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ABSTRACT In this paper, a 1-bit wideband electronically reconfigurable reflectarray (RRA) in Ku-band
is proposed. In order to achieve the wideband and reconfigurable characteristics, the stacked microstrip
structure and a 1-bit ““microstrip line-slot line-microstrip line” phase shifter (MSMPS) were introduced in
this design. A novel ‘“‘receiving-phase shift-transmitting” unit cell was gotten by connecting two stacked
microstrip structures using MSMPS. Due to the receiving and transmitting parts are perpendicular to
each other, the polarization rotation characteristic was demonstrated. To avoid the blockage of the feed
horn, it was placed above the reflecting surface array with an offset angle of 25° to the normal direction.
A 16 x 16 obliquely-fed RRA was designed and fabricated. The measured 1-dB gain bandwidth of the
RRA is 15.4%. The measured results show that the fabricated prototype can achieve beam scanning from
—20° to 50° in the elevation plane, and £50° beam scanning in the azimuth plane.

INDEX TERMS Beam-scanning, PIN diodes, reconfigurable, polarization rotation, wideband, reflectarray.

I. INTRODUCTION

Antennas with wideband and beam-scanning characteristics
are critically essential in many applications, such as wireless
communication, remote sensing and so on. The phased array
is a classical structure to achieve the beam-scanning capac-
ity [1]. The beam scanning is achieved by manipulating the
phase shifting of every phase shifter, which is connected to
the antenna element [2]. However, due to the bulky and high
cost of the phase shifter, the phased array is inconvenient in
actual applications [3].

Recently, reconfigurable reflectarray antennas (RRAs)
with various functions have been widely used due to they
combine the features of reflectors and phased arrays [4]-[14].
The beam-scanning characteristics can be achieved by
mechanically [4]-[7] or electronically [8]-[14] controlling
phased responses of each element in RRA.

For mechanically controlling [4], the beam scanning is
generally achieved by the rotation of the array, the rotation
of the feed horn, or combines the two mentioned approaches.
In [5], the proposed RA antenna achieves a beam scanning
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range of more than +60° based on the mechanical rotation
of the array. In [6], a wide-angle beam-scanning RA based
on the mechanical rotation of the feed antenna was proposed,
and the gain variation was less than 1.7 dB within the scan
coverage of +45°. In [7], a low-cost 1-D RRA with £70°
scan coverage was introduced by combining feed displace-
ment and reflectarray panel in-plane rotation. All these works
have been proved to be effective in realizing beam-scanning.
However, the rotation of the array or feed antenna increases
the complexity of the RRA application.

Phase response of electronically reconfigurable elements
can be realized by PIN diodes [8], varactor diodes [9]
and microelectromechanical systems (MEMS) switches [10].
Due to the continuous phase shift with a low transmission
loss is fairly difficult and the control board is complex [11],
PIN diodes are more commonly used in research [12]. The
concept of phase quantization is widely used in RRA design.
Among them, the 1-bit phase quantization design is a typical
representation, that is, 0° and 180° states are used to substi-
tute the continuous phase changes [13]. In [14], a wideband
1-bit 12 x 12 RRA was designed based on PIN diodes,
and beam scanning within £50° could be achieved in two
principal planes. In [15], an X-band electronically RRA was
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developed, and good beam-scanning performance has been
achieved in a 2D space. In [16], an electronically recon-
figurable folded reflectarray based on PIN diodes was pro-
posed. The measurements of the fabricated prototype show
a wide beam-scanning range up to £60°. All these proposed
electronically-controlled RRAs show a good beam-scanning
characteristic.

A 1-bit electronically RRA with wideband, beam-
scanning, and polarization rotation characteristics in Ku-band
is proposed in this paper. A novel “receiving-phase shift-
transmitting”’ reflecting element is established by connecting
two stacked microstrip structures using a ‘“microstrip line-
slot line-microstrip line” phase shifter (MSMPS). The 1-bit
reconfigurable characteristic is realized by two reversely-
mounted PIN diodes on the MSMPS. Due to the receiving and
transmitting parts are perpendicular to each other, the polar-
ization rotation characteristic is gotten. The stacked structure
design [17] is introduced to broaden the bandwidth, and a
large polarization rotation bandwidth (over 20%) has been
demonstrated. An RRA prototype is fabricated and measured.
The measured beam can scan from —20° to 50° in the eleva-
tion plane, and £50° beam scanning in the azimuth plane.

This paper is organized as follows. In Section II, the design
of the 1-bit RRA unit cell and its simulated performance is
presented. In Section III, a 256-element RRA prototype is
designed, fabricated, and measured to validate the design.
Finally, conclusions are given in Section IV.

Il. RECONFIGURABLE UNIT CELL DESIGN

To design a wideband RRA unit cell, a wideband stacked
patch structure, and a 1-bit MSMPS were proposed. First,
a stacked microstrip structure was introduced to realize the
wideband characteristics. Then, a 1-bit MSMPS was designed
based on the idea of current path reversal. At last, the 1-bit
wideband reflectarray unit cell was realized and the direct
current (DC) bias was designed.

A. WIDEBAND STACKED MICROSTRIP STRUCTURE
Generally, an RRA antenna consists of a planar array with
reconfigurable elements and a feed for illuminate [15]. The
receiving and transmitting parts of the RRA are designed on
the planar array.

In order to achieve the wideband characteristic of the RA,
a stacked microstrip patch structure with a parasitic patch,
shown in Fig. 1, has been designed in this paper. It comprises
three metallic layers (the ground plane, the driven patch,
and the parasitic patch) and two substrates. Arlon AD 255C
(e;1 = 2.55,tan § = 0.0014, and h; = 1.58 mm)
and Arlon AD 1000 (¢, = 10.2, tan § = 0.0023, and
hy = 0.635 mm) are chosen as the upper substrate and lower
substrate, respectively. There is no air gap between the upper
and lower substrates. All the detailed structural dimensions
of the stacked microstrip patch antenna are listed in Table 1.

The simulated reflection coefficient (S7;) and realized
gain of the wideband stacked microstrip patch antenna can
be obtained from Ansys HFSS with the radiation boundary
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FIGURE 1. Structure of the stacked microstrip structure. (a) 3-D view;
(b) Top view of the parasitic patch; (c) Top view of the driven patch.

TABLE 1. Parameters of the stacked microstrip structure.

Symbol Size (mm) Symbol Size (mm)
» 12 W 0.4
wi 32 W 0.24
i 6 hi 1.58
w2 2.1 ha 0.635
b 3.6
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FIGURE 2. Simulated reflection coefficient and realized radiation gain of
the stacked microstrip structure.

condition, as shown in Fig. 2. The —10 dB impedance band-
width of the stacked microstrip patch antenna is about 21.1%
(from 11.22 GHz to 13.86 GHz). The simulated peak gain is
6.48 dB at 13.68 GHz, and the 1-dB gain drop bandwidth is
23.7% (from 11.17 GHz to 14.34 GHz).
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B. 1-BIT PHASE SHIFTER

In order to obtain the required 1-bit phase quantization
(0° or 180°) and connect the receiving and transmitting
parts simultaneously, a phase shifter is required. Based on
the stacked microstrip structure design in Section II-A, an
MSMPS [18], shown in Fig. 3, is designed. Here, Arlon AD
1000 (g2 = 10.2, tan § = 0.0023, and &y = 0.635 mm) is
selected to facilitate the connection of the receiving and trans-
mitting parts. Port 1 and Port 2 are connected to microstrip
line 1 and microstrip line 2, respectively. Meanwhile, another
end of the microstrip line 1 is connected to the center of
the inner circular metal patch (ICMP) at the bottom of the
substrate by a metal via. The detailed parameters of the 1-bit
MSMPS are listed in Table 2.

Diodes
(Bottom)

lpsi

ZPSZ

4
4 Port 1

FIGURE 3. Structure of the MSMPS.

TABLE 2. Parameters of the MSMPS.

Symbol Size (mm) SYMBOL Size (mm)
Wusi 0.4 Wilot 0.35
Wus2 0.4 Rin 0.65

Ipst 1.37 Rout 0.95
Ipsy 2.9

Two PIN diodes (MADP-000907-14020) are reversely
mounted between the ground and the ICMP to obtain the
required phase quantization [19]. By controlling the bias
voltage, the working state of the diode will change and the
path of the electromagnetic (EM) wave propagated in the
slot will be changed accordingly. Fig. 4 shows the simulated
electric field distributions of the MSMPS at 12.5 GHz under
different states. Obviously, the propagation paths of the EM
wave in State I and State II are opposite. Since the phase
shift is achieved by changing the propagating path in a mirror
direction, it can be called as ““current path reversal principle.”

To verify the characteristics of the MSMPS, the designed
structure is simulated in Ansys HFSS with the radiation
boundary condition. In simulations, the PIN diode is mod-
eled as lumped elements. The initial value of the diode is
R = 7.8 ohm and L = 30 pH in series for ON state, and
C = 0.025 pF and L = 30 pH in series for OFF state [20].
Fig. 5 shows the simulated performance of the 1-bit MSMPS.
The simulated results in State I and State II are basically
the same. The minimum insertion losses of the MSMPS are
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FIGURE 4. Electronic field distributions in different states. (a) State I;
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FIGURE 5. Simulated performances of the MSMPS. (a) S-parameters;
(b) Phase.

1.7 dB for State I and 1.66 dB for State II. The simulated
return losses in both states remain less than —10 dB in the
operating band of 10~15 GHz. The phase difference between
State I and State II, shown in Fig. 5(b), remains around 180°
within the operating band. The wideband characteristics of
the 1-bit phase shifter are verified by the results.

C. REFLECTARRAY UNIT CELL AND BIAS NETWORK

A 1-bit RRA unit cell can be obtained by connecting the
designed stacked microstrip patch structures in Section II-A
using the MSMPS in Section II-B. Fig. 6 illustrates the struc-
ture of the proposed RRA unit cell. The top metal layer and
the middle metal layer forms the stacked microstrip antennas,
and the lower metal layer is the ground plane printed with the
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Stacked antenna 1

FIGURE 6. Structure of the proposed RRA unit cell. (a) Exploded view;
(b) Top layer (Arlon AD 255C); (c) Middle layer (Arlon AD 1000); (d) DC
bias layer (FR-4).

slot line of the MSMPS (integrated with PIN diodes). The
stacked antenna 1 and stacked antenna 2 are connected to
microstrip line 1 and microstrip line 2 of the MSMPS (shown
in Fig. 3), respectively. In order to achieve a better matching
between the microstrip line and lower patch, two rectangular
matching slots (0.2 mm x 0.8 mm, marked in Fig. 6(c))
are added at the connection. Besides, the part of the upper
substrate with a size of 6.8 mm x 7.8 mm (windows 1 in
Fig. 6) is cut off to avoid the effect of the upper substrate on
MSMPS.

To control the diodes’ states, a DC bias circuit is demanded
for the RRA. Two conditions should be met for the DC bias
network: RF signals should not enter the DC network, and
DC signals should not interfere with the RF signals. As shown
in Fig. 6(d), a DC bias board is placed under the ground of the
unit cell. Here, the DC bias board is supported by FR-4 with a
relative permittivity of 4.4 and a thickness of 1 mm. To realize
the installation of the PIN diodes and avoid the effect of the
lower substrate on MSMPS, a part of the FR-4 (windows 2 in
Fig. 6) is cut off.

The bias lines are distributed on the back of the FR-4,
and the DC bias voltage is added to the PIN diodes through
the metalized stamp via. The DC bias voltage is applied to
the middle of the lower patch of the stacked antenna 1 and
transferred to the ICMP through the metal via to control the
diode states. The bias line is a high-impedance microstrip line
with a width of 0.2 mm, and a fan-shaped matching branch is
added at about a quarter wavelength.

The characteristics of the RRA unit cell are analyzed with
periodic boundary condition as shown in Fig. 7(a), and the
periodic dimension is 12 mm x 12 mm (0.5 Xy x 0.5 Aq,
where Ao denote the free-space wavelength corresponding
to 12.5 GHz). The Floquet port in Ansys HFSS is used to
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FIGURE 7. Full-wave simulated model and EM flow direction.
(a) Full-wave simulated model; (b) EM flow direction.

analyze the characteristics of the RRA unit cell. The TE and
TM modes of the Floquet port are applied to calculate the
horizontal polarization (HP) and vertical polarization (VP)
incident waves, respectively. Here, we define the HP (TE
mode) as along the x-axis, and the VP (TM mode) as along
the y-axis. As shown in Fig. 7(b), when the EM wave is
incident along the x-axis, it will be received by the stacked
antenna 2. Then the EM wave will path through the MSMPS,
and re-radiate along the y-axis by the stacked antenna 1.
Conversely, the EM wave will be radiated by the stacked
antenna 2 when it is received by the stacked antenna 1.
Here, a typical ‘“‘receive-phase shift-transmit” RRA structure
is designed, and the polarization rotation characteristics are
demonstrated.

The TE/TE means the reflected energy coming from the
x-axis polarized wave (x-axis incident wave), and the TM/TE
represents the reflected energy with the polarization rotating.
The same definition also applies to the TM/TM and the
TE/TM. Fig. 8(a) shows the simulated magnitude responses
of the unit cell under TE mode and TM mode incidences
(normal incidence and 30° oblique incidence are both con-
tained). For normal incidence, the TM/TE (TE/TM) of the
unit cell varies from 1.2 dB to 2.5 dB within the oper-
ating band of 11.6~14.3 GHz. The fluctuation range of
the TM/TE (TE/TM) is 1.0 dB within the operating band
of 11.5~14.3 GHz for 30° oblique incidence. Similarly,
the TE/TE and TM/TM contained in Fig. 6(a) are basically
less than —10 dB at the frequency range from 11.6 GHz to
14.3 GHz (corresponding to the relative bandwidth of 20.8%)
for both the normal incidence and 30° oblique incidence.

Fig. 8(b) depicts the simulated phases and phase differ-
ence between the ON- and OFF-states for normal incidence.
The simulated phase difference is maintained around 180°
during the frequency band of 11.6 to 14.3 GHz. The wide-
band, oblique incidence and reconfigurable performances are
demonstrated by the results.

A comparison between the simulated element performance
of the proposed RRA element and some recently published
RRA element designs is listed in Table 3. It is obvious that
the proposed RRA element in this paper has advantages due
to its wideband performance.
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FIGURE 8. Simulated oblique incidence performance of the unit cell.
(a) Magnitude responses; (b) Phase under normal incidence.

TABLE 3. Comparison of simulated performance of RRA elements.

Ref. Freq. (GHz) Phase control Bandwidth (GHz)

[8] 12.5 PIN 1-bit 12.25~12.75 (4%)

[9] 5 Varactor Continuous 0.6%

[10] 11.2 MEMS 1-bit 12.5%

[12] 5 PIN 1-bit 4.7~5.3 (12%)
This work 12.5 PIN 1-bit 11.6~14.3 (20.8%)

Ill. WIDEBAND RECONFIGURABLE REFLECTARRAY

A. CONFIGURATION OF THE REFLECTARRAY

Based on the proposed RRA unit cell in Section II-C, a 1-bit
RRA with 16 x 16 elements, as shown in Fig. 9, was designed
and fabricated. This RRA consists of a circular corrugated
horn and a reflecting surface array. The aperture size of the
reflectarray is 192 mm x 192 mm. In order to mitigate the
blockage of the feed horn [16], an offset feed configurable
is employed [21]. In this design, the feed horn is titled 25°
away from the broadside direction. In order to control the
fabricating cost here, the multi-layer structure connection of
the reflecting array is achieved by a series of screws. For
engineering production, different substrates can be pressed
together by bonding film rather than screws.

A DC bias board is placed at the backside of the ground
area. The layout of all DC bias lines is shown in Fig. 9(c).
To control each RRA element independently, the 20-pin
surface-mounted connector has been designed and used. The
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FIGURE 9. Photograph of the fabricated RRA. (a) Front view; (b) Back
view; (c) Layout of biasing lines.

bias network includes 16 connectors, which are distributed
on the right and left of the reflectarray. There are 256 bias
lines in total, and each bias line starts from a connector and
ends at different unit cells. All the bias lines in the bias board
are connected on a connecting board and then connected to a
256-way voltage control board.

The focal length to diameter ratio (F/D) of the array is
set to obtain a maximum aperture efficiency (the product
of spillover efficiency and illumination efficiency). First,
the performance of the feed horn is analyzed. Fig. 10(a)
depicts the simulated reflection coefficient (S11) and realized
gain versus frequency of the horn. The simulated results show
that the horn has a gain of 12.3~15.9 dB within the frequency
range of 11~15 GHz, and Sj; remains less than —20 dB.
Radiation patterns of the E- and H-planes at 12.5 GHz are
shown in Fig. 10(b). The radiation patterns of the E- and
H- planes are in good agreement, and the E-/H-plane 3-dB
beamwidth is 37.8°/35.4° at 12.5 GHz. Based on the radiation
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FIGURE 10. Simulated performance of the feed horn. (a) Reflection
coefficient and realized gain versus frequency; (b) Radiation patterns at
12.5 GHz.
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FIGURE 11. Calculated efficiency versus F/D. (Without considering the
phase quantization error).

patterns of the horn, the effective Q factor is 5.5 in this
design [22]. According to the geometry structure of the
reflectarray, the calculated efficiency versus F/D is shown in
Fig. 11. Here, the efficiency is calculated without considering
the phase quantization error. The calculated maximum aper-
ture efficiency is 70.2% when F/D is equal to 0.86, and the
initial F/D of the RRA is set to be 0.86.

B. CONFIGURATION OF THE REFLECTARRAY
Based on the geometric parameters of the reflectarray,
the required phase distribution for any beam direction can be
calculated. Fig. 12 shows the side view of the reflectarray. The
feed horn is placed above the reflecting surface array with
an oblique angle of 25° to the normal direction, and point
P refers to the phase center of the feed horn. Two elements
A(m,n,0)and B(p, g, 0) of the reflectarray are selected, where
(m, n, 0) and (p, g, 0) express the coordinates of the element
A and B, respectively.

To obtain a beam in a defined direction (such as ug
in Fig. 11), the EM waves reflected by elements should form
an isophase plane perpendicular to ug, that is:

—kod(m, n, 0) + @req(m, n, 0) + koo imn
= _kOd(Pv q, O) + @req(ps q, 0) + koao;pq’ (1)

where ko is the free space wavenumber corresponding to the
required frequency (here, f = 12.5 GHz). d(m, n, 0) and d(p,
g, 0) represent the distances from the center of element A and
element B to the point F, respectively. rmn and rpq represent
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FIGURE 12. Side view of the RRA.

the position vectors of element A and element B, respectively.
In addition, @req(m, n, 0) and @req(p, g, 0) mean the required
phases of elements A and B, respectively, when the beam
points to ug.

In order to obtain the required beam-scanning angle,
the phase distributions on the 16 x 16 RRA elements for
different directions are calculated. Fig. 13 shows the diode
state distributions of RRA for the main beams of broadside
direction and 30° oblique angles of the two principal planes.
Due to the feed horn is distributed with an offset angle of 25°
to the normal direction in the elevation plane (yoz plane),
the beam-scanning is started from —20°. For the azimuth
plane (xoz plane), the diode state distributions with the same
offset angles (relative to the broadside) are symmetrical.

y-axis (element)
y-axis (element)

[ERE
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x-axis (element) x-axis (element)

y-axis (element)
y-axis (element)
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© (d)
FIGURE 13. Diode state distributions of the RRA. (a) theta = 0°, phi = 0°
(broadside); (b) theta = 30°, phi = 90° (yoz plane); (c) theta = —30°,
phi = 0° (xoz plane); (d) theta = 30°, phi = 0° (xoz plane). = M denotes
the OFF state;  denotes the ON state.

C. SIMULATED AND MEASURED RESULTS

To demonstrate the design, the fabricated reflectarray proto-
type is measured in an anechoic chamber. Fig. 14 gives the
simulated and measured realized gains of the reflectarray.
The 1-dB gain drop bandwidth of the reflectarray is 15.4%
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FIGURE 15. Simulated and measured radiation patterns of the broadside
beams. (a) Azimuth plane (xoz plane); (b) Elevation plane (yoz plane).

(from 12 GHz to 14 GHz). The wideband characteristics of
the proposed array are verified. The discrepancy between
the simulated and measured results are may be attributed
to the imperfect fabrication and soldering, and measurement
accuracy. Besides, it is found that 20 PIN diodes are broken
after assembly, which may cause an additional gain loss.

In the measurement, the EM wave emitted by the horn is
linearly polarized along the y-axis direction, and the radiated
EM wave is linearly polarized along the x-axis direction (as
shown in Fig. 9). Conversely, it can also be used and the result
is the same. The polarization rotation characteristics of the
RRA are demonstrated.

The measured radiation patterns of the broadside beams
at the two principal planes are shown in Fig. 15. To ver-
ify the feasibility, the simulated radiation patterns are also
contained for comparison. Excellent agreements between the
simulated and measured results are clearly observed in both
the two principal planes. The measured half-power beam
widths (HPBWSs) are 8° and 8.7° in the azimuth and ele-
vation planes, respectively. Besides, the cross-polarization
levels are below —17.5 dB and —17 dB in the azimuth and
elevation planes, respectively. The measured peak gain is
about 20.5 dB, appearing at the 20° main beam, and the
corresponding peak gain aperture efficiency is about 15.4%.

The beam-scanning performances in both the elevation
plane (yoz plane) and azimuth plane (xoz plane) are measured
at 12.5 GHz. Fig. 16 shows the measured radiation patterns in
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TABLE 4. Comparison of measured performance of RRAs.

Freq Number 1-dB Aperture Scan
Ref. ) Mechanism of gain o
(GHz) elements | BW (%) Eff. (%) range
Array o
[5] 26 rotation 20 % 20 13.1 / £60° (1D)
Feed o
[6] 12 rotation 16 % 16 8~10 ~43.1 | +45°(I1D)
Dual o
7] 12 rotation 640 9.6 > 40 +70° (1D)
[8] 12.5 PIN 10 x 10 <8 17.9 +50° (2D)
[14] 5 PIN 2% 12 84 1526 | +50° (2D)
[15] 11.5 PIN 14 x 14 <9 25.33 +60° (2D)
[16] 12.5 PIN 14x14 | ~125 132 £60° (2D)
This | 455 PIN 16 x 16 15.4 15.4 £50° (2D)
work

the elevation plane (yoz plane). Due to the feed horn is titled
25° away from the broadside direction in the elevation plane,
the beam scanning is started from —20°. The measured results
show that the proposed RRA can scan a range from —20° to
50° in the elevation plane, with a realized gain fluctuation
of 4.5 dB.

Fig. 17 shows the measured radiation patterns of the RRA
in the azimuth plane (xoz plane) at 12.5 GHz. The measured
results show that the proposed RRA can scan a range from
—50° to 50° with 3.5-dB gain fluctuation. Due to the sym-
metry in the azimuth plane, only the results of beam scanning
from 0° to 50° are given in Fig. 17.
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A comparison between the measured performances of the
proposed RRA and some recent RRAs is listed in Table 4.
It is worth mentioning that the presented RRA in this paper
achieves the wider 1-dB gain drop bandwidth. Good polar-
ization rotation characteristics have been gotten in this work.
Besides, a comparable continuous beam-scanning perfor-
mance has been achieved in contrast to previous works.

IV. CONCLUSION

In this paper, a 1-bit electronically controlled RRA with wide-
band, beam-scanning, and polarization rotation features in
Ku-band was proposed. The unit cell consists of two stacked
microstrip antennas and a 1-bit MSMPS. The wideband
feature was realized by the stacked microstrip design, and
the required phase quantization (0° and 180°) was obtained
based on PIN diodes. The polarization rotation characteristic
was demonstrated since the receiving and transmitting parts
are perpendicular to each other. In order to mitigate the
blockage of the feed horn, an offset feed configurable (titled
25° away from the broadside direction) was proposed.
A 16 x 16 RRA was designed, fabricated, and measured.
The fabricated prototype’s main beam can scan from
—20° to 50° in the elevation plane, and £50° beam scanning
in the azimuth plane.
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