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ABSTRACT A novel reconfigurable microstrip magnetic dipole antenna with switchable conical beams is
proposed for aerial drone applications. The proposed antenna consists of three sub-cavities that are separated
by two groups of shorting posts. To reconfigure the resonant cavities, a number of p-i-n diodes are connected
to the shorting posts and are used as RF switches. The antenna is capable of resonating in three different
operating states. The theoretical analysis shows that the three resonant modes produce conical beams with
different elevation angles. The reconfigurable microstrip magnetic dipole antenna yields an overlapping
bandwidth from 2.39 to 2.49 GHz for WLAN 2.4-GHz application and produces switchable conical beams
for different operating states. The peak gain is 3.9, 4.0, and 4.3 dBi, respectively, when the elevation angle
is 90◦, 66◦, and 54◦. The conical beams have omnidirectional radiation patterns in the azimuth plane for
the elevation angles. The proposed antenna shows promise for improving the transmission of aerial drones
operating at varying altitudes.

INDEX TERMS Reconfigurable antenna, microstrip magnetic dipole, beam steering, conical beam.

I. INTRODUCTION
The development of aerial drones has captured a lot of
attention due to their widespread applications, such as
aerial photography, event monitoring, and delivery of goods.
Regardless of the application or the size of the drones,
antennas are necessary for remote control and data trans-
mission. Electric monopole antennas are widely used in
drones because they have omnidirectional radiation patterns
in the azimuth plane. Most drones operate at altitudes below
200 meters. When they are flying at different altitudes,
as shown in Fig. 1, the elevation angle from the drone to the
ground controller varies. However, a conventional monopole
antenna produces a conical beamwith a fixed elevation angle,
which limits the coverage area of the antenna. To improve
the transmission between the aerial drone and the ground
controller, a beam-steering antenna is a promising solution.

In the recent decade, many reconfigurable antennas
have been proposed with different beam-steering tech-
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FIGURE 1. Scheme of the wireless transmission between the ground
controller and the aerial drones at different altitudes.

niques. Reconfigurable parasitic elements [1]–[4] and fre-
quency selective surfaces (FSS) [5]–[7] are widely used in
beam-steering antennas. They are arranged as directors or
reflectors to steer the main beam in different directions.
Leaky-wave antennas are good candidates for beam-steering
applications because their main beam can be frequency con-
trolled. By loading switchable shorting vias [8], [9] or lumped
elements [10], fixed-frequency beam-scanning leaky-wave
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antennas are obtained. Beam steering is also achieved by
employing an asymmetrical arrangement of the PIN diodes
on a symmetrical structure [11], [12]. However, most of the
beam-steering reconfigurable antennas produce directional
radiation, which does not provide stable coverage for all
azimuth directions.

Recently, several reconfigurable patch antennas [13]–[16]
were reported to achieve switchable broadside and conical
radiation for indoor wireless applications. Different radiation
patterns are achieved by using the monopolar patch and
normal patch modes of the square [14], [15], circular [16],
or square-ring [13] patches. However, the elevation angles
of the conical beams produced by these antennas are less
than 50◦. The small elevation angle limits the transmission
distance for drone applications.

Microstrip magnetic dipole antennas [17], [18] were first
proposed to design low-profile vertically polarized Yagi
arrays. They provide an omnidirectional radiation pattern
similar to that of an electric dipole and can be implemented to
design omnidirectional circular polarized antennas [19], [20].
In this paper, a novel microstrip magnetic dipole antenna with
switchable conical beams is proposed. The conical beams
with different elevation angles are produced by different
resonant modes of the microstrip magnetic dipole antenna.
The radiation patterns of these resonant modes are ana-
lyzed in Section II. The antenna configuration is depicted in
Section III. The parameter study in Section IV is conducted
to show the design process of the proposed antenna. The
measurement and comparison are discussed in Section V.

II. THORETICAL ANALYSIS
As shown in Fig. 2, the microstrip magnetic dipole antenna
has a low-profile rectangular cavity, consisting of two planar
conductors and three shorting sidewalls. It is assumed that
the thickness h is very small compared to the wavelength in
the free space, and much less than the cavity length L and
width W .

FIGURE 2. Geometry of the microstrip magnetic dipole antenna.

As shown in Fig. 3(a), the region between the two planar
conductors can be treated as a cavity bounded by a magnetic
sidewall of perfect magnetic conductor (PMC) and three elec-
tric sidewalls of perfect electric conductor (PEC). As depicted
in Fig. 3(b), the theoretical model can be regarded as a section
of a rectangular waveguide (ADD’A’) bisected by a magnetic
wall (BC).

FIGURE 3. Cavity model of the microstrip magnetic dipole antenna.
(a) Oblique view. (b) Top view.

A. TMx MODES OF THE RECTANGULAR WAVEGUIDE
The close proximity between the two planar conduc-
tors suggests that the electric field only consists of the
x-component and thus the magnetic field has only yz-
components in the region bounded by the planar conductors.
Therefore, the modes supported by the cavity model are
transverse magnetic with respect to the x-direction (TMx).
The electro-magnetic field inside the cavity can be expanded
in terms of the TMx

mn mode of the corresponding rectangular
waveguide. For TMx

mn modes of the conventional rectangular
waveguide, the transverse magnetic fields are characterized
by Hx = 0 and the solution of Ex can be found by solving the
Helmholtz wave equation [21]:

Ex = Amn sin(
mπy
2W

) sin(
nπz
L

)e−jβx

m = 1, 2, 3 . . . and n = 1, 2, 3 . . . (1)

where Amn is the amplitude constant for TMx
mn modes, β

is the propagation constant. Other transverse magnetic field
components can be obtained from the simplified Maxwell’s
equation for TMx

mn modes [22]:

Hy =
jωε
k2c

∂Ex
∂z

= Amn
jωε
k2c

(
nπ
L

) sin(
mπy
2W

) cos(
nπz
L

)e−jβx

Hz = −
jωε
k2c

∂Ex
∂y

= −Amn
jωε
k2c

(
mπ
2W

) cos(
mπy
2W

) sin(
nπz
L

)e−jβx

(2)

where kc =
√
k2 − β2 is the cutoff wavenumber, and

k = ω
√
µε is the wavenumber of the dielectric mate-

rial inside the cavity. µ = µ0µr and ε = ε0εr are
the permeability and permittivity of the dielectric material,
respectively.
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B. TMx MODES OF THE MICROSTRIP MAGNETIC DIPOLE
If the microstrip magnetic dipole antenna supports these
modes, their mode functions (2) should meet the boundary
condition of the PMC wall (BCQP):

Hz|y=W = 0 (3)

The boundary conditions are satisfied when m is an odd
number. Therefore, the microstrip magnetic dipole antenna
supports the TMx

mn modes, where m = 1, 3, 5. . . , n = 1, 2,
3. . . From the constraint equation:

(
mπ
2W

)2 + (
nπ
L

)2 = k2 = (2π f )2µε (4)

we obtain the resonant frequencies for the supported TMx
mn

modes:

f TMmn =
1

2π
√
µε

√
(
mπ
2W

)2 + (
nπ
L

)2
∣∣∣∣m = 1, 3, 5 . . .
n = 1, 2, 3 . . .

(5)

If the antenna length L is more than twice of the width
W , f TM11 < f TM12 < f TM13 < f TM31 is satisfied. In this work the
microstrip magnetic dipole antenna is designed to resonate in
the TMx

11, TM
x
12, and TM

x
13 modes at its three lowest resonant

frequencies when choosing a large L (L>2W).

C. FAR-FIELD OF THE MICROSTRIP MAGNETIC DIPOLE
The radiation of the microstrip magnetic dipole antenna is
mainly contributed by the open edge. The radiating edge
can be replaced by an equivalent magnetic current EM . If the
thickness h is much less than the wavelength, the effect of the
shorting sidewalls on the radiation field is small and EM can
be assumed to radiate in free space.

Under the assumption that the thickness h is very small
compared to the free-space wavelength, the variation of Ex
along the x direction can be neglected and the factor e−jβx

in (1) can be suppressed. When the antenna resonates in the
supported TMx

mn mode, the electric field E is:

EE = x̂Ex = x̂E0 sin
(mπy
2W

)
sin
(nπz
L

)
m = 1, 3, 5. . . and n = 1, 2, 3. . . (6)

where E0 is the electric field peak. The electric field only
has the x-component and the theoretical electric field dis-
tributions for the TMx

11, TM
x
12, and TMx

13 modes are plot-
ted in Fig. 4. The equivalent magnetic current is obtained
from Ex:
−→
M = −̂y×

−→
Ex
∣∣y=W = ẑE0 sin

nπz
L
, n = 1, 2, 3 . . . (7)

The microstrip magnetic dipole antenna is closely related to
the microstrip antenna. As shown in Fig. 5(a), the four radi-
ating edges of a conventional rectangular microstrip antenna
are equivalent to four linearmagnetic currents, which produce
a directional radiation due to the reflection of the ground
plane. However, the microstrip magnetic dipole antenna has
three shorting walls, only one radiating edge, and no reflec-
tive ground plane. Therefore, the microstrip magnetic dipole
antenna is equivalent to a linear magnetic current. As shown

FIGURE 4. Theoretical electric field distributions for the TMx
11,TMx

12 and
TMx

13 modes of the microstrip magnetic dipole antenna.

FIGURE 5. Relation between the rectangular microstrip antenna, the
microstrip magnetic dipole antenna, and the electric dipole antenna.
(a) Rectangular microstrip antenna. (b) Microstrip magnetic dipole
antenna. (c) Electric dipole.

in Fig. 5(b) and Fig. 5(c), the microstrip magnetic dipole
antenna is similar to the electric dipole antenna because
both can be considered as radiating line sources with a sinu-
soidal distribution. Therefore, the microstrip magnetic dipole
antenna produces a doughnut-shaped or conical radiation
pattern similar to that of the electric dipole antenna.

Although the equivalent magnetic current (7) of the TMx
mn

mode is independent of m, the resonant wave number k in (4)
depends on m and is used for the far-field calculation. When
the TMx

mn-mode far-field patterns of different resonant modes
for the microstrip magnetic dipole are calculated, the width
W needs to be adjusted according to the resonant wave num-
ber k:

W =
mπ

2
√
k2 − ( nπL )2

(8)

Consequently, when the antenna length varies, the reso-
nant mode at the fixed operating frequency kc/2π remains
unchanged.
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According to Maxwell’s equation with fictitious magnetic
currents, the far-field electric field EEF can be obtained from
the electric vector potential EF , which is calculated from an
integral over the magnetic current:

−→
EF = −

1
ε
∇ ×
−→
F = −

jke−jkr

4πr
r̂ ×

∫ L

0

−→
M (z)ejk

−→r ·
−→
r ′ (9)

where Er is the measurement point radius vector and Er ′ is the
source point radius vector. The closed form expression of the
far-field pattern for TMx

mn mode is:

EF (θ ) =
jke−jkr sin θ

4πr
·
nπL(1− ejkL cos θ cos nπ )
n2π2 − L2k2 cos2 θ

(10)

Fig. 6 shows the calculated far field patterns of a double-
wavelength microstrip magnetic dipole antenna resonating
in the TMx

11,TM
x
12, and TMx

13 modes. A typical doughnut-
shaped pattern, which is similar to that of a half-wavelength
dipole, is produced by the TMx

11 mode. The main beam splits
into conical beams when the antenna resonates in the TMx

12
and TMx

13 modes. The higher order mode produces conical
beams with a smaller elevation angle.

FIGURE 6. Calculated radiation patterns of a double-wavelength
microstrip magnetic dipole antenna resonating in the TMx

11,TMx
12 and

TMx
13 modes.

Fig. 7 shows the radiation patterns of the microstrip mag-
netic dipole antenna with various lengths resonating in a
fixed mode. When the antenna resonates in the TMx

11 mode,
the main beam remains in the azimuth plane for θ = 90◦

and becomes narrower as the antenna length increases. The
conical beams produced by the TMx

12 and TMx
13 modes are

tilted close to the x-y plane with the increase in the antenna
length.

The main-beam elevation angle is obtained from the far-
field results of the close form expression (10) and is shown
in Fig. 8. If the antenna resonates in the TMx

12 mode, the ele-
vation angle of the conical beam increases from 58◦ to 72◦

when the antenna length increases from λ to 2λ. Similarly,
if the antenna resonates in the TMx

13 mode, the elevation angle
of the main beam increases from 36◦ to 55◦ when the length
increases from λ to 2λ. Therefore, it is possible to produce
conical beams with various elevation angles if we can switch
the resonant mode of the microstrip magnetic dipole antenna.

FIGURE 7. Calculated radiation patterns of microstrip magnetic dipole
antennas with various lengths. (a) TMx

11 mode. (b) TMx
12 mode. (c) TMx

13
mode.

FIGURE 8. Calculated elevation angle of the main beam produced by the
microstrip magnetic dipole antenna with varying lengths.

According to (5), the resonant frequencies (f TM11 , f TM12 , and
f TM13 ) of the TMx

11, TM
x
12, and TMx

13 modes are calculated
for a microstrip magnetic dipole antenna with a fixed width
of 0.25 wavelength. The results in Fig. 9 show that the
higher order mode produces a higher resonant frequency
but the resonant frequency decreases as the antenna length
increases. Therefore, the resonant mode at a fixed frequency
can be switched to a higher order mode when the antenna
length increases. To vary the length of the microstrip mag-
netic dipole antenna, we can divide the antenna into several
sub-cavities with shorting posts as shown in Fig. 10 and
use RF switches to reconfigure the shorting posts. When
different numbers of the sub-cavities are combined, the length
of the resonant cavity varies and the resonant mode can be
switched.
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FIGURE 9. Calculated resonant frequencies of the microstrip magnetic
dipole antenna with a width of 0.25 λ and varying lengths.

FIGURE 10. A microstrip magnetic dipole antenna with reconfigurable
shorting posts.

III. ANTENNA CONFIGURATION
The geometry of the proposed antenna is shown in Fig. 11.
This antenna is composed of two FR4 substrates with a
thickness t of 1 mm, a relative dielectric constant of 4.4, and
distance h of 4.8 mm. The shape of the substrate is a com-
bination of three rectangles, the sizes of which are L1 × W1
(102×33.8mm2), L2×W2(88×33.8mm2), and L3×W3(62×
43mm2), respectively. Each substrate has a metal patch on the
back, and the two metal patches are connected by shorting
sidewalls to form a cavity. There are six shorting posts (a1,
a2, a3, b1, b2, and b3) with a diameter of 1 mm. These
posts are divided into two groups (Group#A and Group#B)
and are connected to two DC biasing lines with voltages of
DC#1 and DC#2. The shorting posts divide the proposed
antenna into three rectangular sub-cavities (ABCD, CDEF,
and EFGH). The shorting posts a2 and a3 are between the
first and second cavity, and the shorting posts b2 and b3 are
between the second and third cavity. These two pairs of posts
have the same distance p of 16.8 mm. The shorting posts a1,
a2, b1 and b2 are placed at the edge. The distanceD1 between
a1 and a2 is 40 mm, and the distance D2 between b1 and
b2 is 25 mm. The ends of each shorting post are connected
to the metal patches through an RF switch and a shorting
via. Thus, direct current is blocked from reaching the metal
patches. The RF switches connected to the shorting posts
are also divided into two groups (Group#A and Group#B).
A coaxial connector is used to feed the antenna. The feeding
point is located in the first sub-cavity (ABCD) with distance

Wf of 21mm from the long sidewall and distance Lf of 72mm
from the short sidewall.
To reconfigure the resonant cavity of the antenna, we use

PIN diodes (InfineonBar50-02L [23]) as RF switches. Fig. 12
shows the equivalent circuit of the PIN diodes. When the
diode is forward biased, it acts as a short circuit. The
equivalent circuit of the diode in the RF band is a small
parasitic inductance Ls (0.4 nH) in series with a small for-
ward resistance R1 (2 ohm). On the other hand, the diode
will act as an open-circuit if it is in the OFF state. In this
state, the equivalent circuit has the same parasitic induc-
tance Ls (0.4 nH) in series with a large reverse resistance
R2 (5K ohm) and a small reverse capacitance Cp (0.1 pF) in
parallel.

The operating states can be switched by changing the
ON/OFF status of each group of the diodes as shown
in Table 1. In order to obtain a fixed resonant frequency
(2.44 GHz) for different resonant modes (TMx

11, TM
x
12, and

TMx
13 modes) in three operating states, we design the three

sub-cavities one by one. The design process is separated into
three steps.

First, we switch on all the PIN diodes to block the second
and third cavities (CDEF and EFGH) in State I. Thus, only
the first cavity (ABCD) needs to be designed by adjusting its
length and width to obtain the TMx

11 resonant frequency at
2.44 GHz. Second, the PIN diodes of Group#A are switched
off and the first and second cavity are combined. By adjusting
the size of the second cavity, the TMx

12 resonant frequency
in State II can be tuned in the same manner as the TMx

11
resonant frequency in State I. Finally, the size of the third
cavity can be determined as in the second step. The optimized
size parameters are listed in Table 2.

TABLE 1. Different operating states of the proposed antenna.

TABLE 2. Size parameters of the proposed antenna.

IV. PARAMETRIC ANALYSIS
The simulated electric field is shown in Fig. 13 to distinguish
the resonant modes. The proposed antenna operates in the
TMx

11, TM
x
12, and TM

x
13 modes for State I, II and IIII, respec-

tively. In this section, the effects of the key parameters for
each operating state are discussed separately.
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FIGURE 11. Geometry of the proposed antenna.

FIGURE 12. Equivalent circuit of the PIN diode (Infineon Bar50-02L) in
different states.

FIGURE 13. Simulated electric field of the proposed antenna in different
operating states at 2.44 GHz.

A. STATE I WITH TMx
11 MODE

When all the diodes are switched on, the antenna is working in
the first operating state (State I). In this state, the first cavity
yields a resonant frequency of 2.44 GHz whereas the other
cavities are shorted by the shorting posts. Fig. 13 shows the

electric field of the antenna at 2.44 GHz for State I. A typical
TMx

11 mode distribution similar to that in Fig. 4 is observed in
the resonant cavity. The effect of the length L1 and widthW1
on the resonant frequencies is shown in Fig. 14 and Fig. 15.
The resonant frequency of the TMx

11 mode decreases when
L1 or W1 increases. Therefore, the resonant frequency of
State I can be tuned by adjusting L1 and W1. In addition,
the impedance matching can be adjusted by varying the feed-
ing position as shown in Fig. 16.

FIGURE 14. Simulated reflection coefficients of the proposed antenna in
State I for different values of L1.

B. STATE II WITH TMx
12 MODE

When the diodes of Group#A are turned off and those of
Group#B are switched on, the two sub-cavities (ABCD and
CDEF) are combined into a larger resonant cavity (ABEF).
The larger cavity results in lower resonant frequencies.
As shown in Fig. 17 and 18, the resonant frequencies decrease

31048 VOLUME 7, 2019



Z. Liang et al.: Reconfigurable Microstrip Magnetic Dipole Antenna With Switchable Conical Beams for Aerial Drone Applications

FIGURE 15. Simulated reflection coefficients of the proposed antenna in
State I for different values of W1.

FIGURE 16. Simulated reflection coefficients of the proposed antenna in
State I for different values of Lf .

FIGURE 17. Simulated reflection coefficients of the proposed antenna in
State II for different values of L2.

as L2 or W2 increases. In this state (State II), the resonant
frequency of TMx

11 mode drops to 2 GHz and the resonant
frequency of TMx

12 mode becomes 2.44 GHz. As a result,
the resonant mode of the antenna at 2.44 GHz is switched
to the TMx

12 mode.

C. STATE III WITH TMx
13 MODE

When all the diodes are turned off, the three sub-cavities are
combined together to cause further changes in the resonant
frequencies. As shown in Fig. 19 and Fig. 20, all the resonant

FIGURE 18. Simulated reflection coefficients of the proposed antenna in
State II for different values of W2.

FIGURE 19. Simulated reflection coefficients of the proposed antenna in
State III for different values of L3.

FIGURE 20. Simulated reflection coefficients of the proposed antenna in
State III for different values of W3.

frequencies decrease as the length L3 or width W3 increases.
In this operating state (State III), the resonant frequen-
cies of the TMx

11 and TMx
12 modes drop to 1.8 GHz and

2.1 GHz respectively. The 2.44 GHz electric field distribution
in Fig. 13 shows that the antenna is resonating in the TMx

13
mode for State III.

V. MEASUREMENT AND DISCUSSION
As shown in Fig. 21, a prototype has been fabricated,
and its far-field is measured using the SATIMO StarLab
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FIGURE 21. Prototype of the proposed antenna and its far-field
measurement setup.

measurement system. The DC biasing lines and a switch are
mounted on the front of the substrate. The DC biasing voltage
of 3V is supplied by two 1.5 V batteries, which are mounted
on the shortingwall. The biasing lines and batteries are placed
outside the resonant cavity and the electric fields along the
radiating edge are orthogonal to the biasing lines. There-
fore, the presence of the biasing lines and batteries can be
neglected. Fig. 22 shows the measured reflection coefficients
of the proposed antenna in the three different states. In the
first operating state, the antenna has a resonant frequency
of 2.46 GHz. For State II, two resonant frequencies, which
are obtained by the TMx

11 and TMx
12 modes respectively, are

observed at 2.12 GHz and 2.42 GHz. For State III, three
resonant frequencies of 1.90 GHz, 2.24 GHz, and 2.44 GHz
are obtained. The overlap in the bandwidth of the three states
ranges from 2.39 GHz to 2.49 GHz and covers the operating
band of the WLAN 2.4 GHz applications.

FIGURE 22. Measured reflection coefficients of the proposed antenna in
different operating states.

The measured radiation patterns of State I, II, and III at
2.44 GHz are shown in Fig. 23, 24, and 25. Fig. 23 (b) and (c)
show the doughnut-shaped radiation patterns which are sim-
ilar to those of a conventional half-wavelength dipole. The
simulated and measured patterns agree with the theoretical
calculated results. An omnidirectional radiation pattern is
produced in the azimuth plane for θ = 90◦. The shorting
sidewall plays a role as an obstacle which causes diffraction.

FIGURE 23. Radiation patterns of the proposed antenna in State I at
2.44 GHz. (a) The azimuth plane for θ = 90◦. (b) x-z plane. (c) y-z plane.

FIGURE 24. Radiation patterns of the proposed antenna in State II at
2.44 GHz. (a) The azimuth plane for θ = 114◦. (b) x-z plane. (c) y-z plane.

The diffraction of the shorting sidewall produces asymmetry
in the azimuth radiation pattern. This asymmetry is slight
because the diffraction effect of the shorting sidewall is neg-
ligible when its thickness is small. For State II, the main
beam of the antenna splits into two conical beams as shown
in Fig. 24 (b) and (c). Compared to the theoretical pattern,
the simulated and measured down-tilted beams are slightly
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stronger than the up-tilted beams. This behavior is caused
by the asymmetry of the structure due to the feeding posi-
tion. The down-tilted conical beam has an elevation angle
of 66◦ and produces an omnidirectional radiation pattern in
the azimuth plane for θ = 114◦ as shown in Fig. 24(a).
For State III, the conical beams are further tilted away from
the x-y plane (θ = 90◦) as shown in Fig. 25 (b) and (c).
The difference between the up-tilted and down-tilted beams
become apparent. The down-tilted conical beam has an ele-
vation angle of 54◦ and yields an omnidirectional pattern in
the azimuth plane for θ = 126◦. The antenna is horizontally
polarized and its cross-polarization level is below −13 dB in
all the operating states.

FIGURE 25. Radiation patterns of the proposed antenna in State III at
2.44 GHz. (a) The azimuth plane for θ = 126◦. (b) x-z plane. (c) y-z plane.

FIGURE 26. Efficiency and peak gain of the proposed antenna in State I.

The efficiency and peak gain of the proposed antenna in
State I, II and III are shown in Fig. 26, 27 and 28, respec-
tively. The average efficiency in the overlapping bandwidth
is near 75% for all the operating states. The peak gain for
State I, II, and III is 3.9, 4.0, and 4.3 dBi, respectively.

FIGURE 27. Efficiency and peak gain of the proposed antenna in State II.

FIGURE 28. Efficiency and peak gain of the proposed antenna in State III.

FIGURE 29. A 3D drone model with the proposed antenna integrated into
the landing gear.

TABLE 3. Comparison between the proposed antenna and the existing
reconfigurable antennas with conical beams.

The proposed antenna is compared to the existing recon-
figurable antennas [13]–[16] with switchable conical beams.
The performance of these antennas is summarized in
TABLE 3. For the existing designs [13]–[16], there are only
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FIGURE 30. Scenario of an aerial drone with an antenna producing
radiation beams with various elevation angles.

FIGURE 31. Wave propagation of a 2.4 GHz Gauss antenna at an altitude
of 50 meters with a beamwidth of 30◦ and various elevation angles.
(a) 90◦. (b) 66◦. (c) 54◦.

two operating states (broadside and conical modes). Although
the designs in [13]–[15] give higher gains in the broadside
mode, the high gains are obtained for elevation angles below
30◦. The small elevation angle limits the signal coverage on
the ground. For the proposed antenna, there are three operat-
ing states, in which the conical beams with larger elevation
angles of 54◦, 66◦, and 90◦ are produced. Therefore, the pro-
posed antenna is more suitable for aerial drones operating
at varying altitudes. Similar to the design in [13] and [14],
the overlapping bandwidth of the proposed antenna has a
narrow bandwidth of 4% due to its small thickness. It is
capable of covering the operating band of WLAN 2.4 GHz
applications. Although the proposed antenna is relatively long

FIGURE 32. Wave propagation of a 2.4 GHz Gauss antenna at an altitude
of 10 meters with a beamwidth of 30◦ and various elevation angles.
(a) 54◦. (b) 66◦. (c) 90◦.

in the existing designs, it has a slender structure and can be
integrated into the landing gear of drones as shown in Fig. 29.

To show the improvement of signal coverage due to the
switchable beams, the geometrical optics method [24] is used
to model the propagation of a radiating source producing a
radiation beam with different elevation angles. The radiat-
ing source is modeled as a horizontally polarized Gaussian
antenna pattern [25]:

f (θ ) = e− ln 2· (sin θ−sin θelev)2/2 sin2
θbw
2 (11)

where θelev is the elevation angle and θbw is the 3dB
beamwidth. The ground is modeled as medium dry ground
with a relative permittivity of 15 and a conductivity of 0.15 as
per [26].

The wave propagation is calculated for the scenario of
an aerial drone with a 2.4 GHz Gauss antenna (θbw =
30◦, θelev = 54◦, 66◦, and 90◦) located at a high altitude
of 50meters, as shown in Fig. 30. Fig. 31 (a), (b), and (c) show
that the antenna provides the best coverage for the areas
with different distances when the main-beam elevation angle
changes.

The wave propagation for the scenario of an aerial drone
located at a low altitude of 10 meters is also calculated.
As shown in Fig. 32 (a), when the main-beam elevation angle
is small, most of the radio wave is reflected to the sky. As a
result, the coverage area on the ground is limited. In this
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scenario, the coverage can be improved by increasing the
elevation angle as shown in Fig. 32 (b) and (c).

For most commercial drones, horizontal distance can be
estimated using GPS, and altitude can be estimated with
barometric pressure and GPS data. The operating state of the
proposed antenna can be switched according to the altitude
and horizontal distance. When the drone is flying at a low
altitude, State I is the best operating state to provide the
largest coverage. When the drone is flying at a high altitude,
State I, II, and III are suitable to cover the area at long
distance, middle distance, and short distance, respectively.

VI. CONCLUSION
In this paper, we report on the development of a novel recon-
figurable microstrip magnetic dipole antenna with switch-
able conical beams. The theoretical analysis reveals that
microstrip magnetic dipole antennas produce conical beams
with different elevation angles when they resonate in different
modes. There are three operating states for the proposed
antenna. By reconfiguring the resonant cavity of the antenna,
it resonates at a fixed frequency of 2.44 GHz in the TMx

11,
TMx

12, or TM
x
13 modes. The overlap in the bandwidth of the

three resonant modes ranges from 2.39 GHz to 2.49 GHz,
which covers the WLAN 2.4 GHz band. The antenna pro-
duces switchable conical beams for different operating states.
The peak gain is 3.9, 4.0, and 4.3 dBi, respectively when
the elevation angle is 90◦, 66◦, and 54◦. The proposed
antenna shows promise for improving the transmission of
aerial drones operating at varying altitudes.
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