application. By bending
a planar dipole antenna into a �-shaped dipole, the resonant
frequency of dipole mode can be tuned easily and compact
size is realized at the same time.

It is a challenge to combine the two distinct elements in
space-critical applications without deteriorating their radiation
patterns. To address this issue, a segmented loop with a switch
is used to replace monopole antenna and then integrated with
the �-shaped dipole as shown in Fig. 3(c). By switching the
ON/OFF states of the switch embedded in the segmented loop,
two distinct modes of the proposed antenna can be achieved.
Mode 1 can be regarded as “monopole mode” as shown
in Fig. 3(c) when switch is turned “ON.” It is seen that the
parallel current is canceled at mode 1 due to the symmetrical
structure. As a result, the monopole mode is obtained in
the segmented loop with a loaded parasitic element, e.g.,
the �-shaped polygon. On the contrary, mode 2 is obtained
when switch is turned “OFF.” Since the symmetry of loop
is destroyed, the segmented loop behaves as feed line. As a
result, dipole mode is excited in �-shaped polygon by the
coupling of segmented loop at mode 2 as shown in Fig. 3(c).
Partial vertical current is canceled due to opposite distribution.

Fig. 4. Geometry of the proposed antenna. (a) 3-D-view. (b) Top view of
the ground plane. (c) Perspective view of the antenna.

Hence, mode 2 can be considered as “dipole mode” due to the
fact that the parallel current is responsible for the radiation
within the �-shaped polygon. In summary, by switching
the OFF/ON states of a switch embedded in the segmented
loop, the proposed antenna can be considered as a planar
dipole/monopole mode and has two distinct modes for upper
hemispherical coverage.

III. ANTENNA STRUCTURE AND SIMULATION RESULTS

A. Antenna Structure

Fig. 4 shows the geometry of the proposed saber-like
antenna for metal-grounded aircraft antenna. The proposed
antenna is vertically installed on a metal ground plane
(150 × 150 mm2), which represents fuselage, as shown in
Fig. 4(a) and (b). A 0.6 mm-thick FR-4 substrate (εr = 4.4
and tanδ = 0.02) is employed as the main board of the
antenna as Fig. 4(c) depicts. A segmented loop and a �-shaped
polygon are closely printed at the front side. To electrically
switch the patterns of the proposed antenna, a p-i-n diode
(MA4SPS402) with 0402 packaging is used as the switching
element and is embedded in the segmented loop as shown
in Fig. 4(c). A forward bias (“ON” state) resistance of 5 �
and very low capacitance value of 0.03 pF in reverse bias
(“OFF” state) are used in the simulation process via HFSS [38].
To control the diode states, dc bias voltage is needed. The
detailed connections of dc bias network are shown in Fig. 4(c).
Hence, the radiation modes are simply changed by controlling
the dc voltage. It is noted that the values of all lumped
capacitor and lumped inductors are set to be 680 pF and 47 nH,
respectively. And the value of the current-limiting resistor is
set to be 150 �. Table I lists the detailed dimensions.
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TABLE I

DETAILED DIMENSION OF THE PROPOSED ANTENNA

Fig. 5. Simulated |S11| at two modes.

B. Excitation of the Dipole Mode

The dipole mode of the proposed antenna is excited when
the p-i-n is at “OFF” state, as discussed in Section II.
Fig. 5 shows the simulated reflection coefficient. The
impedance bandwidth (S|11| ≤ −8 dB) of the proposed
antenna is simulated as 0.48 GHz (2.15–2.63 GHz) with the
relative bandwidth of 20.1%.

The current distribution of the dipole mode of the proposed
saber-like antenna is shown in Fig. 6(a). It is observed that the
parallel current is stronger than the vertical current. Hence, the
broadside pattern is obtained at dipole mode, which coincides
with our discussion in Section II.

C. Excitation of the Monopole Mode

The monopole mode of the proposed antenna is excited
when the p-i-n is at “ON” state. The simulated reflection
coefficient at the monopole mode is presented in Fig. 5.
The impedance bandwidth (S|11| ≤ −8 dB) of the proposed
antenna is simulated as 1.08 GHz (1.74–2.82 GHz) with the
relative bandwidth of 47.4%. Therefore, the simulated −8 dB
reflection coefficient common bandwidth of the two distinct
modes is from 1.15 to 2.63 GHz with the relative bandwidth
of 20.1%.

The current distribution of the monopole mode is shown
in Fig. 6(b). It is observed that vertical current is responsible

Fig. 6. Current distributions of (a) dipole mode and (b) monopole mode at
2.4 GHz.

Fig. 7. Variation of resonant frequencies of (a) dipole mode and (b) monopole
mode with respect to length l7.

for the radiation since the parallel current is canceled. There-
fore, the omnidirectional pattern is obtained at the monopole
mode.

D. Parameter Analysis

The value of the l7 is a vital factor to adjust the resonant
frequency of dipole mode since the �-shaped polygon is the
main radiator at dipole mode. Fig. 7 shows the simulated |S11|
with the length l7 varied from 18.5 to 22.5 mm with 2 mm step
in the range. For dipole mode, the resonant frequency shifts
downward when increasing length l7 due to the increase of the
resonant length of the dipole mode. For monopole mode, as l7
increases, the resonant frequency and simulated |S11| change
slightly. Therefore, the value of l7 has a stronger effect on
dipole mode than on monopole mode due to the fact that the
�-shaped polygon is responsible for the dipole mode. To cover
the desired frequency range, l7 = 20.5 mm is selected finally.

Besides, the load effect of �-shaped polygon on monopole
mode is also studied here. Fig. 8 depicts the reflection coeffi-
cient of monopole mode with and without �-shaped polygon.
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Fig. 8. Variation of resonant frequencies of monopole mode with/without
�-shaped polygon.

Fig. 9. Fabricated prototype of the proposed antenna. (a) Front view. (b) Rear
view.

The result shows that the resonant frequency of monopole
mode moves down to the lower frequency with �-shaped
polygon-loaded due to the load effect of parasitic �-shaped
polygon. Hence, the segmented loop is responsible for the
monopole mode with capacitive element loading.

IV. EXPERIMENTAL RESULTS

A. Antenna Fabrication

The proposed saber-like antenna is fabricated and measured
to verify the approach. The prototype is shown in Fig. 9, fed
by 50 � coaxial cable. For a clear view, the 50 � coaxial
cable and saber-like antenna are enlarged. The main board is
fabricated by a printed circuit board process with 0.6 mm-thick
FR-4 substrate (εr = 4.4 and tanδ = 0.02). The metal ground
is manufactured by 0.5 mm-thick brass plates (σ = 1.5 × 107

S/m) with a laser cutting process. The proposed antenna is
soldered vertically on the ground plane. The dc controlling
voltage can be supplied by two AA batteries.

B. Reflection Coefficients

Fig. 10 shows the measured and simulated reflection coeffi-
cients. It is shown that the measured data in general agrees well

Fig. 10. Simulated and measured reflection coefficient values |S11| of the
proposed antenna at two modes.

with the simulated results. Only a little shifting of the matching
frequencies occurs for the measured data compared to the sim-
ulated results. The discrepancy between the measurement and
simulation is mainly caused by the soldering error, fabrication
error, and the tolerance of lumped components. The mea-
sured −8 dB bandwidths for dipole and monopole modes are
0.47 GHz (2.16–2.63 GHz) and 1.11 GHz (1.69–2.81 GHz),
respectively. Both of the simulated and measured results are
better than −8 dB across the desired band from 2.16 to
2.63 GHz.

C. Radiation Patterns

Radiation patterns are measured in a far-field anechoic
chamber. The measured and simulated radiation patterns of the
fabricated prototypes at 2.4 GHz are shown in Fig. 11 with
good agreement between simulation and measurement. Mea-
surements at other operating frequencies across the bandwidth
also show radiation patterns similar to those plotted here.
For better demonstrating, the data have been normalized.
As shown, the proposed antenna working at dipole mode
radiates in broadside direction, while it works at monopole
mode obtains good omnidirectional radiation patterns. For
dipole mode, the main patterns in both XZ plane and YZ plane
are toward the +z-axis. For the monopole mode, the main
patterns in both XZ plane and YZ plane direct around at
θ = 30◦ (elevation angle) owing to the effect of the finite
ground plane. Hence, desired reconfigurable omnidirectional
radiation patterns and broadside radiation are obtained.

To prove the upper hemispherical coverage characteristic
of the proposed antenna, synthetic radiation patterns of dipole
and monopole modes are drawn for intuitive understanding by
selecting the maximum gain of two modes in every direction.
As shown in Fig. 12, upper hemispherical coverage is achieved
in both XZ and YZ planes. For XZ plane, the gains within
upper hemispherical coverage are greater than zero. On the
other hand, the range of airspace in YZ plane, where gains are
greater than zero, covers the elevation angle from θ = 15◦
to θ = 155◦. Therefore, the measured 0 dB gain common
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Fig. 11. Normalized radiation patterns of the proposed antenna at 2.4 GHz.
(a) Dipole mode. (b) Monopole mode.

Fig. 12. Synthetic radiation patterns of the proposed antenna at 2.4 GHz.
(a) XZ plane. (b) YZ plane.

coverage range of two modes is from θ = 15◦ to θ =
155◦ with the total range of 140◦. It is worth noting that
the measured −3 dB gain range of two modes both covers
upper hemispherical. Hence, the proposed saber-like antenna
with upper hemispherical coverage is acceptable for practical
applications.

D. Gain and Total Efficiency
The comparison between simulated and measured efficiency

and gains is illustrated in Fig. 13. It is seen that the measured
results agree well with the simulated ones. The discrepancy
is mainly caused by the soldering error and the tolerance
of lumped components. The average gain of the proposed
antenna is greater than 2 dBi at both two modes. It is seen that
the stable gain frequency response is obtained at monopole
mode. The efficiency of the saber-like antenna at dipole

Fig. 13. Gain and efficiency of the proposed antenna.

and monopole modes is better than 79% within the overall
bandwidth. The measured maximum and minimum efficiency
at dipole mode is 88.7% at 2.3 GHz and 79.3% at 3.6 GHz.
While the measured maximum and minimum efficiency at
monopole mode is 85.4% at 2.2 GHz and 80% at 3.6 GHz.

V. COMPARISON AND DISCUSSION

To highlight the novelty and advantages of the proposed
design scheme, comparisons of the measured results between
our work and other typical pattern-reconfigurable antennas
with upper hemispherical coverage are summarized in Table II.
Some key characteristics, such as the shape of structure, size,
and total efficiency are listed. Among them, most of the
published work is not competent for aircraft application with
nonlaminated structure, which is not competent for aircraft
application. In [36], a combination of a monopole antenna
and dipole antenna with a reflector was proposed but with
a larger size. Furthermore, the effect of ground plane is
not considered in [36]. Hence, the proposed antenna in [36]
cannot be used as an aircraft antenna directly. Compared
with [36], the proposed pattern-reconfigurable antenna with
upper hemispherical coverage has smaller size and thinner
thickness as advantages of this communication. Since the
electrical size of our work is obviously smaller than those of
other work, the reflection coefficients are influenced to some
extent. Hence, −8 dB reflection coefficient is considered in
this article, which is enough for industrial applications. As an
important merit of this article, the wind drag can be reduced
with small cross section as the antenna mounting on airplane.
In the field of fluid dynamics, wind drag is a force acting
opposite to the relative motion of any object moving with
respect to a surrounding fluid. Drag is a function of cross
section [38]

FD = 1

2
ρν2CD A (1)

where FD is the drag force, ρ is the density of the fluid,
ν is the speed of the object relative to the fluid, CD is the
drag coefficient (a dimensionless number), and A is the cross
section in front. According to (1), wind drag can be decreased
by reducing cross section. Compared with [36], the proposed
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TABLE II

COMPARISON AMONG THE PATTERN-RECONFIGURABLE ANTENNAS WITH UPPER HEMISPHERICAL COVERAGE

Fig. 14. (a) Aircraft model. 3-D normalized radiation patterns at 2.4 GHz
of (b) dipole mode and (c) monopole mode.

antenna is with 59.7% reduced cross section in front. Hence,
low wind drag is achieved.

To prove the effectiveness of our work when antenna is
mounted on aircraft, the top surface of an aircraft model is
loaded with our proposed antenna. The structure is described
in Fig. 14(a). For simplicity, the dc bias network is neglected.

Fig. 15. Normalized radiation patterns of the proposed antenna at 2.4 GHz
of (a) dipole mode and (b) monopole mode.

Hence, two distinct dipole and monopole models are simu-
lated separately as shown in Fig. 14(a). The 3-D normalized
radiation pattern at 2.4 GHz of the dipole and monopole
modes is given in Fig. 14(b) and (c), respectively. Broad-
side and omnidirectional patterns are obtained as illustrated
in Fig. 14(b) and (c). By combining the two modes, upper
hemispherical coverage is achieved. The simulated radiation
patterns of the proposed antenna on the aircraft and on finite
ground plane at 2.4 GHz are shown in Fig. 15. The discrepancy
is mainly caused by solving the multiscale problem. However,
the dipole and monopole modes can still be recognized. Hence,
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the proposed antenna is functional, when it is mounted on the
aircraft.

VI. CONCLUSION

In this article, a pattern-reconfigurable saber-like antenna is
proposed with low wind drag for the onboard communication
application, under the requirement of upper hemispherical cov-
erage. A segmented loop is utilized to provide omnidirectional
mode with a parasitic element loading. A �-shaped polygon
is integrated closely into the segmented loop for obtaining
dipole mode. By controlling the ON/OFF states of a p-i-n diode
embedded in the segmented loop, the proposed saber-like
antenna can be operated at monopole/dipole modes. An upper
hemispherical coverage area can be achieved since omnidirec-
tional and broadside patterns are obtained at monopole and
dipoles modes, respectively. Besides, the proposed antenna
can be installed on the top of an aircraft directly since the
effect of ground plane is taken into consideration in this article.
Both simulation and measurement results demonstrate that the
−8 dB impedance bandwidth of both modes covers the band
of 2.16–2.63 GHz. The whole volume of the saber-like antenna
is 30.5 × 32.5 × 0.6 mm3 (0.24λ0 × 0.26λ0 × 0.005λ0, λ0 is
the free-space wavelength at the center frequency), exhibiting
potential ability to reduce wind drag in airborne application.
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