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ABSTRACT Awide-angle reconfigurable reflectarray antenna (RRA) utilizing aminiaturized ring patch that
can be efficiently controllable with a single bit is designed and experimentally verified. Based on the adoption
of miniaturized radiating element and the elaborate study to optimize quantization efficiency considering
reference phase and asymmetric phase difference, highly directive beam scanning is achieved in a wide±60◦

range in both theH - and E- planes. Furthermore, the feeding structure to minimize focal diameter ratio (F/D)
and maximize feeding efficiency such as illumination and spillover Efficiencies is studied, resulting in a low
profile configuration with F/D=0.36. The fabricated RRA prototype was measured at 9.85 GHz (X-band)
with the highest aperture efficiency of 28% and a 1 dB gain bandwidth of 530 MHz, respectively.

INDEX TERMS Metasurface, PIN diode, 1-bit, asymmetric phase difference, phase quantization.

I. INTRODUCTION
Reconfigurable reflectarray antennas (RRAs) [1], [2], [3] are
hybrid-type antennas that combine a high-gain parabolic and
electronically beam-steerable phased array antenna. Based on
a low insertion loss and simplified strategy for phase mod-
ulation, RRAs have enormous merits from the perspectives
of aperture efficiency and other factors, such as cost, size,
and weight. Therefore, RRAs have attracted great attention
as promising alternatives for the conventional systems used
in satellite communications and radars.

To control the phase of the reflection coefficient of each
RRA unit cell, electronically tunable components, such as a
PIN diode [4], [5], [6], [7], varactor diodes [8], liquid crys-
tal [9], or Radio-frequency micro-electro-mechanical system
(RF-MEMS) switch [10], have been utilized. In particular,
PIN diode-based RRAs require discrete voltage controls that
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enable simplified antenna systems. In addition, they are suit-
able for high-speed beam scanning based on the fast on/off
switching speed of the PIN diode.

Despite the merits of the RRAs based on the PIN diode,
early RRAs in [11], [12] had limited beam scanning range
and relatively low aperture efficiency. To address these limi-
tations, subsequent studies have been conducted to optimize
the aperture efficiency composed of spillover, illumination,
element-reflection, and phase-quantization efficiencies [5],
[6], [7], [13]. However, the previous RRAs in [5], [6], [7] had
relatively bulky feeding structures, where the focal diameter
ratio (F/D) is close to 1. Note that the focal length and the
size of the aperture are indicated by F and D. Moreover,
the relatively large unit cells of an RRA are thought to limit
beam-scanning ranges [5], [7].

A high aperture efficiency, wide-angle scanning, and low
profile configurations are advantageous for practical applica-
tions. To enhance aperture efficiency, a technique that opti-
mizes the relative phase distribution of the metasurface by

VOLUME 10, 2022
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 103223

https://orcid.org/0000-0001-6383-7287
https://orcid.org/0000-0003-0102-017X
https://orcid.org/0000-0003-4724-8962
https://orcid.org/0000-0002-3621-6802
https://orcid.org/0000-0002-5135-6360
https://orcid.org/0000-0002-5942-4807


S.-G. Lee et al.: Wide-Angle and High-Efficiency RRA Based on a Miniaturized Radiating Element

adjusting the reference phase has been presented [5], [6], [7],
[14]. It canmitigate the degradation of the aperture efficiency,
which is partially related to the quantization of the phase
distribution using the unit cell that has a 180◦ phase difference
between the on/off states of a PIN diode. In addition, another
technique that optimizes the focal length of the feeding struc-
ture to enhance aperture efficiencywhile designingwith a low
profile has been studied [14]. Meanwhile, to extend the beam
scanning range of the array antenna, a miniaturized radiating
element that guarantees awide element beam pattern has been
proposed [15].

In this study, a wide-angle beam steerable RRA is proposed
and experimentally verified in the X-band using an efficient
1-bit control. By adopting the miniaturized unit cell for the
wide element pattern [15], wide beam-scanning ranges are
achieved in both the H - and E- planes while maintaining
high aperture efficiencies. In addition, a low-gain feed horn
is adopted, and its position is carefully optimized for a low
profile and high illumination and spillover efficiencies [14].
In particular, it was found that the phase difference between
the on and off states is not necessarily 180◦ for the maxi-
mum aperture efficiency. A well-integrated prototype of the
designed RRA of the 12× 12 metasurface was fabricated and
experimentally verified.

II. DESIGN
A. MINIATURIZED UNIT CELL
The miniaturized unit cell is designed based on the copper-
ring patch, and its geometry is shown in Fig. 1(a) and (b).
The unit cell consists of two dielectric substrates of Taconic
TLY-5 (εr = 2.2, tanδ = 0.0009), where the thicknesses
of the upper and lower substrates are 1.575 and 0.508 mm,
respectively. The radiating ring patch with the PIN diode is
located on the upper substrate and is connected to the ground
through a shorting via hole with a diameter of 0.4 mm. A bias
line to induce a driving voltage and a radial stub to isolate a
RF current are added to the bottom of the lower substrate.

Because the sizes of conventional rectangular or square
patches is reduced using the ring patch by increasing the
series inductance and by locating the PIN diode inside the
ring, this miniaturized ring patch broadened the radiation
pattern to guarantee wide-angle beam scanning [15]. From
the perspective of miniaturization, it is well known that the
periodicity of the element smaller than quarter wavelength
deteriorates the performance of beam steering owing to tight
mutual couplings among the unit cells [3]. On the other hand,
the element periodicity greater than half wavelength may
cause a grating lobe in the radiating region [3]. To prevent the
mutual couplings and the grating lobe, the period of the unit
cell P and the length of the ring patch L were properly chosen
to be 10.5 mm (=λ0/3) and 6.11 mm (=λ0/5), respectively.
It is also mentioned that the other geometric parameters are
W = 0.75 mm, sL=1 mm, and the gap between ring patch
and shorting via patch is 0.2 mm.

The unit cell reradiates an incident electromagnetic (EM)
wave by operating as a half wavelength resonator for the off

FIGURE 1. Miniaturized unit cell, (a) 3-D schematic and (b) top view of it,
(c) setup of waveguide simulator, and (d) reflection-phase difference
between on and off states of PIN diode.

state of the PIN diode at 10.1 GHz. When the PIN diode
is turned on, the ring patch is electronically connected to
the ground, and it supports 3/4 wavelength resonant modes,
of which the resonance frequency is shifted upward compared
to that of the off state [5], [6], [7]. For operation at the
X band, a MA4GP907 PIN diode of MACOM was adopted.
When the PIN diode is turn on, it can be modeled as a series
circuit composed of a resistor and an inductor, of which the
resistance and inductance are 4.2� and 0.05 nH, respectively.
On the other hand, when the PIN diode is turn off, it can
be modeled as a parallel circuit of a resistor and capacitor,
of which the resistance and capacitance are 300 k� and 50 fF,
respectively.

The unit cell designed with the periodic boundary
condition (PBC) was simulated and measured using aWR-90
waveguide to verify its phase responses [7]. Here, the simu-
lation and measurement were performed using the ANSYS
HFSS full-wave simulator using the setup in Fig. 1(c).
To match the size of the sample composed of 1 × 2 unit
cells (21× 10.5 mm2) and the aperture area of the waveguide
(22.86 × 10.16 mm2), an aluminum transition was inserted
between the waveguide and sample, which tapered the area
of the waveguide to that of the sample. Fig. 1(d) shows a
simulation and measurement of reflection-phase difference
as the state of the PIN diode is turned on or off. The 180◦

phase difference was confirmed around 10.1 GHz, regardless
of the incident angle. Since the TE10 mode propagates in the
waveguide, the incident angle of TE10 mode is 40◦. For this
reason, the waveguide simulator well matches the PBC with
an incident angle of 40◦. When considering the small incident
angle, i.e., 0◦ or 25◦, the phase difference curves at small
incident angle are a slight difference from that at incident
angle of 40◦.
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FIGURE 2. Fabricated structure of RRA. (a) RRA prototype, (b) top, and
(c) bottom views of 4 × 12 RRA module.

B. RECONFIGURABLE REFLECTARRAY ANTENNA
A well-integrated RRA prototype that is composed of
12 × 12 miniaturized 1-bit unit cells was designed as shown
in Fig. 2(a). The RRA aperture was attached to an acrylic
jig that supports a feed horn above the RRA and a control
board under the ground. Microwave absorbers were attached
around the RRA to minimize undesired reflections from the
acrylic jig. Fig. 2(b) and (c) show the top and bottom views of
a 4 × 12 RRA module that is a part of the 12 × 12 RRA
prepared to guarantee the replacement of damaged unit cells.
The bias lines in Fig. 2(c) are connected to the control board
through pitch connectors and harness cables.

To maximize aperture efficiency while designing with the
low profile RRA, an analysis of the maximum feeding effi-
ciency and F/D according to the gain of feed antenna [14] is
performed. The feeding efficiency is defined as the product of
illumination and spillover efficiencies. According to previous
study in [14], a high gain feed antenna provides high feeding
efficiency, but requires a bulky feed structure i.e., F/D is
close to 1. On the other hand, if a low gain feed antenna is
adopted and its position is carefully optimized, the RRA can
be designed with a low profile at the cost of slightly reduced
feeding efficiency.

Comparing several commercial horns by observing the
feeding efficiency in HFSS simulations, it was confirmed
that a 11 dBi horn has slightly low feeding efficiency (∼1%)
but the F/D reduced by about half (=57%) compared to a
15 dBi horn. Therefore, the low-gain 11 dBi horn antenna was
finally selected. The polarization of the feed horn was set to
horizontal polarization (Ey) to match it with the polarization
of the unit cell. An offset angle of the feed horn was set
to −25◦ in the xoz plane through a parametric study in the

HFSS simulation to avoid a feed blockage. As a result, the
feed horn was located at (−30, 0, 63) mm, and the F/D was
calculated as 0.36. The illumination and spillover efficiencies
were 82.1% and 83.5%, respectively. The feeding efficiency
was calculated as 68.6%.

C. BEAM CONTROL WITH 1-BIT QUANTIZATION
By manipulating the wavefront of the reflected wave from
the RRA aperture, beam steering in an arbitrary direction is
achieved. The phase of the reflected wave from each unit
cell, or the output phase ϕoutput(m, n) , can be presented using the
following array factor [16]:

ϕ
output
(m, n) =

(
−
M − 1

2
+ m− 1

)
βx+

(
−
N − 1

2
+ n− 1

)
βy

(1)

where βx = −kdx sin θ cosφ and βy = −kdy sin θ sinφ are
progressive phase shifts in the x- and y-directions, respec-
tively. M and N are the number of elements on the RRA
aperture in the x- and y-axes, respectively. Also, m and n are
orders that indicate the locations of the unit cell in the x- and
y-axes, respectively.

The output phase ϕoutput(m, n) can be analyzed from the phase
of the incident EM wave from the feed horn and that of the
reflection coefficient of the unit cell:{

ϕ
output
(m, n) +1ϕ

}
= ϕ

input
(m, n) +

{
ϕ
required
(m, n) +1ϕ

}
,

(2)

where the input phase ϕinput(m, n) and the required phase ϕrequired(m, n)
indicate the phase of the illuminated EM wave of the unit
cell of (m, n)-th and that of the reflection coefficient of the
unit cell located at (m, n), respectively. The input phase of
Ey is calculated using the field calculator in HFSS simulator.
The required phase can be calculated in a way that shifts the
input phase to that of the EM wave reflected in a targeted
direction. The shift of the reference phase 1ϕ can be added
equally across all unit cells, but it does not affect the beam
performance in case of continuous phase control.

If 1-bit phase control is considered, the term of ϕrequired(m, n) +

1ϕ can be quantized into two states of 0 and 1ϕ1-bit:

−180◦ +1ϕ1-bit/2 ≤ ϕ
required
(m, n) +1ϕ < 1ϕ1-bit/2

→ ϕ
required
(m, n) +1ϕ

∼= ϕ
required, 1-bit
(m, n) = 0◦ (3-1)

1ϕ1-bit/2 ≤ ϕ
required
(m, n) +1ϕ < 180◦ +1ϕ1-bit/2

→ ϕ
required
(m, n) +1ϕ

∼= ϕ
required, 1-bit
(m, n) = 1ϕ1-bit, (3-2)

where the 1-bit quantized required phase ϕrequired, 1-bit(m, n) indi-

cates a quantized value of ϕrequired(m, n) + 1ϕ. As the required
phase is quantized, the aperture efficiency decreases owing to
the quantization error. By properly choosing the appropriate
1ϕ and 1ϕ1-bit, quantization error can be minimized. The
related results will be discussed in detail in Section IV.
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FIGURE 3. Measured 1 dB gain bandwidth for (θ , φ) = (30◦, 0◦).

FIGURE 4. Radiation patterns of RRA for (θ , φ) = (30◦, 0◦) at some
different frequencies.

III. RESULTS
The fabricated RRA was measured by a Keysight E8362B
PNA network analyzer in an anechoic chamber with a dis-
tance of 7 m. The aperture efficiency [17] can be calculated
using the peak gain as

ηa =
G (θ, φ)|max
4πARRA
λ2

cos θ
, (4)

where ARRA indicates the physical aperture area of RRA,
ARRA = 126 × 126 mm2.
Fig. 3 shows the gain and aperture efficiency as a function

of frequency. The beam steering angle was set to (θ , φ) =
(30◦, 0◦), which is the direction of the maximum aperture
efficiency observed. The measured peak gain and aperture
efficiency was confirmed as 17.14 dBi and 28%, respectively,
at 9.85 GHz, downshifted from 10.1 GHz for which the unit
cell was designed. The measured 1 dB gain bandwidth was
also confirmed to be 530 MHz, and the fractional bandwidth
is calculated as 5.38%. Fig. 4 indicates the radiation pat-
terns for (θ , φ) = (30◦, 0◦) at some different frequencies.
The measured side-lobe level (SLL) and cross-polarization
level (CPL) were confirmed as −12.5 dB and −11.4 dB,
respectively. The relatively high CPL may be owing to the
symmetric feature of the square unit cell.

FIGURE 5. Radiation patterns of RRA (a) on the xoz (H-plane) and (b) on
the yoz planes (E-plane) at 9.85 GHz. Solid line: measurement, dashed
line: simulation.

FIGURE 6. Peak gain and aperture efficiency versus beam steering angle
(a) on the xoz (H-plane) and (b) on the yoz planes (E-plane) at 9.85 GHz.

The beam scanning performance of the designed RRA
was simulated and measured, as shown in Fig. 5(a) and (b),
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FIGURE 7. Measured 3-D beam pattern for (a) (θ , φ) = (30◦, 30◦) and
(b) (θ , φ) = (20◦, 315◦) at 9.85 GHz.

including the results of±60◦ beam steering with 10◦ intervals
in the xoz and yoz planes or H - and E-planes, respectively.
The observation frequency was set to 9.85 GHz, which is the
frequency of themaximum aperture efficiency. The simulated
and measured peak gains were confirmed as 18 dBi and
17.14 dBi at (θ , φ) = (30◦, 0◦), respectively. The simu-
lated and measured aperture efficiencies were 32.2% and
28%, respectively. Even though the deteriorations by the feed
blockage were observed in Fig. 5(a) along the -x direction
in the xoz plane, the beam was well steered up to −60◦. The
discrepancies between the simulated andmeasured gains may
originate from manufacturing tolerances, a misalignment of
the feed horn, and/or an error in modeling the equivalent
resistance of the PIN diode. The gain and aperture efficiency
for each steering angle are summarized in Fig. 6. To verify
the performance of the 3-D beam scanning, the 3-D beam
patterns for arbitrary angles (θ , φ) = (30◦, 30◦) and (θ , φ) =
(20◦, 315◦) were measured as shown in Fig. 7. Awell-defined
beam was observed, and the measured gain was confirmed to
be 16.3 and 16.4 dBi, respectively.

IV. DISCUSSIONS
As described in Subsection II-C , the quantization error can
be mitigated by shifting the reference to the required phase.
As derived from (3), phase states 0 and 1ϕ1-bit can exist for

FIGURE 8. Aperture and quantization efficiencies versus reference phases
for (θ , φ) = (30◦, 0◦) at 9.85 GHz. (a) Quantization efficiency for various
1-bit phase differences and (b) comparison of calculated, simulated, and
measured results at phase difference of 140◦ between on and off states.

the 1-bit quantization where the phase difference between
two states is indicated by1ϕ1-bit. The quantization efficiency
(also referred to as quantization loss in [5], [6]) can be calcu-
lated using the following array factor:

ηq =

∣∣AF (θ, φ)1-bit∣∣2∣∣AF (θ, φ)continuous∣∣2 . (5)

Fig. 8(a) shows the calculated quantization efficiency vs.
the variation in the reference phase for various phase differ-
ences between the on and off states, at 40◦ intervals. In the
case of the symmetric phase difference, i.e., 1ϕ1-bit = 180◦,
the same two peaks were found at the reference phase
of±90◦. However, it was found that the quantization efficien-
cies of the two peaks were unbalanced for the asymmetric
phase differences, i.e., 1ϕ1-bit 6=180◦. In these cases, the
level of one peak was higher than that of the other.

The largest quantization efficiency of 53.6% was found,
especially at the −90◦ reference phase in Fig. 8(a), with
the 140◦ phase difference between the on and off states,
which shows a significant enhancement (=4.6%p or 9.3%)
in efficiency compared to that of the conventional 180◦ phase
difference [5], [6], [7].
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TABLE 1. Comparison of RRAs with similar aperture size.

From the 25◦ feed offset angle of the proposed RRA
and the result of the incident angle of 25◦ in Fig. 1(d),
the frequency at which 180◦ phase difference appeared was
10.1 GHz, and the frequency at which 140◦ phase difference
appeared was at 9.85 GHz. The calculated quantization effi-
ciency for the 140◦ phase difference is plotted in the same
domainwith the simulated andmeasured aperture efficiencies
at 9.85 GHz, as shown in Fig. 8(b). Furthermore, aperture
efficiency is heavily correlated with quantization efficiency,
and this correlation was also confirmed through the mea-
sured aperture efficiency. In conclusion, the phase difference
between on and off states is not necessarily 180◦ for the
maximum aperture efficiency.

Table 1 compares the performance of the proposed RRA
with those of previously reported RRAs with similar aperture
size. The reason for comparing previous RRAs with similar
aperture size is that RRAs with a large aperture will have a
wider beam scanning range due to the pencil beam-shaped
array factor. The proposed RRA has the widest beam scan-
ning range compared with [5], [7], [8]. It can be analyzed
as a result of the wide element pattern due to the miniatur-
ized unit cell. Despite the lowest F/D, the proposed RRA
has the highest aperture efficiency. It is mainly due to the
well-optimized aperture efficiency, such as asymmetric phase
difference, reference phase, and feed position. In addition,
1dB gain bandwidth of the proposed RRA is similar/higher
than previous RRAs.

V. CONCLUSION
A wide-angle beam steerable RRA was presented based on
the miniaturized radiating element. By optimizing the type
and location of the feed horn, a low profile configuration
resulting in F/D = 0.36 was achieved. The highly directive
beam in 3-D beam forming was experimentally verified. The
maximum aperture efficiency occurred at the asymmetrical
phase difference between the on/off states, i.e., not equal to
180◦. The performances of the proposed 12 × 12 RRA were
verified with the 28% aperture efficiency at 9.85 GHz, a 1 dB

gain bandwidth of 530 MHz, and ±60◦ wide beam steering
in both the H - (xoz) and E- (yoz) planes.
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