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Abstract—In this article, a novel mechanically reconfigurable
Yagi–Uda monopole antenna using a magnetic gear is proposed.
The proposed antenna is composed of a folded monopole element
and floating inverse T-shaped director/reflector elements. As the
floating inverse T-shaped director/reflector elements rotate, the
main beam direction of the proposed antenna scans. A mag-
netic gear is introduced to rotate the floating inverse T-shaped
director/reflector elements in a mechanically contactless manner.
Due to the magnetic gear, the proposed antenna is free from a
mechanical connection between antenna elements and actuators.
A prototype of the proposed antenna is designed at the 2.5 GHz-
band and is fabricated, including a mechanical control system for
the magnetic gear. Finally, radiation performance and reconfig-
urability of the proposed antenna are clarified numerically and
experimentally.

Index Terms—Direct-drive system, magnetic gear, reconfig-
urable antenna, Yagi–Uda antenna.

I. INTRODUCTION

RECONFIGURABLE antennas are promising candidates
for the next generation wireless systems because their

directivity, operating frequency, and other functionalities are
tunable. The reconfigurable antennas are roughly categorized
into electronic ones and mechanical ones.

Extensive efforts have been dedicated to developing elec-
tronically reconfigurable antennas. Most of the electronically
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reconfigurable antennas use a diode as a reactance, and their
radiation performance is tunable by applying bias voltage to
the diode. The concept of reactively controlled array antennas
has been proposed by Harrington [1] and experimentally
demonstrated by Dinger [2]. One of the popular reactively
controlled array antennas is the electronically steerable par-
asitic array radiator (ESPAR) antenna [3], [4], [5], [6], [7],
[8], [9]. The ESPAR antenna is composed of a driven element
surrounded by parasitic elements with varactor diodes, and its
beam direction is switchable by applying bias voltage to the
diodes. Although the original ESPAR antenna is composed
of monopole elements, various ESPAR antennas composed of
patch or slot elements have been developed in [10], [11], [12],
and [13]. Frequency reconfigurable quasi-Yagi dipole antenna
using the varactor diodes has been developed at the 2-GHz
band and extended to base station or cognitive radio applica-
tions [14], [15], [16]. Beam switching or pattern reconfigurable
Yagi–Uda antennas have been developed so far [17], [18],
[19]. Although high-speed tunability is a big advantage of
the electronically reconfigurable antennas, insertion loss and
nonlinearity of the diodes are major disadvantages.

As counterparts of the electronically reconfigurable anten-
nas, mechanically reconfigurable antennas have been devel-
oped. The mechanically reconfigurable antennas actuate the
shape, position, or angle of an antenna. For example, defor-
mation of a reflector or subreflector surface using actuators
has been introduced to design reconfigurable reflector antennas
[20], [21], [22], [23]. Mechanically reconfigurable reflectar-
rays using motors or actuators have been proposed, and their
angle/height tunability has been demonstrated [24], [25], [26].
A mechanically pattern reconfigurable dipole array antenna
on a two-wire parallel line has been proposed, and its beam
scanning capability has been clarified [27], [28]. In recent
years, a radial line planar phased array antenna using rotatable
helical antenna elements by micromotors has been proposed
[29]. Although the mechanically reconfigurable antennas are
free from insertion loss and nonlinearity of the diodes, the
complicated mechanical connection between antenna elements
and actuators is a disadvantage during fabrication. Also, the
friction and abrasion of mechanical gears are disadvantages.
To overcome these disadvantages, reconfigurable reflectarray
antennas using electromagnets have been proposed in [30],
[31], and [32]. Owing to the electromagnets, the height of
reflectarray elements is tunable in a contactless manner, and a
complicated mechanical connection between antenna elements
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and actuators (i.e., electromagnets) is unnecessary. One of
the disadvantages of the reconfigurable reflectarray antennas
using electromagnets is that multibit (or continuous) tunability
is not easily achievable because of the nonlinearity of the
magnetostatic force.

On the other hand, the so-called magnetic gear has been
studied as a promising mechanical actuation system [33],
[34], [35], [36]. The magnetic gear is the counterpart of a
mechanical gear and is composed of an array of static magnets
instead of gears. Owing to the magnetostatic force between
the static magnets, torque can be transmitted easily from
one magnetic gear to the other in a contactless manner. The
magnetic gear is one kind of direct-drive system, which has
been used as an antenna pointing system for a reflector antenna
of a satellite communications system [37], [38]. Classical
direct-drive systems actuate the reflector antenna using linear
motors, which are composed of static magnets and coils. The
static magnets are on top of a supporting structure of the
reflector antenna, and the reflector antenna moves via Lorentz
force in a contactless manner once current is applied to coils,
which are installed to bottom of the reflector antenna. As a
result, the classical direct-drive system requires a current (or
voltage) source to antenna side for driving the coils. On the
other hand, the magnetic gear system is usually composed
of static magnets, and the current (or voltage) source for
driving the coils is unnecessary. Owing to recent advances
in static magnets, such as neodymium magnets and 3-D
printing technologies, the magnetic gear system can be easily
miniaturized and introduced to antenna design.

In this article, a novel reconfigurable antenna using a
magnetic gear is proposed. The proposed antenna is composed
of a folded monopole element surrounded by floating inverse
T-shaped director/reflector elements. The floating inverse
T-shaped director/reflector elements are supported by a frame
of the upper half of the magnetic gear, and their lower half
is behind a ground plane. The magnetic gear is composed
of a pair of arrays of small magnets and bearings so that
its upper half couples with its lower half via magnetostatic
force. The magnetostatic force can penetrate the ground plane,
and the upper half of the magnetic gear can rotate in a
contactless manner once its lower half rotates mechanically.
The advantages of the proposed reconfigurable antenna over
conventional ones are as follows.

1) Due to the contactless actuation of an antenna ele-
ment, a mechanical connection between the antenna
element and an actuator is unnecessary. The resultant
actuation system is ideally free from friction and abra-
sion by mechanical contact of gears, and potentially
contributes to mechanically maintenance-free actuation
system.

2) Spacing between the magnetic gears is constant during
actuation, and the resultant magnetostatic force between
them is stable. Therefore, magnetic gears do not suffer
from the nonlinearity of the magnetostatic force, unlike
conventional actuation systems using electromagnets,
which tune spacing between the magnets directly. As
a result, multibit (or continuous) actuation is easily
achievable using the magnetic gear.

Fig. 1. Geometry of proposed Yagi–Uda monopole antenna.

3) The insertion loss of the actuation system can be kept
low. For example, the dielectric loss of the magnetic
gear frame becomes small once an infill rate is set to
be small during its fabrication using a 3-D printer. Also,
the magnetic loss of an array of magnets can be kept
low as long as the size of the magnets is smaller than
the wavelength under study.

This article is organized as follows. Concept and design
of the proposed antenna are demonstrated in Section II. The
mechanism of the magnetic gear is described, and fabricated
prototype of the proposed antenna is shown in Section III-A.
Radiation performance of the proposed antenna is demon-
strated experimentally in Section III-B. Section IV concludes
this article.

II. ANTENNA DESIGN AND SIMULATION

A. Concept

The proposed reconfigurable Yagi–Uda monopole antenna
is illustrated in Fig. 1. The proposed antenna is composed
of a folded monopole element, floating inverse T-shaped
reflector/director elements, and a circular ground plane. Owing
to the folded monopole element, low radiation resistance of the
monopole element can be stepped up, and input impedance of
the proposed antenna is expected to be matched to 50 Ω load at
an operating frequency band. The reflector/director elements
are not connected to the circular ground plane and float to
keep tunable directivity by rotating them using a magnetic gear
around the folded monopole element. Although the floating
reflector/director elements contribute to tunable directivity, the
following expected problem must be solved. According to
image theory, for a typical Yagi–Uda monopole antenna, it is
well-known that the length of the reflector/director monopole
elements vertically connected to an infinite ground plane
should be half of their equivalent dipole elements, simply.
However, for the proposed antenna, the reflector/director ele-
ments are vertically floating on the infinite ground plane,
and their length is expected to be longer than that of the
typical Yagi–Uda monopole element because of the spacing
(i.e., electrical discontinuity) between the elements and the
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Fig. 2. Input impedance and reflection coefficient of the proposed antenna
with different length la of folded monopole element.

ground plane. The long reflector/director elements result in
a high profile of the proposed antenna, and their height
should be reduced as much as possible. In order to solve
this problem, inverse T-shaped elements are introduced to the
reflector/director elements in this article. Owing to T-shaped
elements, the length of the reflector/director elements is kept
enough without increasing their height. Unintentional radiation
of cross-polarization components from the horizontal branch
of the T-shaped elements is expected to be suppressed once the
T-shaped elements are inversely arranged and their horizontal
branch is close to the ground plane.

B. Numerical Simulation

This article focuses on demonstrating the performance of
reconfigurable antennas using a magnetic gear. Therefore,
the operating frequency of the proposed antenna is set to
the 2.5-GHz band because of ease of fabrication. Numerical
simulation of the proposed antenna was performed using the
method of moments (MoM) by the commercial simulator
software FEKO. During the numerical simulation, a magnetic
gear, i.e., an array of magnets, bearing, their dielectric sup-
porting structure, including supporting arms for the floating
director/reflector elements, was ignored because size of the
magnets is negligibly small in comparison with wavelength
@ f = 2.5 GHz band and effective relative permittivity of the
dielectric supporting structure is expected to be almost unity
as mentioned later.

Figs. 2 and 3 are Smith charts demonstrating input
impedance and reflection coefficient of the proposed antenna
with different length la and width wa of the folded monopole
element, respectively. Owing to the folded element, the input
resistance of the proposed antenna steps up and approximately
keeps 70 ∼ 80 Ω at the 2.5-GHz band, which is equivalent to
that of the half-wavelength dipole antenna. On the other hand,
it is found that the input reactance of the proposed antenna
shifts from capacitive to inductive at higher frequency bands as

Fig. 3. Input impedance and reflection coefficient of the proposed antenna
with different width wa of folded monopole element.

Fig. 4. Input impedance and reflection coefficient of the proposed antenna
with different radius a of folded monopole element.

la and wa decrease. As a result, the resonance frequency of the
proposed antenna gradually shifts to a higher frequency band
as la and wa decrease, and vice versa. However, it is found
that the resonance frequency of the proposed antenna becomes
almost the same once the total length of the folded monopole
element (= 2la + wa) is the same. For example, resonance
frequency of the proposed antenna corresponding to 2la+wa =

51 mm is 2.6 GHz for (la,wa) = (24 mm, 3 mm), (see red
dashed line in Fig. 2) and also (la,wa) = (25 mm, 1 mm), (see
solid black line in Fig. 3). Therefore, it can be concluded that
the total length of the folded element should be designed so
that impedance matching of the proposed antenna is kept at a
specific resonance frequency.

Fig. 4 is a Smith chart demonstrating input impedance and
reflection coefficient of the proposed antenna with different
radius a of the folded monopole element. It is found that
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Fig. 5. Effect of director/reflector elements on directivity of the proposed
antenna. Eθ on zx-plane. Level of cross polarization components is below
−20 dBi and out of range of this graph.

the input resistance of the folded monopole element gradually
increases as its radius a decreases at the 2.5-GHz band. On
the other hand, in a similar manner to la and wa, the input
reactance of the proposed antenna shifts from capacitive to
inductive at higher frequency bands as a decreases. As a
result, it is found that the resonance frequency of the proposed
antenna gradually shifts higher frequency band as a decreases.
It is well-known that the so-called impedance step-up ratio
(or transformation ratio) is a function of wa and a [39], [40].
The shift of resonance frequency by tuning a (and also wa)
stems from the different step-up ratio. At the end of the
discussion here, supplementary comments on the effect of the
finite thickness of the ground plane are described. As described
later, a finite thickness of the ground plane can result in a slight
shift of the resonance frequency on the fabricated prototype.
For example, the results of numerical simulation (blue dash-
dot-dotted line in Fig. 4) demonstrate that a 1 mm thickness
of the ground plane results in a slight shift of the resonance
frequency to the lower frequency band.

Owing to the numerical simulation results, it can be con-
cluded that the proposed antenna can be designed so that its
impedance matching is kept at a specific resonance frequency
by tuning la, wa, and a. Finally, la = 25 mm, wa = 3 mm,
and a = 0.25 mm are chosen as the optimum dimensions
of the folded monopole element here from the viewpoints
of impedance matching and ease of fabrication. Fractional
bandwidth of the proposed antenna with these dimensions,
where its reflection coefficient is below −10 dB, is 4%.

Fig. 5 is directivity of the proposed antenna on zx-plane
at f = 2.5 GHz. Here, the length and width of the floating
inverse T-shaped director/reflector elements ld, wd, lr, and
wr are optimized in advance of the numerical simulation so
that the directivity of the proposed antenna is maximized at
f = 2.5 GHz. Finally, ld = 38 mm, wd = 15 mm, lr = 38 mm,
and wr = 30 mm are chosen as the optimum dimensions of the

Fig. 6. Effect of director/reflector elements on directivity of the proposed
antenna. Eθ on xy-plane. Level of cross polarization components is below
−20 dBi and out of range of this graph.

floating inverse T-shaped director/reflector elements here. It is
noteworthy that the total length of the floating inverse T-shaped
director element (= ld + wd) is 53 mm and is slightly shorter
than 0.5 λ (= 60 mm) @ f = 2.5 GHz, whereas that of the
floating inverse T-shaped reflector element (= lr+wr) is 68 mm
and is slightly longer that 0.5 λ @ f = 2.5 GHz. As mentioned
earlier, this implies that the total length of the floating inverse
T-shaped director/reflector elements should be comparable to
that of director/reflector dipole elements of typical Yagi–Uda
dipole elements (not monopole elements) for maximizing the
directivity. According to Fig. 5, it is found that directivity
on the zx-plane is enhanced owing to the floating inverse
T-shaped director/reflector elements. The maximum directivity
is 7 dBi at θ = 62◦, and the main beam is tilted from θ = 90◦

because of the effect of a finite ground plane. Level of cross
polarization components on zx-plane is below −20 dBi and
out of range of Fig. 5.

Fig. 6 is directivity of the proposed antenna on xy-plane at
f = 2.5 GHz. It is clearly found that radiation to the back
side of the proposed antenna (φ = 180◦) is suppressed by
the floating T-shaped reflector element, whereas that to the
front side of the proposed antenna (φ = 0) is enhanced by the
floating T-shaped director element.

For specific applications such as base station antennas, it is
important to clarify the effect of the size of the ground plane
on the directivity of the proposed antenna. Fig. 7 shows the
directivity of the proposed antenna with different sizes of the
ground plane, i.e., r = 60, 90, 120 mm and r = ∞. It is found
that the directivity of the proposed antenna increases as the
size of the ground plane increases. Main beam direction of
the proposed antenna with finite r is tilted, whereas that with
infinite r is endfire direction (θ = 90◦).

According to the numerical simulation results here, it can be
concluded that the proposed antenna working at f = 2.5 GHz
was designed successfully.
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Fig. 7. Effect of the size of the ground plane on directivity of the proposed
antenna. Eθ on zx-plane.

Fig. 8. Fabricated prototype of magnetic gear.

III. FABRICATION AND MEASUREMENT

A. Magnetic Gear and Antenna

A fabricated prototype of a magnetic gear is shown in Fig. 8.
The magnetic gear is composed of a pair of arrays of circular
magnets, polyethylene bearings, and frames made of polylactic
acid (PLA) whose relative permittivity is approximately 2.7
[41], [42].

The magnetic gear frames are separated into the upper half
and the lower half. The upper half of the magnetic gear frame
has two supporting arms with slits for holding the floating
inverse T-shaped director/reflector elements. The polyethylene

bearings were set to the center of the upper/lower half of
the magnetic gear frames. Both magnetic gear frames were
fabricated by a 3-D printer, Flashforge Guider 2s. During fab-
rication of the frames, the infill rate was 15%, and the resultant
effective relative permittivity of the frames is approximately
estimated as εr

e = 1.26 [41], [42].
The magnets are circularly arranged on the back side of

the magnetic gear frames so that the north pole and south
pole of the magnets are directed to the same side one after
the other. The upper half and the lower half of the magnetic
gear are arranged so that the north pole of the magnets
on their back side faces the south pole of the magnets on
the other half, and vice versa. Although the magnetic gears
are separated by the circular ground plane, as shown in
Fig. 9(a) and (b), they are magnetostatically coupled via the
magnetostatic force penetrating it. Once the bottom half of
the magnetic gear is rotated by an actuator, its torque is
transmitted to the upper half of the magnetic gear via magneto-
static force in a contactless manner. Therefore, a mechanical
connection between an antenna element and an actuator is
unnecessary for the proposed antenna. Unlike conventional
1-bit actuation systems using electromagnets [30], the mag-
netic gear is free from the nonlinearity of the magnetostatic
force because the spacing between the upper half and lower
half of the magnetic gears is constant during actuation, and
the resultant magnetostatic force between them is stable. As
a result, the antenna element (i.e., floating inverse T-shaped
director/reflector elements, here) is continuously tunable using
the magnetic gear.

The magnetic gear is automatically controlled by a laptop
computer using Arduino UNO R3 and a ULN2003 driver
board, as shown in Fig. 9(b). The ULN2003 driver board
is connected to a unipolar stepping motor 28BYJ-48. The
proposed antenna is mechanically stable, and no vibration
is observed as the magnetic gear rotates. Rotation speed of
the stepping motor 28BYJ-48 is 15 r/min, approximately.
High-speed rotation of the magnetic gear over 3000 r/min
is achievable once the stepping motor is replaced with the
high performance one [43]. Therefore, it is expected that the
scanning speed of the magnetic gear is potentially in the ms
order, whereas that of the electronic counterparts is in µs
order [44]. It should be noteworthy that high-speed rotation
of the magnetic gear may result in unintentional problems
such as eddy current loss and heating, which are negligible
for the fabricated prototype. A magnetic shield or another
remedy may be necessary for these problems, but they are
beyond the scope of this article. Also, the proposed antenna
is free from magnetization and hysterisis effects because
it is composed of nonmagnetic material (except for static
magnets).

Fig. 9(c) shows assembly of the proposed antenna. First, a
folded monopole antenna is soldered on the circular ground
plane. Next, the polyethylene bearing, which is supported by a
cylindrical shell pinched by plastic screws, is loaded with the
folded monopole antenna so that the folded monopole antenna
is inside. Finally, the upper half of the magnetic gear with the
inverse T-shaped director/reflector elements is loaded with the
polyethylene bearing.
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Fig. 9. Fabricated prototype of proposed antenna. (a) Upper side. (b) Lower side. (c) Assembly of the upper side.

B. Measurement

Here, the measured radiation performance of the proposed
antenna is shown. Input impedances and reflection coefficients
were measured using a vector network analyzer, Anritsu
MS46524B. Gain of the proposed antenna was measured using
a three-antenna method inside our radio anechoic chamber.
In addition to the proposed antenna, a double ridged horn
antenna Schwarzbeck BBHA 9120D and a log periodic dipole
array antenna Electro-Metrics EM-6952 were used. During
measurement of the gain, a CW signal was delivered to a
transmitting antenna by a signal generator Rohde & Schwarz
SMR20. A receiving antenna on a turntable is connected
to a spectrum analyzer Keysight N9324C via a preamplifier
Hewlett Packard 8449B.

Fig. 10 shows the measured input impedance and reflection
coefficient of the proposed antenna. In order to clarify effect
of the magnetic gear on input performance of the proposed
antenna, measured input impedance and reflection coefficient
of following antennas are shown in Fig. 10. The folded
monopole antenna, the folded monopole antenna with mag-
netic gear frame (without array of circular magnets and inverse
T-shaped director/reflector elements), the folded monopole
antenna with magnetic gear (with array of circular magnets and
without inverse T-shaped director/reflector elements). Fig. 10
shows that measured input resistance (black solid line) agrees
well with that of numerical simulation (red dashed line),
whereas measured input reactance shifts from that of numer-
ical simulation. As a result of the shift of input reactance,
the resonance frequency of the proposed antenna shifts from
2.5 to 2.35 GHz for the fabricated prototype. The shift of

Fig. 10. Measured input impedance and reflection coefficient of the proposed
antenna.

input reactance stems from the effect of the magnetic gear
frame, including the polyethylene bearing, because the shift
is observed between the measured input reactance of the
folded monopole element (green dotted line) and that with the
magnetic gear frame (orange dash-dotted line). On the other
hand, the effect of the array of circular magnets is negligible
on the input performance of the proposed antenna because the
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measured input impedance of the folded monopole element
with the magnetic gear frame (orange dash-dotted line) agrees
well with that of the magnetic gear (blue dash-double-dotted
line). Although a shift of the resonance frequency is found, it
can be concluded that the fabricated antenna works. Fractional
bandwidth of the proposed antenna, where its measured reflec-
tion coefficient is below −10 dB, is 4.5%. According to the
measured results, it is clarified that the effect of the magnetic
gear on the input performance of the proposed antenna is a
shift of the resonance frequency.

To elaborate on the effect of the magnetic gear frame
on the resonance frequency of the proposed antenna, the
effect of the magnetic gear with different infill rates on the
resonance frequency of the proposed antenna is shown in
Fig. 11. According to Fig. 11, following two insights are
found.

1) The resonance frequency of the proposed antenna is
almost constant as a function of infill rate and is the
same as that with the polyethylene bearing. Therefore,
it is found that the shift of the resonance frequency of the
proposed antenna mainly comes from the polyethylene
bearing, which is in the vicinity of the folded monopole
element.

2) The resonance frequency is 2.35 GHz for the measured
reflection coefficients, whereas it is 2.4 GHz for the sim-
ulated reflection coefficients. Discrepancy between the
measured and simulated resonance frequency is expected
to come from the difference between the fabricated
prototype and the simulation model, such as fabrication
error.

To find the effect of fabrication error on the resonance
frequency of the proposed antenna, the simulated resonance
frequency fr of the proposed antenna with different lengths
la and widths wa of the folded monopole element is shown
in Fig. 12. According to Fig. 12, it is found that a 1-mm
error of la results in 0.05 ∼ 0.01 GHz shift of resonance
frequency, which is equivalent to the discrepancy between
the measured and simulated resonance frequency. Although
la of the fabricated prototype is la = 25 mm and is the same
as the simulation model, the finite thickness (=1 mm) of the
ground plane, which is zero during numerical simulation, con-
tributes to extending la of the fabrication prototype, effectively.
Therefore, it can be concluded that the discrepancy between
the measured and simulated resonance frequency comes from
the finite thickness of the ground plane for the fabricated
prototype.

Fig. 13 is the measured antenna gain pattern of the proposed
antenna. Here, it should be noted that the antenna gain
pattern was measured at 2.35 GHz, not 2.5 GHz, because
the shift of resonance frequency from 2.5 to 2.35 GHz was
observed on the measured input impedance. It is found that
the measured antenna gain pattern agrees well with that of the
simulated one. Measured antenna gain and 3-dB beamwidth
are 6 dBi and 59◦, whereas simulated ones are 6.2 dBi and
76◦. Measured cross polarization level is below −13.4 dBi, and
its degradation from the simulated one (below −20 dBi) stems
from cables or jigs during measurement. As discussed in the
following paragraph, the 0.2 dB difference between simulated

Fig. 11. Reflection coefficient of the proposed antenna with different infill
rates of the magnetic gear frame. During numerical simulation, polyethylene
bearing (whose relative permittivity is 2.4) and magnetic gear frame (εr

e =
1.26, 1.85, 2.7) are modeled as a free-standing, uniform dielectric cylindrical
shell. An array of magnets is absent from the simulation model.

Fig. 12. Simulated resonance frequency fr of the proposed antenna with
different length la and width wa of folded monopole element (lr = ld = 38 mm,
wr = 30 mm, wd = 15 mm, h = 3 mm, a = 0.25 mm, d = 30 mm, r = 60 mm).
Magnetic gear is absent from the simulation model.

and measured antenna gain mainly stems from the magnetic
gear itself.

In order to clarify the effect of the magnetic gear on the radi-
ation performance of the proposed antenna, measured antenna
gain patterns of the following antennas are shown in Fig. 14.
The folded monopole antenna, the folded monopole antenna
with magnetic gear frame (without array of circular magnets
and inverse T-shaped director/reflector elements), the folded
monopole antenna with magnetic gear (with array of circular
magnets and without inverse T-shaped director/reflector ele-
ments). According to the measured antenna gain patterns, it
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Fig. 13. Measured antenna gain pattern of the proposed antenna. Level of
simulated cross polarization components is below −20 dBi and out of range
of this graph.

Fig. 14. Measured antenna gain patterns of the folded monopole antenna
w/ and w/o magnetic gear (frame).

is found that the effect of the magnetic gear frame and array
of circular magnets on the radiation patterns of the folded
monopole antenna is quite small. The difference between the
measured antenna gain levels is approximately 0.2 dB at their
mainbeam direction. Therefore, it can be concluded that the
effect of the magnetic gear on the radiation performance of
the proposed antenna is at most 0.2 dB and negligible.

Bandwidth of the realized gain of the proposed antenna at
its mainbeam direction (θ, φ) = (60◦, 0) was measured and
shown in Fig. 15. Except for the shift of resonance frequency
by effect of the magnetic gear and fabrication error, the
measured frequency response agrees well with the simulated

Fig. 15. Measured bandwidth of realized gain of the proposed antenna at its
main beam direction.

Fig. 16. Rotation angle α of the floating inverse T-shaped director/reflector
elements.

Fig. 17. Measured pattern reconfigurability of the proposed antenna. Eθ on
xy-plane.

one. Measured fractional 3-dB bandwidth of the proposed
antenna is 9.8%, whereas the simulated one is 11%.

Finally, the rotation angle α of the floating inverse T-shaped
director/reflector elements shown in Fig. 16 is reconfigured,
and pattern reconfigurability of the proposed antenna is
demonstrated. Fig. 17 shows the measured antenna gain of
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TABLE I
PERFORMANCE COMPARISON OF PATTERN RECONFIGURABLE YAGI–UDA ANTENNAS

Fig. 18. Measured reflection coefficient of the proposed antenna correspond-
ing to different rotation angle α.

the proposed antenna as a function of the rotation angle α. To
demonstrate multibit tunability of the fabricated magnetic gear
system, the rotation angle α was tunable with a resolution of
five bits, i.e., in increments of 11.25◦ (= 360◦/25) during the
measurement. Envelope of the antenna gain corresponding to
α = φ is almost uniform, and 5 bits pattern reconfigurability
of the proposed antenna has been demonstrated. It should
be noted that the measured reflection coefficient was under
−13 dB @ 2.35 GHz during rotation, as shown in Fig. 18.
According to Figs. 17 and 18, it is found that 5 bits of tun-
ability on the proposed antenna is achievable by the fabricated
magnetic gear system.

Finally, performance of the proposed antenna and conven-
tional pattern reconfigurable Yagi–Uda antennas is summa-
rized in Table I. According to Table I, the pros and cons of
the proposed antenna over conventional ones are summarized
as follows.

1) Pros: The finest beam scanning resolution and small
insertion loss. The first one stems from linear actuation
by the magnetic gear, whereas the second one stems
from its contactless actuation. Except for [45] and [48],
where the actuation system or its resolution is
not specified, it is found that fine beam scanning
resolution is only achievable by using multiple elements
(i.e., sector beam switching [46]) or multiple diodes

(i.e., see [47] and [49]). However, beam switching
by multiple elements results in large antenna size
(e.g., 374 × 374 × 32 mm3 is necessary for [46])
and beam scanning by multiple diodes results in large
insertion loss (e.g., 14 diodes were used in [47] and
four diodes were used in [49]). On the other hand, the
beam scanning resolution of the proposed antenna is
easily refined by setting a smaller step angle for the
magnetic gear without increasing its size and loss. This
point is also a clear advantage of the proposed antenna
over previous works. It should be noted that the main
beam direction of an antenna in [48] is automatically
specified by gravity. Therefore, beam scanning to
an arbitrary direction in the azimuth plane, which is
achievable by the proposed antenna, is not possible for
the antenna in [48].

2) Cons: Relatively narrow fractional bandwidth and high
profile, particularly in comparison with [48]. The former
one comes from a folded and thin wire (2a = 0.5 mm)
monopole element, whereas Li et al. [48] used an
unfolded and thick wire (2a = 3.5 mm) monopole ele-
ment. The latter one comes from relatively high-profile
floating dipole director/reflector elements, whereas
Li et al. [48] used monopole director/reflector elements,
which have half the length of the dipole counterparts.
The fractional bandwidth of the proposed antenna can
be enhanced by introducing a wideband element, such as
a bowtie element, to the director/reflector elements [50].
Another possible remedy for enhancing the fractional
bandwidth of the proposed antenna is to introduce a
relatively wide or thick monopole element instead of a
narrowband folded monopole antenna [51], [52]. Low-
profile design may be achievable by introducing parasitic
or meander line elements [53], [54]. Finally, it should be
noted that the relatively low gain (6 dBi @ 2.35 GHz) of
the proposed antenna, rather than that of [48] (6.8 dBi
@ 2.45 GHz), is due to the differences in the operating
frequency. It has been confirmed that the simulated
gain of the proposed antenna is 6.9 dBi @ 2.45 GHz,
although its graph is not shown here for brevity.

3) Applications: Transmitting antenna for wireless
power transfer or base station antenna for wireless
communication. According to the pros and cons shown
here, narrowband beam scanning to movable targets is
one of the best applications of the proposed antenna.
Therefore, the transmitting antenna for wireless power
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transfer is a promising application of the proposed
antenna. Once the bandwidth of the proposed antenna
is enhanced in the future, a base station antenna for
wireless communication is also a possible application.

IV. CONCLUSION

In this article, a novel mechanically reconfigurable
Yagi–Uda monopole antenna using a magnetic gear has
been proposed. The proposed antenna is composed of a
folded monopole antenna and floating inverse T-shaped direc-
tor/reflector elements. The magnetic gear is composed of an
array of circular magnets, a magnetic gear frame made of
PLA, and a polyethylene bearing. Owing to magnetostatic
coupling between the magnetic gears, the floating inverse
T-shaped director/reflector elements held by a magnetic gear
frame rotate in a contactless manner. Radiation performance
and reconfigurability of the proposed antenna have been
demonstrated numerically and experimentally.

An actuation system using a magnetic gear has a couple
of advantages over conventional reconfigurable antennas. The
first one is a contactless actuation system, which is free
from friction and abrasion, potentially leading to mechanically
maintenance-free actuation system. The second one is that the
actuation system using the magnetic gear is free from the non-
linearity of magnetostatic force that makes the conventional
actuation system using electromagnets unstable. The third one
is that low insertion loss is achievable once a low infill rate
magnetic gear frame and small magnets in comparison with
the wavelength under study are used.

Miniaturization of the magnetic gear system, which is
applicable for antennas for the high-frequency band, is a
future work. According to recent advancement of 3-D printing
technologies, the average error in fabrication using a 3-D
printer can be reduced to 0.1 ∼ 0.15 mm approximately
[55]. Average error of 0.1 ∼ 0.15 mm is comparable to
1/100 wavelength of 20 ∼ 30 GHz band, and scalability of
the proposed antenna to high-frequency band, such as the
millimeter waveband, is promising.
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