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A broadband and multipolarized fully reconfigurable unit cell is designed and fabricated in this paper. The unit cell uses 4 diodes
to create a phase shifter with single-bit control. It exhibits an excellent bandwidth of 40% for both dual linear and circular
polarizations in the X and Ku bands using the structure of 4 patches, a proper PIN diode placement, and a DC bias. The reflection
coefficients of the cross polarizations are less than —50 dB, ensuring high isolation between the two polarizations. The experiment

results show an agreement with the simulation results.

1. Introduction

The advantages of microstrip reflectarrays (RFAs) are low
cost, low weight, low profile, and planar compared to the
parabolic reflector. In millimeter wave, RFA uses the air
feeding to avoid the high loss in the feeding network. For the
beamforming purpose, RFA does not use RF modules and
ADC and DAC blocks which cause the system more
complicated and costly like the traditional phased array
antenna. Therefore, RFAs could be a candidate for a re-
placement of the phase arrays in satellite communications
[1-3], radars, point to point terrestrial links, 5G [4, 5], and
beyond. However, the limited bandwidth (BW) of RFAs
which inherited from microstrip antennas is one disad-
vantage [6]. Moreover, the air feeding structures cause
differential spatial phase delay which degrade their band-
width, especially for moderate and large-sized reflectarrays
[6]. Recently, the BW of RFAs has been improved signifi-
cantly, up t0 26.7% (-1 dB BW) in [7], 33.52% (-1 dB BW) in
[8], and 28.8% (-1dB BW) in [9]. The key techniques to
improve the BW of the RFAs are lowering the phase sen-
sitivity of elements by combining various structures in an
element or using different types of unit cell in an array

[10, 11]; the spatial dispersion is compensated by dividing
the array to independent zones for optimizing reflective
phases [9, 10].

The reflectarray (RFA) has the capability of beam-
forming namely reconfigurable reflectarray (RRA). RRAs are
designed by changing the phases of reflecting elements,
which are controlled by one or two bits. As RFAs, they can be
used for civilian and military applications, especially in
satellite communication and radar with the requirement of
steering [12]. Recently, passive RIS (reconfigurable intelli-
gent surfaces) or intelligent reflecting surface (IRS) with a
large number of reflective elements is coming up as a
promising candidate for next generation antennas [13, 14].
The principle of these antennas is similar to the RRA, and
their feeders are base stations instead of horn antennas. Their
elements are also reconfigurable unit cells with one or two
bits controlling.

The integrated solid-state devices such as PIN diodes,
varactor diodes, MEMs, and crystal liquid are typically used
to control the phases of elements in the RRAs [15]. Among
them, the PIN diode is widely adopted because of the simple
and low-cost controlling circuits. Besides, the diversity of
PIN diodes is available on the market. Only varactor diodes
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can produce a smooth phase unit cell, but they are rarely
used due to the complicated and high-cost control boards
[16, 17]. MEMs come with many advantages for RRAs such
as small size, low insertion loss, and low power consumption
[18, 19]. However, the high cost and unsteady-available
manufacturing process hinder their popularity. The me-
chanical method is also adopted to change element phases
for a specific purpose like high power [20].

The bandwidth of RRAs is affected by the structure of its
feeding and unit cell structures. The air feeding structure of
RRAs causes the spatial dispersion and oblique effect, and
limits the bandwidth of RRAs. Thanks to the phase digi-
tizing, the phase delay errors caused by the spatial dispersion
influence the bandwidth performance of RRAs less than
RFAs. Therefore, the bandwidth of RRAs is theoretically
wider than the RFAs, even for large RRAs [21], and the
bandwidth of RRAs with 1-bit controlling can be wider than
the 2-bit RRAs [22]. However, the bandwidth of the RRAs is
also significantly dependent on the bandwidth of the unit
cells. As active devices and DC-bias structures are adopted
on reconfigurable unit cells, they introduce parasitic pa-
rameters and insert losses. Therefore, the bandwidth of the
unit cell is degraded considerably, and creating a wide
bandwidth reconfigurable unit cell has still been a great
demand for many decades.

Recent works have been focusing on RRAs with 1-bit and
2-bit controlling. A thorough literature review reveals that
the number of published literature of RRAs using PIN diode
is overweight other aforementioned methods [23-40].
Among them, 1-bit RRAs using PIN diode is receiving more
attention [23-35] since they are capable of achieving a wider
band than 2-bit RRAs due to simple DC-bias structures.
Therefore, we focus on analyzing the bandwidth of this type
of RRAs and propose a method to improve their bandwidth
performance.

Most recent works used two approaches to make a phase
shifter: delay lines and tunable resonator. In [23], the unit
cell uses a PIN diode and a delay line to change its reflection
phase. Its principle is simple, but the mismatch between the
patch and the delay line limits the bandwidth of the unit cell.
As a result, its bandwidth for the reflection phase from 170°
to 200° is just 450 MHz at 60 GHz. The work in [26] also
proposed a multipolarized RRA element using a delay line
and two PIN diodes. It obtained a bandwidth of 10.5%, from
13.5GHz to 15GHz for a phase range of 180" + 20°. Ref-
erence [25] presented a polarization-turning unit cell with a
complicated structure. They adopted 4 PIN diodes and 4
layers for impedance matching, polarization turning, and
DC isolating. This design is based on the approach of tunable
resonator, which shifts the phase by altering the resonant
frequency. This unit cell achieved a wideband of nearly 20%
at 13.25 GHz thanks to the high isolation between DC-bias
structure and the unit cell. Reference [31] showed a unit cell
using two patches and one PIN diode. This work also
adopted the approach of tunable resonator, but it only
obtained a 180° + 20° bandwidth of 12% at 5 GHz.

Recently, a “receiving-phase shift-transmitting” unit cell
is proposed [35]. The phase shifter uses a “microstrip-slot-
microstrip” structure and two diodes to reverse the current,
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which helps the unit cell achieve a bandwidth of 20.8%, from
11.6 GHz to 14.3 GHz. To date, because of narrow-band unit
cells, the bandwidth of 1-bit RRAs using PIN diodes is still
lower than RFAs, less than 16% compared to around 25% for
1-dB bandwidth [8, 9, 41]. In this paper, we proposed a novel
broadband unit cell operating at X and Ku bands. To obtain a
wide bandwidth, we adopt the approach of tunable resonator
by placing 4 diodes in the middle unit cell, avoiding the
mismatching between patches and delay lines. The DC-bias
structure is also designed properly to eliminate the parasitic
resonance.

This paper is organized as follows. Section 2 introduces
the geometry and performance of the proposed unit cell.
Section 3 presents the measured results with discussion.
Section 4 concludes this work.

2. Design and Performance of Unit Cell

2.1. Unit Cell Design. The structure of the proposed unit cell
is illustrated in Figure 1. The designed unit cell works at the
X and Ku bands, with a dimension of 12 mm, less than a half
of wavelengths in the intended frequency bands. The unit
cell consists of two dielectric layers, including RT5880 and a
FR4 substrates, which are bonded together by a prepreg layer
PP1080 and three metallic layers. The top metallic layer
consists of four identical square patches that are connected
together by 4 PIN diodes, etched on a RT5880 substrate with
a dielectric of 2.2 and a thickness of 3.175 mm, operates as
the main resonant component. The gap between the two
patches is g. The middle metallic layer works as a ground
plane or a reflective surface. The bottom metallic layer
contains four radial stubs printed on a FR4 substrate,
choking the RF signals from the unit cell to the DC con-
trolling board.

To understand more clearly, two equivalent circuits
which model two patches connected by a diode for each
polarization in x-axis or y-axis are presented on Figure 2.
Due to the electrical independence of twin patches, we just
model a couple of patches for the whole. As shown in
Figure 2, the patch is modeled as an inductor L, and a
capacitor C, while via is modeled as an inductor L,; in series
with a capacitor C, paralleled to another inductor L,,. C,
represents for the coupling between the via and the ground
layer. Inductors L,; and L,, represent for via segments from
the patch to ground and from ground to the radial stub.
Because the radial stub is considered as a virtual ground,
inductor L,, is also connected to the ground. The diode in
state “ON” is modeled as a serial circuit of a resistor of 4.2 Q
and an inductor of 50 pH, while the model for “OFF” state is
a capacitor of 42 fF parallel to a resistor of 300 kQ). Hence,
when the state of the diodes switches between “ON” and
“OFF,” the structure of the resonant circuit of the unit cell
changes, leading to adjusting the resonant frequency and the
reflection phase of the unit cell.

A thick RT5880 substrate is chosen to achieve a linear
phase in a wide bandwidth [42], while the FR4 and the
PP1080 prepreg layer are as thin as they can be to eliminate
the insert losses and unwanted parasitic resonance. The
detailed dimensions of the unit cell are shown in Table 1. It
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F1GURE 1: (a) Structure of the proposed broadband unit cell with 4 diodes on the top and 4 radial stubs on the bottom. (b) Top side of the unit

cell. (c) Bottom side of the unit cell.
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FIGURE 2: The equivalent circuits of a unit cell: diode state “ON” and (a), diode state “OFF” (b).

TaBLE 1: Detailed dimensions of the unit cells.

a 12 Iy 1.4 hp 0.1 d 1.21 ws 0.3
1 7 g 0.3 hf 0.18 wl 0.2 wy 0.2
Iv 0.5 h, 3.175 r 1.8 w, 0.3

unit: mm.

can be seen that placing diodes outside the patches and using
delay lines for phase shifter significantly deteriorate the
bandwidth of the unit cell due to the mismatch between the
patches and the delay lines [26, 27, 30]. Therefore, we
embedded four PIN diodes (MADP-000907-14020) in the
middle of the unit cell with a distance [, from the center. All
diodes are controlled by one bit through four vias that
connect 5V or -5V from the radial stubs to the patches.
Placing four diodes symmetrically allows unit cell to operate
in two orthogonal polarizations. All diodes are controlled by
one bit through four vias that connect the radial stubs to the
patches. To keep the symmetry of the unit cell, two vias are
connected to the radial stubs and two are grounded instead
of connecting all four vias to the ground layer for
simplification.

The via position Iv is also carefully examined to maxi-
mize the isolation between the DC-bias circuits and the RF
signals. Thanks to the parametric study, authors recognize
that the bandwidth of the unit cell is sensitive to the diode
positions I;. As shown in Figure 3, the bandwidth of unit cell
for a phase range of 180° + 20° decreases significantly from
40% to 11% and 8.4% in accordance with diode positions of
1.6 mm and 1.8 mm, respectively. Hence, fixing the positions
of the diodes is crucial to obtain the best performance of the
unit cell. To date, wire bonding and SMT are two popular
technologies that could connect such a tiny SMD diode to
the top metallic layer.

As wire bonding is rare and high cost, SMT is still the
best method for mounting the PIN diodes on a surface in our
situation. However, the SMT process always requires the
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FIGURE 3: Reflection phase differences vs diode positions.

soldering masks for fixing the soldered devices, which causes
the parasitic parameters. To avoid these unwanted reso-
nances and exactly mount the diodes on the top metallic
surface, authors design two slots as shown in Figure 1(b).

2.2. Dual Linear and Circular Polarization Performances.
For the structure of the proposed unit cell, three param-
eters g Iz and I, significantly influence the bandwidth
performance of the unit cell. The unit cell is simulated by
CST Studio in the periodic environment with a Floquet
port. In such a boundary, it is easy to achieve the reflective
coefficients and phases which are crucial parameters for an
element in the RRAs. However, the farfield of a single
element can be misleading because they are calculated in
the volume of the virtual side walls and in a finite array. The
reflection coefficients and phases of the unit cell are ob-
tained and plotted in Figure 4. Since the designed unit cell
is symmetric, the performances for x-polarized and
y-polarized incidences have a minor discrepancy. There-
fore, authors present the simulation results for y polari-
zation and left-hand circular polarization (LHCP) as
representations for dual linear polarizations and circular
polarizations, respectively. Figures 4(a) and 4(c) are the
performances for y polarization, while Figures 4(b) and
4(d) represent the LHCP. As observed in Figure 4, the unit
cell has excellent performances for multi polarizations. The
reflection coefficients of the unit cell are nearly zero at the
state “OFF” and less than —1.5 dB at the state “ON” for both
dual linear and circular polarizations. From these simu-
lated results, it can be estimated that the radiation effi-
ciencies of the unit cell are approximately 100% for “OFF”
state and around 70% for “ON” state. It is noted that the
deviation of the reflection coefficient at the state “1” is only
0.5dB, less than 1dB, which could make the unit cell a
promising candidate for broadband RRAs. The bandwidth
for phase shifts of 180° + 20° is from 10.4 GHz to 15.7 GHz
(40.6%) for both dual linear polarization and circular
polarization. The reflection coefficients for cross polari-
zation are less than -50dB for both linear and circular
polarizations. Although the periodic environment in CST
Studio does not allow to calculate the farfield exactly, but
an extremely low cross-polarization level illustrates that
the unit cell has a good axial ratio.
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2.3. Performance of the Unit Cell in Oblique Incident Waves.
Since the oblique incidence considerably affects the per-
formances of the unit cell. The performance of the unit cell at
various angles of the incident waves is analyzed. The sim-
ulated results for oblique incidence of 20° and 30° are plotted
in Figure 5. As shown in Figure 5, for y polarization, the
reflection coefficients and phases at 20° and 30° show a
minor deviation. Their bandwidth is still more than 35%,
and the cross-polarized coeflicients are less than - 40 dB. For
LHCP, the copolarized reflection coefficients (“ON” state)
drop to - 2.2 dB and - 3.7 dB at frequencies around 12.5 GHz
at 20° and 30° of incident wave, respectively. However, the
cross-polarized reflection coefficients are still less than
-10dB from 10 GHz to 15 GHz. As a result, the bandwidths
for LHCP at 20° and 30° are 28% (from 10 GHz to 13.3 GHz)
and 45% (from 10.04 GHz to 16 GHz), respectively.

3. Fabrication and Measurements

To date, measuring the character of a unit cell by metallic
waveguides is a unique method to verify the simulated
performance. However, for a specific waveguide, the elec-
tromagnetic waves are reflected at the broadside waveguide
walls with various angles depending on the frequency [40].
Therefore, to measure the character of the unit cell at dif-
ferent oblique angles, many waveguides with various di-
mensions need to be fabricated, which increases the cost of
measuring. Typically, only a waveguide is adopted to validate
the simulated results with acceptable tolerance [41]. In this
paper, because the cross-polarization coeflicient is minimal,
just copolarization is measured.

To verify the performance of the proposed structure, the
unit cell is fabricated and measured. The dimensions of the
unit cell are 12 mm x 12 mm, and the operating frequency of
the unit cell is in the bandwidth of the WR75 waveguide.
Therefore, authors fabricate a double cell with a dimension
of 24mmx12mm for the measurement. However, the
standard rectangular waveguide (WR-75) has a dimension of
19.05mm x 9.525mm that is not enough to contain the
double cell.

A set of waveguide tapers that convert from WR75 di-
mensions to a dimension of 24 mm x 12mm are designed
and fabricated, as shown in Figure 6.

Thanks to the TRL calibration method [31], the
24 mm x 12 mm plane is calibrated as a reference plane for
accuracy measurement results. The unit cell is fabricated at
the lab as in Figure 7. To fabricate such a 3-layer unit cell, the
authors used a press machine and prepreg PCL-FRP-370HR
1080 from Isola to bond the RT 5880 substrate and the FR4
layer. However, due to the lack of a laser drilling machine
and chemicals for PTFE plating, the chemical for FR4 via-
plating process is adopted. Hence, the quality of vias is not
perfect. Furthermore, since the unit cell is grinded manually,
the unit cell does not fit snugly to the waveguide as
Figures 7(e) and 7(f). Because PCB fabricating process is
complicated, just some of stage’s products is shown such as
masked middle layer for etching (Figure 7(a)), the sheet after
lamination (Figure 7(b)), and the complete product
(Figures 7(c) and 7(d)). Figures 7(e) and 7(f) present the unit
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FIGURE 6: The set of WR75 taper calibration: (a) Two sets of adapter and taper. (b) Short sheet. (c) % wavelength delay sheet.

FiGgure 7: Continued.
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FIGURE 7: The unit cell fabrication: (a) Mask of the middle layer before etching; (b) the sheet after laminating and via plating; (c) top side and
bottom side; (d) after silver plating, cutting, and grinding; (e) top side after soldering diodes; (f) bottom side with DC wires for controlling.
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FIGURE 8: (a) Measurement setup with PNA and WR?75 taper;

cell with soldered PIN diodes. The measurement setup using
PNA and taper WR75 is shown in Figure 8(a). To control a
full RRA, a controlling board is generally designed to control
diode states. In this paper, only.

two unit cells with 8 diodes are measured, and the author
only adopted a DC supplier to switch two DC levels (5 V and
- 5V). The measured results are demonstrated in Figure 8(b).
For “OFF” state, the measured reflection coefficients lose
around 0.5dB at frequencies lower of 14 GHz and nearly
1dB at frequencies greater than 14 GHz compared to the
simulated results. This discrepancy is resulted from the gaps
between the unit cell and the waveguide which cause an echo
or unwanted resonance and loss. The defective or inho-
mogeneous vias also contribute to this problem. However,
the reflective phase for “OFF” state is still relatively agreeable

(c)

measured results: (b) reflection Coeflicients; (c) reflection Phases.

with the simulation results. For “ON” state, when two
patches are connected together, this effect is more severe,
especially at frequencies greater than 13.6 GHz. As shown in
Figure 8(b), the measured reflection coefficient has a loss
more from 13 GHz and drop significantly from 14 GHz,
which leads to a large discrepancy between simulated and
measured phases from 13.6 GHz. To avoid the gap between
metal walls and the unit cell and remove most of the un-
wanted effects at high frequencies, a square ring of small vias
can be adopted to create a virtual wall around the unit cell.
However, as aforementioned, lack of specific equipment and
chemicals makes it impossible. A comparison of the pro-
posed unit cell with some related reports is presented in
Table 2. From this table, it can be seen that the proposed unit
cell shows an excellent performance in terms of bandwidth
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TaBLE 2: Comparison of unit cells with 1-bit control using PIN diodes.

Ref./Year f (GHz)/BW No of PIN diodes  No of substrates/thickness (mm) |T| ON/OEFF (dB) Polarization
[26]/2016 13.5-15; 10.5% 2 2, NP -0.5 to —-1; -0.3 to -0.7 DL, CP
[28]/2016 12--14.5; 18.8% 4 4, NP -0.5to -1; -0.5to 1 DL, CP, RP
[31]/2019 4.7--5.3; 12% 1 2,27 —-0.1 to -0.9; -0.1 to -0.9 SL
[35]/2021 11.6-14.3; 20.8% 2 3, 3.357 1.1.6 SL

This work  10.4-15.7; 40.6% 4 2, 3.405 -0.9 to -1.4; 0.05 DL, CP

The criterion for BW is the phase difference of 180° + 20°. NP:not published, SL: single linear polarization, DL:dual linear polarization, CP : circular
polarization, and PR: polarization rotation. Values in bold highlight our proposed work.

compared to the other works. This reflects that the structure
of the unit cell avoids the mismatching between two com-
ponents connected by diode and eliminate the effect of the
DC-bias structure. For reflection coefficient, due to using 4
diodes, the insert loss is high for state “ON,” just lower the
work in [20]. However, for “OFF” state, they show the best
performance. The unit cell also has an excellent average
reflection coefficient, less than 0.7 dB. These results come
from the proper DC-bias structure, material RT5880 with a
low loss tangent, and low insert loss PIN diodes.

4. Conclusion

A fully multipolarized configurable unit cell with 1-bit
control for RRAs is proposed. By using four PIN diodes with
two states ON and OFF, the phase of the element is ma-
nipulated in a 180° range. The impacts of DC-bias structures
on the unit cell performance are carefully investigated and
maximally eliminated. The simulated results demonstrate
that the unit cell achieves a bandwidth of more than 40% at
band X and Ku for both dual linear and circular polariza-
tions while having high isolation between cross and copo-
larizations. The unit cell is also fabricated and experimentally
characterized by using WR75 tapers calibrated by the TRL
method. The measurement is also in agreement with those
simulated for frequency band lower 13.6 GHz. The obtained
performances of the designed unit cell have demonstrated
the great potential to enhance the bandwidth of the 1-bit
RRAs.
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