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A 1296-Cell Reconfigurable Reflect-Array
Antenna With 2-Bit Phase Resolution for Ka-
Band Applications

Enhao Wang, Guangyao Peng, Kunjing Zhong, Fan Wu, Member, IEEE, Zhi Hao Jiang, Member,
IEEE, Ronan Sauleau, Fellow, IEEE, and Wei Hong, Fellow, IEEE

Abstract—A large-scale reconfigurable reflect-array antenna
(RRA) with 2-bit phase resolution is reported here at Ka-band.
The unit cell is designed based on a segmented resonator with end
folding, which facilitates cell miniaturization and offers a stable
angular response. By incorporating only two PIN diodes into each
RRA unit cell, 2-bit phase compensation can be obtained due to
the electronical reconfigurability of the resonant current path
length. In order to validate the properties of the proposed 2-bit
cells, a free-space scattering measurement of a uniform array is
conducted. Furthermore, in order to construct large-scale
extensible RRAs to meet versatile application demands, modular
reflect-subarrays, each containing 144 RRA cells and their control
module, are utilized as constitutive building blocks. As a
demonstrative example, a 1296-cell RRA prototype fed by a
broadband planar array is synthesized, fabricated, and
characterized, yielding a peak gain of 29.2 dBi and an aperture
efficiency of about 27.1% at 26.1 GHz. It experimentally achieves
a beam scanning coverage up to +50° with a 3-dB scanning loss.
The demonstrated RRA is a promising candidate for future
millimeter-wave communication and radar systems.

Index Terms—2-bit phase compensation, beam-steering,
millimeter wave, reconfigurable reflect-array (RRA).

I. INTRODUCTION

lanar reflect-array antennas (RAs) contain the features of

both the parabolic reflectors and phased array antennas by
jointly utilizing the spatial illumination and phase synthesis
technology [1]. Compared to the phased-array antennas relying
on complex feed networks, the RAs do not suffer from insertion
loss in the beam forming network, benefiting from the spatial
feed scheme. The RA cells, which are the fundamental building
blocks, function as reflective phase shifters, transforming the
incident wave from the feed into collimated highly-directive
beams or shaped beams [2]. A major shortcoming of the passive
RAs is that they have a fixed beamforming functionality once
the device is fabricated, thereby significantly restricting their
widespread applications. In order to overcome this weakness,
over the past decade, various reconfigurable techniques have
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been incorporated into the RA designs to achieve dynamically
steerable beams [3], [4].

In general, the reconfigurable reflect-array antennas (RRAs)
can be realized based on two different phase-shifting
mechanisms. The first one provides a continuous reflection
phase modulation, utilizing tunable materials [5], [6], rotatable
micromotors [7], [8] or loaded varactor diodes [9], [10].
Basically, this method has the highest phase tuning accuracy,
but requires a complex controlling system. Differently, the
second type of RRAs is capable of enabling discrete phase
shifting using electronic switches such as PIN diodes [11], [12]
and microelectro-mechanical systems (MEMS) [13], [14],
which possess lower reflection loss and simplified control
circuits. Compared with PIN diodes, MEMS switches have
lower DC power consumption and higher linearity, but this
technology suffers from a high actuation voltage and low
reliability. Therefore, due to the advantages with regard to loss,
system complexity, and process maturity, RRAs based on PIN
diodes have garnered a significant amount of attention in recent
years.

The concept of 1-bit phase quantization features the lowest
phase resolution, where a reflection phase difference of 180°
can be obtained as the integrated devices are switched between
the ON and OFF states. By incorporating lumped switches
directly on the radiators [15], as well as loading diodes on the
feeding probe of magneto-electric dipoles [16] or the phase
delay line of patches [17-19], 1-bit RRAs supporting beams
with single linearly/circularly polarization [15-20], polarization
rotation, [21], [22] or multi-polarization [23-25] have been
proposed, primarily at microwave frequencies within or below
the Ku-band. A few demonstrations of 1-bit RRAs have also
been carried out at millimeter-wave (mm-Wave) frequency
bands by loading a PIN diode on the delay line of the patch in
each cell [11], [26]. However, the 1-bit phase quantization
introduces a quantization loss of about 3 — 4 dB, as compared
to the RRAs with a continuous phase shifting [27], resulting in
a low aperture efficiency and high sidelobe levels.
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In comparison, RRAs with 2-bit phase quantization possess
improved performance in terms of the peak sidelobe level (SLL)
and aperture efficiency, which are beneficial for far-field and
near-field focusing, as well as imaging applications [28-30].
Several approaches have been proposed to achieve 2-bit phase-
shifting. In [31], a 2-bit phase-shifting circuit with four loaded
PIN diodes is attached to the radiator of an RRA cell. The
realized LP cell-level possesses a bandwidth of 17.5% at X-
band. The 90° phase difference between the cell states can also
be achieved based on the effective geometrical rotation of the
RRA cell [32], but only for circular polarization. A 2-bit CP
RRA containing 16 x 16 cells, with each cell encompassing
eight PIN diodes, is demonstrated at X-band, offering an
aperture efficiency of 35% and a 3-dB beam scanning range of
about £60°. Furthermore, several other techniques have been
applied for constructing dual-polarization 2-bit RRAs. In [33],
a 2-bit cell containing four switches is devised for +45°-linear
polarizations by mixing two polarization-rotation modes and
two non-polarization-rotation modes. Static array prototypes
with 484 cells are experimentally characterized at Ku-band,
showing a beam scanning up to 45° and an aperture efficiency
of 39.4%. In [34], by the joint utilization of a current-reversal
180° phase shift and resonance shift induced 90° phase shift, a
2-bit 16 x 16-cell RRA is demonstrated at S-band, where each
cell contains five PIN diodes, offering an aperture efficiency of
31.1% and a 3-dB beam scanning range of £50°. In [35], a dual-
LP 2-bit RRA cell with a bandwidth of 2.5% is proposed at X-
band, consisting of two orthogonal crossed dipoles loaded with
eight PIN diodes.

Due to their finer phase resolution, 2-bit RRAs require more
delicately designed unit cells and more complex controlling
circuitry, such that the majority of the demonstrated 2-bit RRAs
work in the microwave bands below 11 GHz. At mm-Wave
frequencies, these challenges become more severe, mostly due
to the limited design space of the cells, stronger parasitic effects
of PIN diodes, large-scale array realization, etc. Thus far, only
a few attempts on mm-Wave 2-bit RRAs have been reported. In
[36], based on a top polarization rotation layer and a bottom
cross-shaped resonator providing a 90° transmissive and
reflective phase shifting, respectively, a 2-bit RRA with 9 x 67
cells is proposed at Ka-band; in this case, each unit cell requires
six MEMS switches. It supports a beam scanning range of £30°
and an aperture efficiency of 23.3%. Another 2-bit folded RRA
design operating at 35 GHz is reported in [37], which is
composed of 160 reconfigurable antenna-filter-antenna cells
each containing five MEMS switches. It has an aperture
efficiency of only 5.5% and a beam scanning range of +45°.
However, the fabricated arrays in these two works are “frozen”
prototypes without the integration of realistic switches. Hence,
it is highly desirable to achieve fully-functional 2-bit mm-Wave
RRAs with steerable beams, which calls for higher demands on
the integrability, reliability, and scalability of the RRA sub-
system.

In this article, we report the design and experiment of a large-
scale RRA with 2-bit phase resolution at Ka-band. A cell based
on a segmented resonator with end folding and integrated with
only two PIN diodes is proposed and validated, offering a stable

2-bit phase shift. In particular, the introduction of end folding
effectively improves the angular response stability. The
experimental results of a 2-bit RRA prototype with 36 x 36 cells
highlight a wide beam scanning range and a high aperture
efficiency. Compared to existing 2-bit RRAs in the mm-Wave
bands, the proposed 2-bit RRA realizes fully-functional beam
scanning with a superior performance. Furthermore, this work
also provides a convenient and extensible system integration
approach to the realization of large-scale RRAs for future mm-
Wave communications.

This article is organized as follows. Section II presents the
design, operation principle, and performance analysis of the
proposed 2-bit RRA cell. Free-space measurement of the unit
cell is reported in Section III. Section IV describes the synthesis,
implementation, and characterization of the 36 x 36-cell RRA.
Conclusions are drawn in Section V.
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Fig. 1. 3-D schematic of the 2-bit LP RRA producing a steerable beam at (6,,
¢,) illuminated by a LP planar feed array. The reflect-array surface consists of
3 x 3 reflect-subarrays. The phase states are driven by a field-programmable
gate array (FPGA) controller.

2-bit Unit Cell

II. DESIGN OF 2-BIT MM-WAVE RRA UNIT CELLS

The 3-D schematic of a 2-bit LP RRA containing 3 % 3
identical reflect-subarray modules is depicted in Fig. 1. Each
RRA unit cell is capable of providing 2-bit phase compensation
individually, where two PIN diodes are loaded to electronically
adjust its working state. In order to minimize the feed blockage
and reduce the overall profile of the RA antenna, a 2 x 2-
element LP planar array is employed as the feed. The incident
field is polarized along y-direction. The F/D ratio is set to 0.87
so that the unit cells near the edges of the RRA are illuminated
by waves with an incident angle of about 30°. The direct current
(DC) biasing circuits are placed behind of the array, providing
the desired biasing voltage to each PIN diode and, thereby
allowing to steer electronically the antenna beam at (6, ¢,).

A. RRA Unit Cell Design

The multi-layer structure of the proposed 2-bit RRA unit cell
is illustrated in Fig. 2; it has a periodicity of 5 mm x 5 mm,
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corresponding to 0.434p x 0.431 at the targeted center
frequency around 26 GHz. It consists of three dielectric
substrates and five metallic layers, in which the middle layer is
a ground plane that isolates the mm-Wave resonator and biasing
circuits [see Fig. 2(a)]. The segmented resonator with end
folding for phase shifting is printed on the top dielectric
substrate. It is composed of a central square patch and two
unequal-sized parasitic patches [see Fig. 2(b)]. The outer ends
of the two parasitic patches are folded downward and extended
to the second metallic layer through two blind vias [see Fig.
2(c)]. This effectively gives rise to a miniaturized resonator by
extending the resonant length and reduces capacitive inter-cell
coupling. The central patch is electrically connected to the
ground plane by using a metallic via for DC grounding. In the
two gaps between the central patch and two parasitic patches,
two PIN diodes, i.e. PIN 1 and PIN 2, are placed face-to-face
for electrically adjusting the resonant state of the unit cell. Their
anodes are directed to the parasitic patches, while the cathodes
are connected to the central grounded patch. For welding the
PIN diodes more precisely, two pads are added on the inner
ends of the parasitic patches.
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Fig. 2. Geometry of the proposed 2-bit RRA cell: (a) exploded view, (b) first
layer, (c) second layer, (d) third layer, and (e) fourth layer. The optimized
dimensions (all in millimeters) are 4, = 0.254, h, = 0.2, h, = 0.508, h; = 0.4, P
=5, W,=3.46, W,=048, W5=0.98, W4=0.9, W=0.3, W;=0.6,L,=2.9, L,
= 08, L3 = 24, L4 = 04, L5 = 132, LSI = 22, Lsz = 08, LB = 31, RS: 023, RH
=0.6, Ry=0.2, and Dy=2.38. The substrate materials are Taconic TLY-5 (¢, =
2.2, tand = 0.0009) and FR-4 (&, = 4.4, tand = 0.02). The bonding film is Rogers
4450F (g, = 3.52, tand = 0.004).

In order to control independently the states of the two PIN
diodes, biasing circuits need to be carefully designed. Two
metallized via holes are used to connect the parasitic patches to
the DC biasing lines on the bottom metallic layer, which go
through two circular holes on the ground plane [see Fig. 2(d)].

Two rectangular pads are placed on the fourth metallic layer
[see Fig. 2(e)], serving as distributed capacitors with an
equivalent capacitance of about 0.78 pF [38]. Such a method is
more effective than conventional RF choke circuits, such as
radial stubs [26], [29], [32-36], and lumped inductors [34], [39],
particularly at mm-Wave frequencies due to the limited
available space and strong parasitic effects of the off-the-shelf
lumped inductors. A full-wave simulation was conducted to
show that the RF isolation is better than 27 dB in the operational
band (not shown here for succinctness).

In order to drive electrically the RRA cells, commercially
available off-the-shelf PIN diodes (MACOM MADP-000907-
14020) are employed due to their low-loss properties at mm-
Wave frequencies; the biasing voltage is 1.35 V for the ON state
and 0 V for the OFF state, respectively. Importantly, since the
reflection response of the RRA cells is sensitive to the parasitic
effects of the diodes, which is more prominent at the mm-
Waves, a precise knowledge of the equivalent circuit
parameters of the PIN diodes is critical for an optimized RRA
design. In order to accurately extract the equivalent circuit
parameters, two methods have been followed as described in
[40], including the through-reflect-line calibration of the PIN
diodes and the measurement of the RRA unit cells in a WGS.
We first characterized the PIN diode by using a microstrip
through-reflect-line calibration setup, from which the initial
values of the equivalent circuit parameters are extracted. Then,
the circuit parameters of the PIN diode are experimentally
validated and finely tuned by performing the cell measurement
in a waveguide simulator iteratively [38] [see Fig. 3].

C=351{F

L=012nH Roy=40Q L=0.12nH Ropr=20kQ
(2) (b)

Fig. 3. Extracted equivalent circuit parameters of the PIN diode at (a) ON state
and (b) OFF state.

TABLE I
OPERATION STATES OF THE 2-BIT RRA UNIT CELL

Phase-shifting

Phase

State PIN'1 PIN2 @ 26.1 GHz
00 OFF OFF 270°
10 ON OFF 180°
01 OFF ON 90°
11 ON ON 0°

The high-frequency structure simulator (HFSS) full-wave
solver based on finite-element method is used to predict the
scattering properties of the RRA cells; periodic boundaries and
Floquet port excitation are employed [41]. In the numerical
simulations, the lumped RLC boundaries are used to model the
PIN diodes at the ON and OFF states. The four working states
of the cell are referred to as “State 00, “State 10, “State 017,
and “State 117, when the two PIN diodes are switched between
“ON” and “OFF” states [see Table I]. The simulated reflection
coefficients of the RRA cell at normal incidence are plotted in
Fig. 4 for the four states. It can be seen that, at 26.1 GHz, the
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=" W0————""""""]  with the same geometrical. For such a symmetrical cell design,
S >é 3 % the reflection responses of State 10 and State 01 are the same,
é 2 2 \ and they both have a phase difference of 135° with State 00 and
é‘) 3 = \ State 11, as shown in Fig. 6(a). The desired phase difference
5 4 £ 90 between State 10 and State 01 can be further created by using
E) 5 —00 —10 §_180 — 00 —— 10 different dimensions of the left and right parasitic structures.
& . -——ou-—1 0 ——0-—1 Specifically, by reducing the size of the right parasitic structure
25 255 26 265 27 25 255 26 265 27 and increasing the size of the left parasitic structure, the
Frequer('?)' (GHz) Freque?g (GHz) resonant length of State 10 is shortened to produce a —45° phase

Fig. 4. Simulated reflection (a) magnitudes and (b) phases of the proposed RRA
cell at normal incidence, for the 4 phase states.

2.2
2
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=
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—— TE 30°
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Frequency (GHz)
Fig. 5. Equivalent bit number N,; of the proposed 2-bit RRA cell.
insertion loss of the cell is less than 1.5 dB, while the reflection
phases are 147.9°, 53.2°, —30.5°, and —125.4° for States 00, 01,
10, and 11, respectively, achieving the desirable 2-bit phase
quantization. In order to evaluate the performance of the RRA
cell, two quantitative indicators are adopted, as [35]:

4
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7=\ 12x360 M
ln( 360 j
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where A¢; is the phase difference between two adjacent cell
states. For a 2-bit phase shifting cell (N = 2), the ideal phase
standard deviation o is 26°. Its operational bandwidth can be
defined as the frequency range within which o is smaller than
32.5° i.e., Npr > 1.7. It can be seen from Fig. 5 that the
bandwidth of 2-bit phase compensation covers from 25.2 to
26.9 GHz at normal incidence, with an averaged loss of less
than 0.84 dB. The influence of the biasing lines on the reflection
response of the RRA cells has been investigated as well. The
results manifest that the scattering properties of the cells are
hardly affected by the biasing lines, due to the good RF isolation
and the fact that the orientations of the biasing lines and
segmented end folding resonator are perpendicular to each
other. Such a small impact of the biasing lines is beneficial to
the realization of large-scale RRA prototypes.

B. Operating Principle of the RRA Unit Cell

In the design process of the proposed unit cell, first, the
parasitic structures placed on the left and right sides (consisting
of both the parasitic patch and its end folding) are constructed

shift, whereas the resonant length of State 01 is lengthened to
obtain a 45° phase shift [see Fig. 6(b)]. As a result, a uniform
phase difference of 90° between the four states can be achieved.
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270 d -270
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(a) (b)

Fig. 6. Design evolution of acquiring the 2-bit reflection phase. (a) Simulated
reflection phase of the symmetrical unit cell. The related dimensions are L, =
2.5,L;=2.5, Lsi;, = 0.65, and Lg, = 0.65. (b) Simulated reflection phase of the
proposed. The related dimensions are L; =2.9, Ly =24, Ly, = 2.2, and Ly =
0.8.
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Fig. 7. Simulated (a) field distributions and (b) current distributions of the 2-bit
unit cell.

In order to facilitate understanding of the working principle
of the proposed RRA cell, the top views of field distributions
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are given in Fig. 7(a) for the four different states; the current
distributions on the segmented end folding resonator are also
presented in Fig. 7(b). When both PIN diodes are “OFF”, i.e.,
State 00, capacitive coupling between the central patch and
parasitic patches is weak, yielding the shortest current path
confined between the inner ends of the two parasitic patches.
When PIN diode 1 or 2 is “ON” and the other is “OFF”, the
parasitic structure on the right or left side is excited,
respectively. It should be noted that the currents will flow
transversely (along the x-direction) on both the parasitic patch
and its end folding. Although the parasitic structure on the left
is approximately the same length as the one on the right in the
y-direction, its length is longer in the x-direction [see Fig. 7(a)].
Therefore, the current path lengths flowing on the resonator are
different for these two cases. By changing the size of the two
parasitic structures, the resonant frequency for State 01 happens
at a lower frequency than that for State 10. This results in a
phase difference of about 90° between these two states. Finally,
at State 11, the two PIN diodes are both turned “ON”,
functioning as parasitic inductors. This allows for direct current
flow between the central patch and parasitic patches, giving rise
to a mode utilizing the entire folded resonator with the lowest
resonant frequency among the four states. From this study, it
can be concluded that switching the operating states of the PIN
diodes modifies the resonant length of the RRA cell, thereby
offering the desirable resonance shift induced 2-bit reflection
phase compensation.

0

Reflection Phase (deg)

00 10 01 11
—_— — —— —— TE30°

0 10 0 11
180 —  — TE30°

Reflection Magnitude (dB)

' ' 1 ' '
[=)} W E= w LS}

- — - = — = —— TM30® - - - = —— —— TM3(P

-270
25 25.5 26 26.5 27 25 25.5 26 26.5 27
Frequency (GHz) Frequency (GHz)

(@ (®)

Fig. 8. Simulated reflection (a) magnitudes and (b) phases of the proposed 2-bit
RRA cell at 30° oblique incidence for TE and TM polarizations.

C. Oblique Incidence Response of the RRA Unit Cell

The unit cells located in the outer region of the RRA are
unavoidably illuminated under oblique incidence. For the
proposed unit cell with its resonator aligned in the y-direction,
the planes of incidence for the transverse-clectric (TE) and
transverse-magnetic (TM) polarizations are the x-z plane and y-
z plane, respectively. Here, an angle of incidence of 8;,. = 30°
is considered, which is sufficient for RRA designs with a
moderate focus-to-diameter (£/D) ratio of around 0.87. The
simulated reflection magnitudes and phases of the unit cell
under an oblique illumination of TE and TM polarized wave
with 6, = 30° are presented in Fig. 8, respectively. It can be
observed that the cell performance undergoes only a small
variation as compared to that at the normal incidence. The
averaged loss is lower than 1 dB at 26.1 GHz [see Fig 8(a)],
which is 0.12 dB higher than that at normal incidence. The
reflection phase differences are within 90+25° at 26.1 GHz

under oblique illumination at §; = 30° for both TE and TM
polarizations [see Fig. 8(b)]. Fig. 5 also presents the equivalent
bit number N,; of the proposed RRA cell under 30° incident
angles. It can be seen that the cell exhibits an overlapped 2-bit
phase compensation band spanning from 25.6 to 26.5 GHz for
both polarizations with Np; of greater than 1.94 at 26.1 GHz.
Above all, these results manifest that a stable performance of
the unit cell can be obtained at a 30° oblique incidence.

The cross-polarization levels under different incident angles
are also studied. They are below —60 dB as 6, varying from 0°
to 30° for TM polarization in the operational band. However,
the cross-polarization levels increase under the TE-polarization
due to the presence of the vertical vias. It is still below —20 dB
at 6; = 30° for most cell states. Consequently, the cross-
polarization of the final 1296-cell RRA will not be degraded.
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Fig. 9. (a) Configuration of the 2-bit RRA cell without end folding on the
segmented resonator. (b) Simulated reflection coefficients with various widths
of the parasitic patches (1#,) at State 10.

D. Comparison of Cell Designs With/Without End Folding

In order to understand the effect of the end folding structures
on the cell design, a reference RRA cell without any folding is
designed for comparison [see Fig. 9(a)]. The influence of
varying the value of W,, which controls the length of the
resonator, on the reflection coefficients of the cell is reported in
Fig. 9(b) for normal incidence. For succinctness, only the case
of State 10 is presented. It can be readily found that the
reference cell shares a similar resonant response as that of the
proposed cell, when 7, is equal to 0.66 mm. This indicates that
the end folding leads to a reduction of the resonant length along
the y-direction for the segmented resonator of the RRA cell.

TABLE II

PHASE STANDARD DEVIATION AND BIT NUMBER OF THE REFLECTION PHASES
BETWEEN THE PROPOSED AND REFERENCE RRA UNIT CELLS

TE- TM-
Polarization Polarization
On " WithEnd _ WithoutEnd __ With End __ Without End
©) Folding Folding Folding Folding
a(°) Npir a(°) Npie a(°) Noie  0(°)  Nu

0 26.1 2.0 25.8 2.0 26.1 2.0 26.1 2.0
10 26.1 2.0 25.8 2.0 26.1 2.0 26.0 2.0
20 26.2 2.0 26.2 2.0 26.3 2.0 26.8 2.0
30 26.9 1.9 273 1.9 27.0 1.9 31.0 1.7
40 29.1 1.8 30.7 1.8 283 1.9 39.7 1.4

Importantly, the folded configuration facilitates a better
angular stability of the cell properties. The comparisons of the
phase standard deviation ¢ and bit number N,; between the
proposed and reference cells at 26.1 GHz under oblique
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incidence are given in Table II. As the incident angle varies
from 0° to 40°, the performance of both cells gradually
deteriorates. The reflection phase variations of the two cells are
stable when the cells are illuminated by a TE polarized wave,
both exhibiting Ny; = 1.8 at 40° incident angle. However, for
TM polarization, the two cell designs exhibit distinct behaviors
at large incident angles. When the incident angle is increased to
40°, the reference cell suffers from a larger deviation with ¢ =
39.7°, corresponding to Np; = 1.4, whereas the proposed cell
exhibits a much better performance of ¢ = 28.3° and N, = 1.9.
The more robust angular response of the proposed cell is
primarily attributed to the reduced spatial dispersion and inter-
cell coupling along the y-direction.
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Fig. 10. Diagram of (a) the controlling module of the RRA with M x N reflect-
subarrays, and (b) the electrical signal control of the PIN diodes in a unit cell.

III. FREE-SPACE CHARACTERIZATION OF RRA UNIT CELLS

In order to validate the proposed 2-bit RRA cells, a free-
space scattering measurement [18], [19] is conducted. For
evaluating the cell performance in a practical array environment,
a 24 x 24-cell finite RRA with identical cell working states is
fabricated and illuminated by a distant horn antenna.

A. RRA Fabrication

First, a 12x12-cell reflect-subarray is implemented and
fabricated. Such kind of subarray can be used as constitutive
building blocks to construct RRAs with different sizes of the
radiating aperture for specific application requirements,
offering a convenient and extensible approach.

To provide the cells each with a proper biasing voltage, a
controlling module for an extensible RRA with a number of (M
x N) reflect-subarrays is designed. As shown in Fig. 10(a), the
control module consists of a personal computer (PC), an FPGA
controller, and M x N shift register (SR) arrays. Each subarray
contains 36 SRs for sending high- and low-level DC voltage
signals to the 288 PIN diodes. The FPGA delivers the clock

(CLK) signals and data signals (through data channels 1 — MN)
to each SR array such that each cell can be independently
adjusted. In addition, a light emitting diode (LED) along with a
voltage-dividing resistor is connected in series with each PIN
diode to provide a working voltage of 1.35 V [see Fig. 10(b)].
This offers a visualization of the working states of all the PIN
diodes, facilitating the array debugging as well.

Fig. 11. Free-space scattering measurement of a 24 x 24-cell RRA.
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Fig. 12. Measured and simulated free-space reflection (a) magnitudes and (b)
phases of the 576-cell RRA containing 2 x 2 reflect-subarrays.

B. Free-Space Scattering Measurement

In order to acquire more accurate measured results, an RRA
composed of 2 x 2 reflect-subarrays is employed, with a size of
120 mm % 120 mm. A transmitting horn and a receiving horn
are used to illuminate the RRA and collect the signal reflected
from the RRA, which are connected to a vector network
analyzer (VNA) [see Fig. 11]. The two horns are placed at a
distance of 70 cm from the RRA aperture with a small
separation in between, corresponding to an incident angle of
about 7° with a TM polarization. During the experiments, all
the 2-bit RRA cells are simultaneously adjusted to the same
working states such that the aperture has a uniform reflection
phase with a step of 90°, resulting in strong reflection in the
specular direction. After using the time domain gating [43] in
VNA and calibrating the results with a metallic plate of the
same size, the measured reflection coefficients of the uniform
RRA can be obtained. As shown in Fig. 12, at 26.1 GHz, the
insertion loss is less than 1.9 dB, while the reflection phases are
148.5°, 50.7°, —=32.9°, and —125.6° for State 00 — State 11,
respectively. The equivalent bit number N is greater than 1.7
with an averaged reflection loss of below 1.11 dB from 25.4 to
27 GHz. The slight deviations between the measured and
simulated results are mainly due to fabrication and soldering
inaccuracy, as well as the difference between the configurations
considered in the measurement (scattering of a finite-sized
RRA) and simulation (scattering of an infinite periodic array).
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IV. DEMONSTRATION OF A LARGE-SCALE 2-BIT RRA
CONTAINING 36 % 36 UNIT CELLS AT KA-BAND

Based on the validated cell design, a large-scale 2-bit RRA
containing 36 x 36 unit cells, i.e., ~1300 cells is implemented,
which is fed by a compact planar array. The radiation properties
of the RRA prototype are characterized and analyzed.

(b)

Fig. 13. (a) Configuration of the LP planar feed array. (b) Planar view of the
feeding layer. The optimized dimensions are in = 0.254, hg, = 0.787, hp = 0.1,
S=15Rny=185Rp=2,L,=30,Ls=2.24, Wy =0.64, and W, =0.91, all in
millimeters. The substrate materials are Taconic TLY-5 (¢,=2.2, tand = 0.0009)
and RO4003 (e, = 3.55, tand = 0.0027). The bonding film is Rogers 4450F (e,
=3.52, tand = 0.004).
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Fig. 14. Simulated and measured (a) Sy, (b) peak gain, and normalized radiation
patterns at 26.1 GHz in the (c) y-z plane and (d) x-z plane of the planar feed
array.

A. LP Planar Feed Array

Horn antennas have been commonly employed as the feed
source for RRAs, which inevitably causes feed blockage and
increases the overall profile [12]. Here, an LP planar array
antenna composed of 2 x 2 aperture-coupled elements is
adopted to serve as the feed, which provides a stable radiation
performance over a broad band and a compact footprint of 30
mm x 30 mm [see Fig. 13(a)]. Each element contains a driven
patch printed on the Taconic TLY-5 substrate with a thickness
of 0.254 mm and a parasitic patch printed on the same substrate
with a different thickness of 0.787 mm. An air spacer is added
to provide proper inter-patch coupling. The feeding circuitry of
the array, shown in Fig. 13(b), is printed on the Rogers RO4003
substrate with a thickness of 0.304 mm. The patches are excited

by the microstrip feeding network through four slots cut on the
metallic ground. A bonding film of Rogers 4450F with a
thickness of 0.1 mm is used to combine the Taconic TLY-5 and
the Rogers RO4003 substrates.

The planar feed array was fabricated, assembled, and
characterized [see inset of Fig. 14(a)]. A southwest microwave
connector was installed to perform the measurement. As shown
in Fig. 14(a), the simulated S); is less than —16 dB while the
measured S;; is below —12 dB from 25.1 to 27.5 GHz,
indicating a broad impedance matched band. The radiation
patterns of the planar array were measured in a far-field
anechoic chamber. The simulated and measured peak gains as
a function of frequency are given in Fig. 14(b), showing a value
of 11.6 dBi at 26.1 GHz. The fluctuation of the peak gains is
less than 1.5 dBi from 25.1 to 27.5 GHz. At 26.1 GHz, a good
agreement between the simulated and measured normalized
radiation patterns is obtained in both the y-z and x-z planes [see
Fig. 14(c) and (d)]. The measured results show a roll-off of 5.2
dB and 6.7 dB at an angle of £30° off broadside in the y-z and
x-z plane, respectively. The measured cross-polarization levels
are below —21 dB in both two planes, implying a high
polarization purity.

3 x 3 Reflect-Subarrays

LP Planar
Feed Array

T Acrylic Supporting Frame

Fig. 15. Architecture of the RRA composed of 3 x 3 reflect-subarrays backed
by the controlling modules.

B. Architecture, Synthesis, and Implementation of RRA

Once the feed source, unit cell, and the controlling modules
have been designed and verified, the architecture of a large-
scale RRA can be constructed [see Fig. 15]. It is composed of 3
x 3 reflect-subarrays each containing 12 x 12 cells, i.e. a total
of 1296 cells. The planar feed array is located in front of the
RRA to provide a spatial excitation. The F/D ratio is set to 0.87
with the edge taper of the RRA aperture of about —5.5 dB. The
subarrays are tightly fixed to an acrylic supporting frame with
a thickness of Smm using a hot-melt adhesive, thereby ensuring
a good flatness of the aperture. Each subarray is equipped with
an SR-array connected through six flexible-flat-cables [see Fig.
16(a)]. To facilitate the connection of the biasing cables, the
SR-arrays are mounted on three separate layers, which could be
made more compact if needed. It should be noted that, by virtue
of the modular subarray design, the employed layout can also
be assembled and extended flexibly to form RRAs with a larger
scale or other aperture shapes. In addition, approximately only
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a half of the PIN diodes operates at the “ON” state for different
beams. Accordingly, the total power consumption of the whole
RRA is estimated to be about 17.5 W.
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Fig. 16. Measurement setup for beam scanning in the (a) y-z plane and (b) x-z
plane. Calculated and measured normalized radiation patterns of the broadside
beams at 26.1 GHz in the (c) y-z plane and (d) x-z plane.
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Fig. 17. Calculated and measured peak gain and aperture efficiency as a
function of frequency for the broadside beam.

To evaluate the radiation performance of the RRA, a semi-
analytical method based on the vectorial near-field quantities
and scattering parameters of the unit cells for the efficient array
synthesis is utilized [43]. The calculated 2-D normalized
radiation patterns of the broadside beams in the y-z and x-z
planes at 26.1 GHz are plotted in Fig. 16(c) and (d), respectively.
A pencil beam pointing to 8 = 0° is obtained in both of the
orthogonal main planes, showing the 3-dB beamwidth of about
2.5° and an SLL of less than —17.7 dB. The calculated cross-
polarization level is less than —32 dB in both planes. The
calculated peak gain and aperture efficiency values of the
broadside beam at different frequencies are shown in Fig. 17,
showing a peak gain of 30.2 dBi and a maximum aperture
efficiency of 33.5%. Furthermore, the radiation patterns of the
beam scanning from —60° to 60° in both planes are also
calculated. As shown in Fig. 19, the calculated radiation
patterns exhibit a high accuracy of beam direction with an
averaged scanning angle error of about 0.3°/0.2°/0.7° and a
peak SLL of below —15/~15.5/-15.9 dB in both y-z and x-z
planes at 25.7/26.1/27 GHz. The calculated beam scanning

range is about +45° in both planes for a 3-dB scan loss at these
three frequency points.

To manifest the superiority of 2-bit phase resolution, we
made a comparison between the 1-bit and 2-bit RRAs using the
same cell design by observing the calculated broadside
radiation pattern in the y-z and x-z planes [see Fig. 18(a) and
(b)]. The 1-bit RRA uses two cell states with a 180°-phase
difference. It can be seen that the calculated gain values of the
broadside beam are 30.14 dBi and 27.37 dBi for the 2-bit and
1-bit RRAs, respectively, corresponding to aperture efficiency
of 33.5% and 17.7%. Moreover, the SLLs of RRA with 2-bit
phase quantization are less than —17.7 dB, whereas the peak
SLL of the 1-bit RRA can be as high as —13.2 dB. This
comparison clearly indicates that the 2-bit scheme is
significantly superior to the 1-bit RRA in terms of both SLL
and aperture efficiency. Although the biasing lines of the 2-bit
RRAs are generally more complicated than that of the 1-bit
RRAs, in our work, only two biasing lines are required to
control the states of the PIN diodes. The number of switch
components is also smaller than the other reported 2-bit RRAs
listed in TABLE IV, so the increase of complexity is acceptable.
In addition, it should be mentioned that in order to have a
similar gain values, the area of the array needs to be doubled by
using the 1-bit cells, which will lead to a much larger footprint,
higher cost, and increased complexity.
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Fig. 18. Calculated radiation patterns between 1-bit and 2-bit phase resolution
in the (a) y-z plane and (b) x-z plane.

C. Measurement and Discussion

For experimental verification, the 2-bit RRA prototype with
36 x 36 cells was measured in a far-field anechoic chamber. The
2-D beam scanning performance of the RRA was
experimentally verified in the y-z and x-z planes. Because of the
setup of the rotating table in the chamber, the entire RRA
system needs to be rotated by 90° for the pattern measurements
in the x-z plane [see Fig. 16(a) and (b)]. The measured
normalized radiation patterns of the broadside beams in the y-z
and x-z planes at 26.1 GHz are shown in Fig. 16(c) and (d),
respectively. It can be readily seen that the pencil beam points
to @ = 0° in the two orthogonal main planes, showing a good
agreement between the calculated and measured results. The
measured 3-dB beamwidth is 2.7°, while the measured SLL is
smaller than —14.4 dB in both planes, respectively. The slightly
higher SLL is primarily due to the phase compensation error. It
was tested that approximately 90 cells were found faulty due to
the fabrication inaccuracy of the RRA printed circuit boards and
failed diode welding. Besides, slight warpage of the fabricated
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reflect-subarrays leads to a surface misalignment of about 1 mm
across the aperture. These multiple factors would lead to phase
compensation error and thus a relatively higher measured SLL.
The measured cross-polarization level is below —34 dB,
indicating that the beam generated by the RRA possesses a high
cross-polarization purity. The peak gain and aperture efficiency
of the broadside beam at different frequencies are also
examined from 25.1 to 27.5 GHz [see Fig. 17], showing
maximum values of 29.2 dBi and 27.1% at 26.1 GHz,
respectively. The difference between the calculated and
measured peak gains is on average value of 1.47 dB from 25.2
to 26.9 GHz. The variation of peak gain is within 1 dB in the
band of interest from 25.7 to 27.0 GHz.

TABLE III
L0sS BUDGET FOR THE BROADSIDE BEAM AT 26.1 GHz

Loss Factor Values (dB) Percentage (%)
Ideal Directivity 34.88 100
Cell Reflection Loss 0.9 81.3
Phase Quantization Loss 0.9 81.3
Feed Loss 0.63 86.5
Spillover Loss 235 58.2
Illumination Loss 0.63 86.5
Others 0.25 94.4
Measured Gain 29.22 27.1

The loss budget of the RRA prototype is listed in Table III,
where the quantities are derived from simulations. The
averaged cell reflection loss is about 0.9 dB as presented in
Section II. Compared to the ideal phase compensation, the loss
due to the 2-bit phase quantization is 0.9 dB. The simulated
radiation efficiency of the feed array is 86.5%, which leads to a
feed loss of 0.63 dB. In addition, the spillover loss and
illumination loss are 2.35 dB and 0.63 dB, respectively.

Norm. Patterns (dB)

NLEY
20 40 60 80
6 (deg)

H

Fig. 19. Calculated (dashed lines) and measured (solid lines) normalized radiation patterns of the 2-bit RRA in the y-z plane at (a) 25.7 GHz, (b) 26.1 GHz, and (c)
27 GHz, and x-z plane at (d) 25.7 GHz, (e) 26.1 GHz, and (f) 27 GHz.
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Although the planar feed arrays have advantages in terms of the
overall profile and the system integration, they indeed would
cause issues such as a relatively higher absorption loss and/or a
larger spillover loss. It is believed that these could be improved
by designing a more efficient low-profile feed antenna with a
shaped beam in future work. The rest of the loss is about 0.25
dB, mainly coming from the faulty cells and imperfect
assembly. From the analysis of the loss budget, it can be seen
that the loss mainly comes from the feed spillover.
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Fig. 20. Measured gains with different scanning angles in the (a) y-z plane and
(b) x-z plane.

When the controlling module delivers different coding
sequences to the RRA, a steerable high-gain beam can be
generated. The normalized measured radiation patterns of the
scanned beam at three operating frequency points are shown in
Fig. 19. In both planes, the measured beam patterns match well
with the calculated results. It can be seen that the measured
SLLs are below —15 dB for most of the beams, while a few
beams have a slightly higher SLL due to the faulty cells and
phase compensation errors. In the y-z plane, the 3-dB
beamwidth broads from 2.7° to about 4.7° as the beam steers
away from broadside to 60° off normal. The beam scanning
range with a 3-dB scan loss is +£50° at 26.1 GHz, while the scan
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TABLE IV
COMPARISON AMONG DIFFERENT RRAS WITH DISCRETE PHASE-RESOLUTION
[26] [11] [35] [31] [34] [32] [36]* [371* This work
Freq. (GHz) 28 60.25 8 10 23 9.5 30 35 26.1
Phase . . . . . . . . .
. 1-bit 1-bit 2-bit 2-bit 2-bit 2-bit 2-bit 2-bit 2-bit
Resolution
Component . . . . . . :
PIN diode, PIN diode, PIN diode, PIN diode, PIN diode, PIN diode, MEMS, MEMS, PIN diode,
Type, Number
1 1 4 4 2.5 8 3 2.5 2
per Pol.
400 25600 Cell Cell 256 256 160 160 1296
Array Scale
Cells Cells Level Level Cells Cells Cells Cells Cells
Type of Feed Horn Horn / / Hormn Horn Leaky Wave Horn Planar Array
Peak Gain 27.8 15.3
. 21.3 42 / / 21.7 24.5 . . 29.2
(dBi) (passive) (passive)
2-dB Gain
. N.A N.A / / >15.2 21.5 N.A N.A 8
Bandwidth (%)
Aperture 23.2 5.5
. 12.5 9.5 / / 31.1 35 . . 27.1
Efficiency (%) (passive) (passive)
3-dB Scanning
+50° +20° / / +50° <60° N.A N.A +50°

Range (°)

*Note: Active components are not integrated in the fabricated array — only passive prototypes are demonstrated.

loss reaches around 5 dB when the beam scans to £60° [see Fig.
20(a)]. At the band edges, the 3-dB beam scanning range is
about +48°. In the x-z plane, the 3-dB beam scanning range
covers from —50° to 30° at 26.1 GHz, and from —48° to 30° at
25.7 and 27 GHz [see Fig. 20(b)]. The gain drop becomes more
rapidly for beams pointing at positive angles due to the
existence of the supporting acrylic structures and coaxial cable.
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Fig. 21. Measured beam direction as a function of frequency in the (a) y-z plane
and (b) x-z plane.

Furthermore, the beam direction as a function of frequency
have also been measured in the range from 25.1 to 27.5 GHz.
Within the +60° scanning range, at 26.1 GHz, the maximum
error of the beam pointing direction is less than 0.5°. As shown
in Fig. 21, when the phase compensation is performed at a
single frequency, the non-true-time-delay RRA experiences a
small amount of beam pointing angle dispersion especially at
large scanning angles. The variation of beam direction is about
1° for beams scanning within £20° and about 3.5° for beams
pointing at large angles of £60° across the frequency band from
25.1t027.5 GHz.

Above all, the experimental results validate the proposed
large-scale 2-bit RRA in the Ka-band, achieving the desirable

beam scanning performance. A comparison between the
proposed RRA and other previous reported works are shown in
Table IV. It can be found that our design uses the fewest PIN
diodes per polarization among the reported 2-bit unit cell.
Compared to the mm-Wave 1-bit RRAs with aperture
efficiencies of less than 13% due to the crude phase resolution
[11], [26], the designed RRA achieves a much higher aperture
efficiency of 27.1% benefiting from its 2-bit phase
compensation. It can also be observed that most of the reported
2-bit RRAs designs are demonstrated only at the cell level or
using frozen passive prototypes. This work realizes a fully-
functional 2-bit mm-Wave RRA with a two-dimensionally
steerable high-gain beam, which is superior in terms of the array
scale, beam scanning performance, and system scalability.

V. CONCLUSION

In summary, the design, synthesis, implementation, and
characterization of a large-scale 2-bit RRA operating at the Ka-
band are presented. A miniaturized RRA cell offering the 2-bit
reflection phase-shifting with a stable angular response is
proposed, which is enabled by a segmented resonator with end
folding and integrated with two PIN diodes. A free-space
scattering measurement is performed to validate the proposed
2-bit RRA cells. For realizing large-scale RRAs, modular
reflect-subarrays are employed as constitutive building blocks
to construct extensible RRAs for versatile application purpose.
As a proof-of-concept example, a 2-bit RRA prototype with 36
x 36 cells fed by a planar array is demonstrated. The measured
results achieve beam scanning up to +£50° for a 3-dB scanning
loss in two dimensions and an aperture efficiency of 27.1%,
which is promising for various communication and radar
applications. In addition, it is believed that the proposed 2-bit
cell can be further extended for dual polarization, which is
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currently being investigated.
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