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Abstract This paper addresses the advantages of mechanically reconfigurable reflectarray (RA) antenna compared
to conventional RA. Two innovative ways of realizing mechanically reconfigurable RA antenna is proposed: electro-
magnets-controlled RA and rotatable cylinder RA. For electromagnets-controlled RA, A novel mechanically recon-
figurable RA element actuated by an electromagnet working in C-band is proposed. 1-Bit phase shift of reflecting
wave is achieved by bending a half-wavelength dipole with magnetostatic force. For rotatable cylinder RA, a low–
cost approach for the design of mechanically phase-tunable RA elements operating in the C-band is proposed. The
proposed element composes of an open cylindrical shell made of a non-uniform dielectric material. A 2-bit phase
tunability is achieved by implementing mechanical rotation of the open cylindrical shell.

Key words Reflectarrays, on- off- control, electromagnet, additive manufacturing, antennas, arrays.

1. Introduction
A reflectarray (RA) antenna is a class of reflector anten-

nas, which are composed of numerous reflecting elements,
a primary source and a ground plane. The reflecting ele-
ments are typically designed so that the scattering wave from
the reflecting elements is in-phase at a specific direction. By
tuning the reflection coefficient phase and magnitude simul-
taneously for each element, the RA antenna is able to scan or
form specific main beam. The first RA antenna is composed of
an array of variable-length waveguides [1]. Although the first
RA antenna is bulky and heavy, owing to the advancement
of wireless communication systems, various planar RAs have
been extensively studied due to their low-profile and high
gain features [2]–[4].

Numerous applications were developed of RA, due to its
important features such as high-gain, low-profile, simple feed
and low-cost features. It is known that RA is compatible with
the flat surface on the space craft. Therefore, it is a good
substitution of parabolic antenna, which can save the valu-
able space on the satellite and exploration rover. In previous
studies, the RAs were also developed for various applications
in wireless communication system. In particular, the passive
RAs have been applied to eliminate blindness of the wireless
communication systems. A RA composed of non-identical
planar dipole elements with parasitic elements was developed
to eliminate blindness in a CDMA (WCDMA) communication
system [5]. Two RAs whose reflecting surface were perpen-
dicular to each other was proposed to improve signal coverage
in a cornered corridor [6]. A RA composed of groove shaped
elements was developed so that it can guide the incident field
to the end-fire direction of the RA surface [7]. Although the
passive RAs have capability to eliminate the blindness, their
performance is not tunable once they are fabricated.

Mechanically reconfigurable RA using actuators or motors
is an promising approach for designing the reconfigurable
RA. Notable examples of mechanically reconfigurable RAs in-

clude variations in the height of patch elements [8] [9], bend-
ing a dipole strip element using electromagnet [10], rotation
of specific parts of the reflecting elements [11]–[13], and the
controlled deformation of flexible element through squeez-
ing [14]. While mechanically reconfigurable RAs offer contin-
uous phase shift, low-speed reconfigurability of the mechani-
cal systems and high fabrication cost due to multiple number
of actuators/motors or complicated shape of the RA elements
are major disadvantages. To reduce the fabrication cost of the
mechanically reconfigurable RAs, various RAs with the small
number of actuators have been developed. For instance, a
deformable ground plane actuated by only four motors was
introduced [15]. A beam scanning RA by rotating the whole
RA, not each RA element by single motor was proposed [16].
A beam scanning RA by actuating cascading elements using
Archimedean spiral cam with single motor was designed [17].
Although the advancements on reducing fabrication cost are
found, the cost-effective fabrication technologies for compli-
cated shape of the RA elements are expected to be developed.

2. Electromagnet-controlled RA
The phase tuning mechanism is based on the height-

tunable resonator approach [19]. The flexible copper strip
over the elastic polystyrene film is flat when the electromag-
net turns off, which forms a straight half-wavelength dipole
over ground plane. Once the electromagnet turns on, the
square steel patch underneath the center of the copper strip
is attracted to the ground plane by the magnetostatic force,
which then forms a bent dipole over ground plane. Such de-
formation and height tunability of the dipole element result
in difference of electromagnetic response, i.e. phase of reflec-
tion coefficient [8]. Simulation results in the next subsection
demonstrate the difference of electromagnetic response be-
tween straight/bent dipole elements. The attracting force is
generated from magnetic coupling between the electromag-
nets and the steal patch via static magnetic field penetrating
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Fig. 1 The demonstration of electromagnet-controlled RA el-
ement (a). Side view, (b). Top view and (c). Birds eye
view.

the ground plane. Although the magnetostatic field pene-
trates the ground plane, RF signals are shielded by the ground
plane. Therefore, complete RF isolation between the RA ele-
ment and the electromagnet (i.e., RF phase shifter) is achiev-
able by the proposed RA element. As a result, the proposed
RA element is free of insertion-loss of the RF phase shifter.

Scattering performance of the electromagnet controlled RA
element under two-dimensional periodic boundary condition
(PBC) is simulated by method of moments (MoM) using com-
mercial simulator software FEKO. The working frequency of
proposed electromagnet-controlled RA element is 4.4 GHz.
Array spacing is 𝑑𝑥 = 20 mm (0.293𝜆) and 𝑑𝑦 = 50 mm (0.733𝜆),
respectively. Dimensions of the RA element here are opti-
mized ones according to the mechanical performance analysis
shown in section II-C. Variation of reflection coefficient with
respect to height 𝑠 is shown in Fig. 2. It is found that 180◦
phase shift is available for two different angle of incidence (𝜃 𝑓 ,
𝜑 𝑓 ) = (0, 0◦),(30◦, 0) as 𝑠 varies from 0 to 5 mm. Also, it is
found that the drop of the magnitude is below 0.1 dB within
the tunable range. The drop of the reflection magnitude stems
from lossy dielectric material. According to the numerical re-
sults, it can be concluded that the proposed RA element meets
the requirements of composing 1-bit reconfigurable RA.

A 1-bit 25×8 elements RA is fabricated to demonstrate the
beam scanning ability. The fabricated RA prototype is shown
in Fig. 3a. Here, the fabricated RA prototype was designed to
be large as much as possible so that it demonstrates high 1-bit
resolution and superior beam scanning performance. As a
result, aperture of the fabricated prototype is rectangular, not
square because the largest available aluminum ground plane
was rectangular one.
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Fig. 2 Tunability of reflection coefficient with respect to
height 𝑠.
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Fig. 3 Fabricated 1-bit 25×8 (= 200) elements RA prototype
(a) front view and (b) backside view. Here, 𝜆 is wave-
length at 𝑓 = 4.4 GHz.

Permanent button magnets are used for tuning height of
each RA element instead of the electromagnets to demonstrate
the scattering performance of the proposed RA in a simple
manner. UTOMAG 12×3 mm magnet is chosen because when
this magnet is attached close against the geometrical center
behind the element ground plane, the steel patch can stably
bend the dipole strip downward to achieve 180◦ phase shift.
Because aluminum ground plane shields the backside struc-
tures from RF incident wave, electromagnets or button are
isolated from the RA elements.

The RA backside view that behind ground plane is shown
in Fig. 3b. 3-D printed magnet holders which can keep the
positions of the button magnets are placed under the ground
plane. As shown in right-hand side of Fig. 3b, the holders can
hold the button magnets individually right under the geomet-
rical center of each element. In this work, on-/off-state of the
RA element is controlled by whether inserting a button mag-
net or not in the corresponding holder. The button magnets
are inserted to the holder behind the on-state RA elements
whereas they are not inserted to that behind the off-state RA
elements.
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Fig. 4 Gain patterns of the proposed RA antennas at 𝑓 =
4.4 GHz for main beam directed in (a). 𝑥𝑜𝑧-plane
(𝜑𝑠 = 0) and (b). 𝑦𝑜𝑧-plane (𝜑𝑠 = 90◦). The bold
lines are simulation results obtained by FEKO, and
the dashed lines are measurement results. On-states
(white) and off-states (black) of the RA elements are
shown in bottom-left.

Gain patterns of the proposed RA antenna are shown in
Fig. 4. In the results, it is found that the measured main
beam direction agrees well with those of simulated ones and
two-dimensional beam scanning ability of the proposed RA
antenna is demonstrated. For the scenario when RA antenna’s
main beam directed to specular direction (15◦, 0), the mea-
sured gain is around 22.7 dBi, the first side-lobe level is -13.8
dB. Around 1 dB drop of the measured gain from the sim-
ulated one comes from material loss neglected in numerical
simulation and the imperfect elimination of the reflection from
the ground. As the main beam direction of the RA antenna ap-
proaches to 𝜃 = 45◦, beam starts to distort, and a grating lobe
appears at around (𝜃, 𝜑)=(5◦, 180◦), because of the imperfect
phase compensation by the 1-bit phase shift. The aperture effi-
ciency of the RA antenna corresponding to specular reflection
is 34.0%.

3. 3D-printed RA with Cylindrical elements
In this section, we propose a 2-bit 3D-printed RA element.

The proposed element is composed of an open cylindrical
shell of a dielectric material whose relative permittivity is non-
uniform. Phase tunability of the proposed element is realized
by rotating the open cylindrical shell mechanically. The open
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Fig. 5 The configuration of cylindrical RA element (a). Front
view (Illustration of the PLA supporters are omitted
here for visibility), (b). Top view, (c). Birds eye view,
(d) Birds eye view with cylinder shell omitted and (e).
Exploded view.

cylindrical shell is fabricated using the low-cost 3D-printed
technology and non-uniform effective relative permittivity is
achieved by printing non-uniform infill rate of material. Ro-
bust 2-bit phase tunability with respect to error of a rotation
angle, which is an advantage of the proposed RA element, is
demonstrated. The robust phase tunability contributes to re-
duce cost of mechanical control system because precise control
of the rotation angle is unnecessary. Of course, the low-cost
3D-printed technology also contributes to reduce the fabrica-
tion cost.

A copper dipole with a length 𝑑𝑟 fixed on PLA support-
ers is inside the open cylindrical shell, which is depicted in
Fig. 5(d) in detail. In Fig. 5(d), the open cylindrical shell
is omitted for enhancing visibility. The PLA supporters are
slotted to support the dipole. The open cylindrical shell is
freely rotatable around the dipole element because mechani-
cal connection between them is absent. Rotation angle of the
open cylindrical shell is denoted by 𝜑rot. Observing toward 𝑦-
direction, the counter clock-wise rotation angle 𝜑rot is defined
from the −𝑧-direction to the blue line pointing to the center
of vacuum part, as depicted in Fig. 5(a). Owing to the PLA
supporters, position of the copper dipole is kept during rota-
tion of the open cylindrical shell. Size of the copper ground
in 𝑥-directon is 𝐿𝑥 and that in 𝑦-direction is 𝐿𝑦 .

The scattering performance of the proposed RA element
was simulated under the periodic boundary condition (PBC)
by the commercial simulator software FEKO based on the
Method of Moments (MoM). Here, operating frequency of
the RA element is 4.3 GHz and its array spacing in 𝑥- and
𝑦-directions are 𝐿𝑥 = 𝐿𝑦 = 33 mm (0.473𝜆). Amplitude varia-
tion and phase shift of the reflection coefficient along with the
rotation angle 𝜑rot are demonstrated in Fig. 6. As the open
cylindrical shell rotates, an obvious 2-bit staircase like phase
shift was observed for reflection coefficients corresponding
to all of the incident angles. According to phase shift of the
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Fig. 6 Tunability of reflection coefficient with respect to open
cylindrical shell rotation angle 𝜑rot. Specific angles of
rotation corresponding to 2-bit operation are indicated
by vertical yellow dashed lines.

reflection coefficient corresponding to incident angle (𝜃, 𝜑)
= (30◦, 45◦), whereas polarization is TE that E-field only has
45◦ 𝜑-component, beam scanning capability outside E- and
H- planes is expected to the RA using the proposed element.
Small ripples appear on the phase shift because the phase
of reflection waves from fixed parts (i.e. dipole, supporters,
and ground) and a rotated part (i.e. open cylindrical shell) of
the RA element changes respectively due to mutual coupling
as the open cylindrical shell rotates. The worst ripple on the
phase shift is found around 180◦ and its level is approximately
±30◦. The level of the ripples is within ±45◦ and can be tol-
erated for the 2-bit operation. The staircase like phase shift
and the small level of the ripples within ±45◦ contribute to
the robust 2-bit phase tunability. As a result, requirements on
accuracy of positioning of the open cylindrical shell are alle-
viated and high-speed rotation is achievable because rotation
speed and accuracy is tradeoff. On the other hand, the magni-
tude drop of the reflection coefficient was at most 1.6 dB when
the open cylindrical shell fully rotates. As for fixed angle in
2-bit operation, the magnitude drop was at most 0.8 dB. The
observed magnitude drop stems from the loss of the PLA. Ac-
cording to the numerical results shown here, it is found that
the proposed RA element demonstrates 2-bit phase shift with
small loss less than 0.8 dB.

Fig. 7(a) shows a fabricated prototype of a planar RA with
10×10 elements. The open cylindrical shells and their sup-
porters were fabricated using the Flash Forge Guider 2s 3D
printer. The fabricated RA is backed by a copper ground plane
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Fig. 7 Fabricated 10×10 (= 100) elements RA antenna pro-
totype (a). front view,(b) Illumination level over the
RA surface and (c) RA illuminated by a horn antenna.
Here, 𝜆 is wavelength at 𝑓 = 4.3 GHz.

and the dipole elements are made of copper wire with a di-
ameter of 1 mm. A detailed view of single element is shown
on the right-hand side in Fig. 7(c), where the dipole was in-
serted and taped in the slot of the PLA supporter so that their
position is stationary as the open cylindrical shell rotates.

The gain patterns of the proposed RA antenna are demon-
strated in Fig. 8. States of RA elements corresponding to main
beam directions are shown in Fig. ??. In order to validate the
measurement results, simulated results obtained using MoM
are also shown in Fig. 8. Fig. 8 agreement between the
measured gains and the simulated ones. For example, in the
specular reflection scenario, where the main beam is steered
to (𝜃𝑠 , 𝜑𝑠 ) = (10◦, 0), the gain reaches 20.2 dBi at maximum,
with the first side-lobe level at -13.0 dB. On the other hand,
as the main beam direction is steered to 𝜃𝑠 = 50◦, the gain
pattern distorts, and a grating lobe appears at around (𝜃, 𝜑)
= (20◦, 180◦). The distortion comes from error in phase com-
pensation at large steering angle due to the effect of mutual
coupling. Precise phase compensation over wide steering an-
gle is a big challenge and future work. The aperture efficiency
of the proposed RA antenna system in the specular reflection
scenario is approximately 37.0%.

4. Conclusion
The RA and RA antenna is a promising technology in 5G

and upcoming 6G era. The low-profile, high-gain and simple
feeding system feature of the RA allows it to be a good sub-
stitution of conventional parabolic antenna and phased array.
The mechanical reconfigurable RA composes an important
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Fig. 8 Gain patterns of the proposed RA antenna at 𝑓 = 4.3
GHz for the main beam directed in (a). 𝑥𝑜𝑧-plane (𝜑𝑠

= 0), and (b). 𝑦𝑜𝑧-plane (𝜑𝑠 = 90◦). The solid lines
represent the simulation results and the dashed lines
represent the measurement results.

branch field of reconfigurable RA, whereas the mechanical
solution to tuning the scattering characteristics of RA element
has many advantages. This paper have demonstrated the
high efficiency and low-cost feature of the mechanical recon-
figurable RA through two novel approaches.
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