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Abstract—In this paper, a low-cost and mechanically robust
approach for the design of mechanically phase-tunable reflectar-
ray 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. The proposed element is fabricated by 3D-printing tech-
nology, and infill rate of the open cylindrical shell is spatially
non-uniform. As a result, effective relative permittivity of the
fabricated open cylindrical shell becomes non-uniform. Phase
tunability of the fabricated element is demonstrated numerically
and experimentally. A reflectarray antenna composed of the pro-
posed elements is designed and fabricated. It is clarified that the
reflectarray antenna demonstrates beam scanning coverage up
to 50° while its aperture efficiency is comparable to conventional
reflectarray antennas.

Index Terms—Reflectarrays, additive manufacturing, anten-
nas, arrays.

I. INTRODUCTION

reflectarray (RA) antenna is a class of reflector antennas,

which are composed of numerous reflecting elements
and a primary source. The reflecting elements are typically
designed so that the scattering wave from the reflecting ele-
ments is in-phase at a specific direction. 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].

In previous studies, the passive RAs were developed for
various applications. In particular, the passive RAs have been
applied to eliminate blindness of the wireless communication
systems. A RA composed of non-identical planar dipole el-
ements with parasitic elements was developed to eliminate
blindness in a CDMA (WCDMA) communication system [5].
Two RAs whose reflecting surface were perpendicular 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.

Manuscript received 30 January 2024; revised 27 June 2024; accepted 22
August 2024. (Corresponding author: Keisuke Konno.)

A. Hu, K. Konno and Q. Chen are with the Department of Communications
Engineering, Graduate School of Engineering, Tohoku University, Sendai 980-
8579, Japan (e-mail: hu.ao.p7@dc.tohoku.ac.jp).

Color versions of one or more figures in this article are available at
https://doi.org/xx.XXXX/TAP.XXXX.XXXXXXX

Digital Object Identifier xx.xxxx/TAP.XXXX.XXXXXXX

In order to overcome the lack of tunability of the passive
RAs, reconfigurable (or active) RAs have been proposed.
Electronically reconfigurable RA is well-known as one of
the popular approaches for designing the reconfigurable RA.
Traditionally, varactor diodes or pin diodes have been intro-
duced to the electronically reconfigurable RAs so that their
aperture phase distribution is tunable [8]-[11]. Recently, 1-bit
time modulation has been introduced to a RA for reducing its
sidelobe level [12]. Electronically reconfigurable RAs based
on new technologies such as using microelectromechanical
system (MEMS) switches [13] [14] and liquid crystal [15]
[16] were proposed. Insertion loss, quantization loss, and
resultant low aperture efficiency are typical disadvantages
of the electronically reconfigurable RAs whereas high-speed
reconfigurability and high system integration ability are their
major advantages [17]. It has been demonstrated that the
quantization loss can be enhanced by loading multiple number
of the diodes with the RA elements [18], [19]. However,
enhancement of the quantization loss can be hardly achievable
without the expense of the cost and the complexity of bias
circuits.

Mechanically reconfigurable RA using actuators or motors
is another promising approach for designing the reconfigurable
RA. Notable examples of mechanically reconfigurable RAs
include variations in the height of patch elements [20] [21],
bending a dipole strip element using electromagnet [22],
rotation of specific parts of the reflecting elements [23], [24],
and the controlled deformation of flexible element through
squeezing [25]. While mechanically reconfigurable RAs offer
continuous phase shift, high fabrication cost (e.g. multiple
number of actuators/motors or precise mechanical control
system) or complicated shape of the RA elements are major
disadvantages. To reduce the fabrication cost of the mechani-
cally 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
[26]. A beam scanning RA by rotating the whole RA, not each
RA element by single motor was proposed [27]. A beam scan-
ning RA by actuating cascading elements using Archimedean
spiral cam with single motor was designed [28]. Although the
advancements on reducing fabrication cost are found, the cost-
effective fabrication technologies for complicated shape of the
RA elements are expected to be developed.

Owing to the recent advancements on additive manufactur-
ing technologies, the complicated shape RA elements can be
fabricated at low cost as 3D-printed RAs have been widely
developed. For example, 3D-printing technologies allows the
fabrication of different thickness dielectric elements [29],
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Fig. 1. The configuration of cylindrical RA element (a). Front view (Illus-
tration 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.

multi-layer structure [30], infill rate adjusted lattice element
[31], and printed nonradiative dielectric waveguide structure
[32]. Efforts on elements with wide band response such as
LPDA have been made by 3D-printing technique to overcome
the narrow band property of conventional planar reflecting
elements [33] [34]. Moreover, the adoption of 3D-printing
techniques substantially reduces the fabrication costs asso-
ciated with complex structures, providing a freedom in the
design of reflecting elements. The 3D-printing technologies
are powerful technologies for efficient fabrication of the RA
elements with complicated geometry. However, most of the
previous 3D-printed RAs are passive ones, not reconfigurable
ones except for deployable RAs proposed in [25]. Although the
deployable RA enables to transform their shape from folded
one to deployed one, beam scanning capability is unavailable
because the RA element lack of the ability to individually

State 3 State 4

Fig. 2. 2-bit phase tunable mechanism of the proposed RA element under
different rotation angle ¢rot. (Illustration of the PLA supporters are omitted
here for visibility).

tunning the phase. Therefore, low-cost mechanically reconfig-
urable 3D-printed RAs are still expected to be developed.

In this paper, 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
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. Robust
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
reduce 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
fabrication cost.

The following sections are organized as below: In section
IL, a cylindrical RA element is proposed and designed. Next,
prototypes of the cylindrical RA elements are fabricated, and
their 2-bit phase shift performance is clarified numerically
and experimentally. In Section III, a 10 x10 RA antenna
with conceptual automation of rotation system is proposed, a
prototype using the proposed elements is fabricated and the
primary source position is optimized. In Section IV, beam
steering performance of the fabricated prototype is measured
in a radio anechoic chamber and the measured results are
discussed. Finally, Section V concludes this work.

II. DESIGN AND VALIDATION OF CYLINDRICAL ELEMENT
A. Design and Working Principle of the RA Element

The configuration of the proposed cylindrical RA element
is illustrated in Fig. 1. The proposed element is composed
of a dipole element enclosed by an open cylindrical shell
of dielectric material, which is on a ground plane. Height,
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Fig. 3. Tunability of reflection coefficient with respect to open cylindrical
shell rotation angle rot. Specific angles of rotation corresponding to 2-bit
operation are indicated by vertical yellow dashed lines.

diameter, and thickness of the open cylindrical shell are
denoted as d;, R, and ¢, respectively. Internally, the open
cylindrical shell is made of four different dielectric media
including vacuum (i.e. open part), and PLA walls with three
different infill rates. Effective relative permittivity of the four
different medium shown in Fig.1 are denoted as €7 ,,, where
n=1,2,3,4.

A copper dipole with a length d,. fixed on PLA supporters is
inside the open cylindrical shell, which is depicted in Fig. 1(d)
in detail. In Fig. 1(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 mechanical connection between
them is absent. Rotation angle of the open cylindrical shell
is denoted by ,o¢. Observing toward y-direction, the counter
clock-wise rotation angle ¢, is defined from the —z-direction
to the blue line pointing to the center of vacuum part, as
depicted in Fig. 1(a). Owing to the PLA supporters, position of
the copper dipole is kept during rotation of the open cylindrical
shell. Size of the copper ground in x-directon is L, and that

5-element 1-D array

S11 analysis

EM absorber

| Aluminum parallel plates LJ

| Waveguide feeding |

Fig. 4. The PPW measurement setup for validating the reflection coefficient
of a one-dimensinal five-elements array.

in y-direction is L,,.

The phase tuning mechanism of this cylindrical element
is based on the substrate-tunable resonator approach [35].
This mechanism involves dynamically tuning the relative
permittivity of the substrate between the dipole and ground.
Here, the dynamic tunability is achieved by rotating the open
cylindrical shell made of four different dielectric medium
including vacuum (i.e. open part), and PLA walls with three
different effective relative permittivity. In this paper, design
and fabrication of RA using the proposed RA element are
performed in C-band because of limited accuracy (or tol-
erance) of a 3D-printer for fabrication. 2-bit phase tunable
mechanism of the proposed RA element is shown in Fig.
2. As the open cylindrical shell is rotated, it is expected
that the phase of reflection coefficient of the proposed RA
element changes because the effective relative permittivity
of the substrate between the dipole element and the ground
changes. Therefore, four sections of cylinder shell are expected
to achieve 2-bit of phase shift.

Practically, it is well-known that PLA walls with non-
uniform effective relative permittivity can be fabricated by
the 3D-printing technology when infill rate inside the walls
is controlled [36]. Here, the effective relative permittivity of
the four different media inside the open cylindrical shell can
be expressed as follows:

6:7n = Re[er]pn + 1- Pn; (1)

where p,, is the infill rate at medium n and the €, denotes
the complex relative permittivity of the PLA (= 2.7 + 50.01
@f = 4.3 GHz). According to the expression, the effective
relative permittivity of the media inside the shell are designed
as follows: efi’l =1 (p1 = 0%), ei,g = 1.48 (p2 = 28.2%),
€3 = L.77 (p3 = 453%) and €] 4 = 2.7 (p4 = 100%).

B. Scattering Performance of Proposed RA Element

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
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Fig. 5. Frequency response of reflection coefficient of the proposed RA
element.

the RA element is 4.3 GHz and its array spacing in z- and y-
directions are L, = L, = 33 mm (0.473)). Amplitude variation
and phase shift of the reflection coefficient along with the
rotation angle ¢, are demonstrated in Fig. 3. 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
reflection coefficient corresponding to incident angle (6, ¢)
= (30°, 45°), whereas polarization is TE that E-field only has
45° @-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 tolerated
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
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Fig. 6. Fabricated 10x 10 (= 100) elements RA antenna prototype (a). front
view, (b) Illumination level over the RA surface and (c) RA illuminated by a
horn antenna. Here, A is wavelength at f = 4.3 GHz.
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Fig. 7. A side-viewed demonstration of the beam steering performance
measurement setup for measuring the proposed RA antenna system.

of positioning of the open cylindrical shell are alleviated and
high-speed rotation is achievable because rotation speed and
accuracy is tradeoff. On the other hand, the magnitude 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.
According 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.

Next, frequency response of the reflection coefficient of the
proposed RA element is measured. The measurement system
using a parallel plate waveguide (PPW) is shown in Fig. 4.
In the same manner as a rectangular waveguide, the PPW
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(¢s = 0), and (b). yoz-plane (vs = 90°).

has been used for measurement of reflection/absorption of a
device under test (DUT) inside the PPW [37]-[39]. It is well-
known that TEM wave propagates inside the PPW if parallel
plates are infinitely large. However, in practice, the size of
the parallel plates is finite and so-called edge effect appears
around the edge of the PPW. As a result, planar wave front
can be kept in a limited area inside the PPW whereas it is
not kept around its edge because of the effect of reflection
wave from the edge. Numerical simulation was performed in
advance of measurement, and it is found that planar wave
front can be kept in a central area inside the PPW whose
size is approximately comparable to five elements array of
the proposed RA element along with z-direction as shown
in Fig. 4. The PPW is composed of two aluminum plates,
and the edges of the PPW were terminated by radio wave
absorbers so that the effects of reflection waves from the edges
are negligible. A 5-element 1-dimensional RA composed of
the proposed RA elements was fabricated using a Flash Forge
Guider 2s industrial level 3D printer. During the measurement,
the fabricated RA was inside the PPW and rotation angle of
the all RA elements were the same (i.e. .01 = 0, 90°, 180°,
and 270°). Reflection coefficient of the fabricated RA was
measured and normalized by that of the metal plate with the
same size (5L, x L, = 165x33 mm?).

The measured frequency response of the reflection coeffi-
cients is shown in Fig. II-A. In order to validate the measured
results, simulated results using MoM under the PBC are also
shown in Fig. II-A. According to the results, it is found that
the 2-bit phase tunability is available over the 4.3 GHz band at
the expense of small loss less than 0.8 dB. The simulated and
measured results shown here demonstrate significant potential
of the proposed RA elements.

III. DESIGN AND FABRICATION OF RA ANTENNA
A. Fabrication and Assemble of Planar RA

Fig. 6(a) shows a fabricated prototype of a planar RA
with 10x10 elements. The open cylindrical shells and their
supporters were fabricated using the Flash Forge Guider 2s
3D printer. The fabricated RA is backed by a copper ground
plane and the dipole elements are made of copper wire with
a diameter of 1 mm. A detailed view of single element is
shown on the right-hand side in Fig. 6(c), where the dipole
was inserted and taped in the slot of the PLA supporter so
that their position is stationary as the open cylindrical shell
rotates.

This paper focuses on demonstrating radiation performance
of the RA antenna with the proposed elements and develop-
ment of the automatic rotation system for the open cylindrical
shell is beyond the scope of this paper. Therefore, all of the
RA elements were rotated manually during the measurement.
In practice, the automatic rotation system using actuators or
motors are expected to be developed but its development is
future work.

B. Hlumination Source and RA System Optimization

The final configuration of the RA antenna system is pre-
sented in Fig. 6(c), where foamed polystyrene blocks (e, ~ 1)
are employed to integrate the proposed RA and the primary
source. The primary source is a standard gain horn antenna (A-
INFO LB-187-10-C-SF) [40]. The yellow coordinate system
(Dy, 0, py) denotes the relative position of the primary
source to the proposed RA. The parameter D represents the
spacing between the standard gain horn H-plane phase center
and the geometrical center of the proposed RA. 8¢ and ¢f
are offset angles of the primary source from z-axis and z-
axis, respectively.

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on September 17,2024 at 02:16:43 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAP.2024.3451133

6
I -x-axis | +x-axis "
25 Em—— ¥ T T T T T T T
2 Simulation
20 Ll A~y ——P<] —---- Measurement
— - — - Ideal phase
N\
=15 1
m
=,
£10 ]
[a~]
&}
5 — (05, 95) =(0,0) ]
— (65, 95) = (10° ,0)
——— (95, (ps)=(20° »0)
oy (B, p5) = (30° , 0) |1
— (65, 95) = (40° ,0)
— (05,05)=(50° ,0) L
30 20 10 0 10 20 30 40 50 60 70 80 90
0 [deg.]
(a)
I -y-axis | +y-axis |
25 T T T T T T T T T T T
Simulation
ol . TTTT Measurement |
—15 ]
/M
=,
=10 -
<
]
5 (65, 95) = (0,90° ) 1
— (65, ¢5) = (10° ,90° )
— (O, (ps):(20° ,90° )
0 (6, p5) = (30° ,90° )| 1
— (05, p5) = (40° , )
— (65, 5) = (50° )
_5 1 1
30 20 10 O 10 20 30 40 50 60 70 80 90
0 [deg.]
(b)

Fig. 9. Gain patterns of the proposed RA antenna at f = 4.3 GHz for the
main beam directed in (a). xoz-plane (¢s = 0), and (b). yoz-plane (ps =
90°). The solid lines represent the simulation results and the dashed lines
represent the measurement results.

Relative position of the primary source to the proposed RA
is optimized in advance of measurement so that its aperture
efficiency becomes as high as possible at f = 4.3 GHz. At first,
the offset angles are chosen as (8¢, ¢ ) = (10°, 180°) in order
to avoid feed blockage in broadside direction. Next, Dy is
optimized in the same manner as our previous publication [22].
As a result of optimization, Dy = 210 mm is chosen and 72
% aperture efficiency is expected ideally (so-called F/D ratio,
i.e. ratio between Dy and dimension of RA, is approximately
0.64). Fig. 6(b) shows illumination level over the RA surface.
Taper levels are -6 dB at the edge and -12 dB at the corner,
respectively. The detailed optimization process here is omitted
and interested readers can refer to [22] and [3].

The proposed RA antenna focusing its main beam to (6, ¢)

TABLE I
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GAIN LOSS BUDGET OF THE PROPOSED RA ANTENNA WHEN BEAM

STEERING TO (05, ¢s) = (10°, 0).

Parameter Value
Maximum directivity (4w A/)\?%) 24.5 dBi
Tllumination 0.7 dB
Spillover 0.8 dB
Phase quantization 1.3 dB
Feed blockage, phase error, material loss, others 1.5 dB
Total loss 4.3 dB

Gain (Aperture efficiency)

20.2 dBi (37%)

= (05, ps) is designed using following formula [3]:

U, =k(R; —r;-75) + Vo, 2

where V; is the ideal phase of reflection coefficient of the it"
element, k is the free space wavenumber, R; is the spacing
from the primary source phase center to the i‘" element, r; is
the position vector of the it element element, and 7, is unit
vector directed toward main beam direction (65, ). The term
W, represents the bias phase, an additional degree of freedom
obtained to maximize the gain of the proposed RA antenna
[41].

According to the relationship between phase of reflection
coefficient of the proposed RA element and ¢, shown in Fig.
II-A, the rotation angle of the i*" element ! , is determined
in 2-bit manner as follows:

0 U, e [225°,315°]
. 90° , U, € [135°,225°
=100 1857, 2257] 3)
180° W, € [45°,135°]
270° W, € [0°,45°] U [315°,360°] .

The radiation performance of the fabricated RA antenna was
measured in a radio anechoic chamber as shown in Fig. 7.
During the measurement, a time-domain gating function was
applied to filter the direct wave from the primary source to
the receiving antenna.

The gain patterns of the proposed RA antenna are demon-
strated in Fig. 9. States of RA elements corresponding to main
beam directions are shown in Fig. 8. In order to validate the
measurement results, simulated results obtained using MoM
are also shown in Fig. 9. Agreement between the measured
gains and the simulated ones is found. For example, in the
specular reflection scenario, where the main beam is steered
to (s, @) = (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 6 = 50°, the gain pattern
distorts, and a grating lobe appears at around (6, ) = (20°,
180°). The distortion comes from error in phase compensation
at large steering angle due to the effect of mutual coupling.
Precise phase compensation over wide steering angle 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%. The loss budget of the gain
performance is presented in Table. I, where the losses in
illumination, spillover, and phase quantization are elaborated.
The loss of the illumination and the spillover have been already
included in the estimated efficiency in Section III-B. The phase
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TABLE 11
COMPARISON AMONG THE REPORTED RA AND RA ANTENNAS.

Related Frequency Phase tuning Manufacture Phase Element Cross polar Profile Aperture Scanning
reference [GHz] mechanism method resolution loss [dB] | component [dB] [A] efficiency [%] | range [deg.]
[8] 5.8 Varactor PCB process Continuous 3.5 N.G. 0.04 N.A. +40
[10] 5 Diode PCB process 1-bit 1 -25 0.045 15.3 +50
[20] 4.8 Height tunning Metal process | Continuous 0.18 =27 N.G. 48.6 +60
[24] 8.3 Element rotation Metal process 3-bit 0.2 -23 N.G. 51.8 +60
[29] 100 Tunable dielectric 3D-printing N.A. 0.7 N.G. 0.83 ~15.5 N.A.
[30] 66 Tunable dielectric 3D-printing N.A. 0.5 -30 1.65 ~43.9 N.A.

This work 43 Tunable dielectric 3D-printing 2-bit 0.8 -25 0.5 37.0 +50

N.G.= not given, N.A.= not applicable.

Beam steering angle:
(65, p5) = (10° , 0)
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Fig. 10. Measured gain performance of the proposed RA antenna system (a).
versus the frequency f, (b). versus the beam steering angle 65 in both xoz-
and yoz-planes.

quantization loss was obtained by subtracting the simulated
gain of the proposed RA with ideally compensated phase from
the 4-state compensated ones. The simulated gain pattern on
the specular direction with ideally compensated phase is shown
in Fig. 9(a). According to Fig. 9(a), it is found that quantization
loss of the proposed RA element is approximately 1.3 dB.
The remaining loss corresponds to feed blockage, phase error,
material loss, others.

IV. MEASUREMENT OF RADIATION PERFORMANCE

The frequency responses of the measured gain and aperture
efficiency of the proposed RA antenna, corresponding to
specular reflection, are presented in Fig. 10(a). Fractional
bandwidth corresponding to the 1 dB gain drop of the RA
antenna system is approximately 412 MHz, corresponding to

a fractional bandwidth of about 9.2%. The 1 dB gain drop
bandwidth of the proposed RA antenna is wider than that of
conventional microstrip RAs (Approximately, 3~5% in [42],
[43]) but is narrower than that of 3D printed ones (>10%
in [33], [34]). Such moderate bandwidth of the proposed
RA antenna can be explained by following two reasons. At
first, the proposed RA element has a relatively large profile
rather than conventional microstrip one. The thicker profile
contributes to enhance the bandwidth of the proposed RA
antenna. Secondly, the proposed RA element quantize the
phase in 2-bit, not continuous one. The phase quantization
of the proposed RA element results in the limitation of the
bandwidth. As a result, the proposed RA antenna demonstrates
relatively moderate bandwidth.

The beam scan loss of the proposed RA antenna is depicted
in Fig. 10(b). When steering the beam in the xoz-plane (ps =
0), the measured gain decreases as the beam steering angle
05 shifts from the specular direction. For scenarios where
(b5, ws) = (60°, 0) and (60°, 90°), the corresponding gains
are approximately 15.4 dBi and 14.4 dBi, resulting in scan
losses of 4.8 dB and 5.8 dB, respectively. According to the
results, it can be said that scan loss increases as the main beam
direction approaches to 90°. The increase of scan loss stems
from reduction of RA aperture area, the presence of grating
lobes, and phase compensation error.

Finally, a comparison of the proposed RA antenna with
some representative references works is summarized in Table.
II. From the comparison, it is shown that the proposed RA
demonstrate beam steering ability while the aperture efficiency
is comparable to those of related references.

V. CONCLUSION

A low-cost mechanically phase tunable RA element was
proposed. The proposed RA element is composed of an open
cylindrical shell made of dielectric material with a non-
uniform relative permittivity, phase tunability of the proposed
RA element is achieved by rotating the open cylindrical
shell. The open cylindrical shell with the non-uniform relative
permittivity was fabricated using 3D-printing technology by
controlling infill rate. Numerical simulation and measurement
were performed, and 2-bit phase shift performance of the
proposed RA element was demonstrated. Finally, the RA
antenna composed of the proposed RA element was fabricated
and its radiation performance was measured. The measured
results demonstrated that beam scanning performance of the
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Fig. 11. Conceptual configuration of cylindrical RA for automatically
actuation (a). RA element with drive, (b). RA element front view,

(c). RA bird eye view, (d). RA front view, (e). working
principle.

proposed RA antenna was achieved with acceptable aperture
efficiency compared to conventional ones. Also, moderate
bandwidth of the proposed RA antenna in comparison with
conventional ones was demonstrated.

Future work lies in developing an automatic rotation system
for element. For a conceptual example of actuation, 3D-printed
dielectric drive rods can be added at 2 lateral sides of the
element as shown in Fig. 11(a). Gear track and teeth are
printed to drive the force. When the element rotates to state 1,
the air-filled section may cause the rods to leave the gear track.
The 2 rods are designed at the lateral side of the cylindrical
shell and the angle between them g,ive seen from the front
view should be larger than 90° open region, which is shown
in Fig. 11(b). In this way, there is always at least 1 rod can
drive the cylindrical shell to rotate. The rods are cascaded
to the adjacent elements on y-axis so that 1 row of cylinder
shell on y-axis can be rotated together. To actuate a 10x 10

reconfigurable RA shown in Fig. 11(c), 4 motors are used at
4 corners of the RA. A micro control unit (MCU) is placed
at the backside of the RA to control the overall rotation of
motors. The motors connect to each row of elements by drive
belts with different gear ratio in arithmetic sequence which
is shown in Fig. 11(d). The gear ratio denotes the rotation
speed of specific row when the motors are turned on. The
beam scanning principle is shown in Fig. 11(e), that main
beam direction can be steered by physical cascaded rotation.
For beam scanning to 6, the rotation angle Ay can be
derived by array factor, whereas 2Ap = L, sinf;/A. This
conceptual belt-driven actuation system can only reconfigure
an 1-dimensional beam steering direction.

While the study demonstrated the performance of the
proposed RA antenna, several challenging problems still re-
maining. Expanding the phase-tuning range from the current
270° to a full 360° is a big challenge for enhancing beam
scanning performance of the proposed RA antenna. Multi-
bit phase tunability is another big challenge for optimizing
quantization loss of the proposed RA antenna. Furthermore,
miniaturizing the element size is a challenge for applying
the proposed RA element for high frequency band. Finally,
developing the independent rotation system of single element
for reconfiguring the 2-dimensional beam steering. Addressing
these challenges can further enhance the performance and
capabilities of the proposed RA antenna.
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