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Inspired by the design philosophy of information metasurfaces based on the digital coding concept, a pla-
nar 4-bit reconfigurable antenna array with low profile of 0.154, (where /, is the free-space wavelength)
is presented. The array is based on a digital coding radiation element consisting of a 1-bit magnetoelectric
(ME) dipole and a miniaturized reflection-type phase shifter (RTPS). The proposed 1-bit ME dipole can
provide two digital states of “0” and “1” (with 0° and 180° phase responses) over a wide frequency band
by individually exciting its two symmetrical feeding ports. The designed RTPS is able to realize a relative
phase shift of 173°. By digitally quantizing its phase in the range of 157.5°, additional eight digital states
at intervals of 22.5° are obtained. To achieve low sidelobe levels, a 1:16 power divider based on the Taylor
line source method is employed to feed the array. A prototype of the proposed 4-bit antenna array has
been fabricated and tested, and the experimental results are in good agreement with the simulations.
Scanning beams within a +45° range were measured with a maximum realized gain of 13.4 dBi at
12 GHz. The sidelobe and cross-polarization levels are below -14.3 and -23.0 dB, respectively.
Furthermore, the beam pointing error is within 0.8°, and the 3 dB gain bandwidth of the broadside beam
is 25%. Due to its outstanding performance, the array holds potential for significant applications in radar

and wireless communication systems.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Electronic beam-scanning arrays with high gains and low side-
lobes are useful for radar, mapping, communications, and so on [1].
Conventional phased arrays are usually regarded as strong com-
petitors in these applications due to their superior ability in elec-
tronic speed, inertia-less scanning, and multiple target tracking
[2]. However, it is common to use solid-state transmit-receive
(T/R) modules at the subarray or even element level in traditional
phased arrays. In addition, complicated feed and beamforming
architectures must be used [1]. These factors undoubtedly increase
the cost, weight, and complexity of phased arrays, preventing their
application in scenarios that require lower cost and lighter weight.

Great progress has been made in information metasurfaces,
including digital coding and programmable metasurfaces, since
their first exhibition in 2014 [3-16]. The design philosophy of
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information metasurfaces is applying the digital coding concept
to their configuration [3,4]. For example, in the original 1-bit infor-
mation metasurface, the digital states “0” and “1” are used to rep-
resent two distinct coding elements with a 180° phase difference
[5]. This concept was subsequently extended from 1-bit coding
to multi-bit coding by multi-level discretization of the 360° phase
[6]. The digital representation of metasurfaces has the merits of
simplifying the design and optimization procedures [7]. It also
makes it possible to revisit metasurfaces from the perspective of
information science, which builds up a bridge between the physi-
cal world and the digital world [3,4]. Due to the revolutionary
progress that has been made with information metasurfaces, they
hold promise for applications in wireless communication systems
[13-16].

Inspired by the design philosophy of information metasurfaces
(i.e., the digital coding concept), reconfigurable bit arrays utilizing
digital elements to achieve beam scanning have been proposed in
order to reduce cost and complexity [17-26]. Reconfigurable bit
reflectarrays [17,18] and transmitarrays [19-21] have been well
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accepted because of their real-time beam agility and high gains.
However, like most information metasurfaces [3-16], they are
actually three-dimensional (3D) structures due to the feeding
source and support, which restricts their applications in space-
limited scenarios. In response to demands for a lower profile and
simpler architecture, planar reconfigurable bit arrays have been
proposed [22-26]. Planar 1-bit arrays were designed in Refs. [22-
24], but they can only steer two scanning beams that are neither
orthogonal nor independent, making them almost useless in radar
and communication systems. Later, planar 2-bit arrays, including a
reconfigurable traveling-wave antenna array and a circularly
polarized beam-steering antenna array, were presented [25,26].
Both of the arrays can steer a single scanning beam. Nevertheless,
it should be pointed out that, although the beam-scanning scheme
of reconfigurable bit arrays is simplified by means of the digital
coding method, the cost is the deterioration of radiation perfor-
mance [27,28]. Accordingly, planar arrays with 2-bit phase quanti-
zation inevitably give rise to non-negligible beam pointing errors
and quantization lobes [25,26]. In order to alleviate the quantiza-
tion error, an effective method is to increase the number of quan-
tization bits. In addition, most of the above reconfigurable bit
arrays have narrow bandwidths [18,20,24-26], which hinders their
practical applications in engineering.

In this work, a planar 4-bit reconfigurable antenna array is pro-
posed. We first design a digital coding radiation element by com-
bining a 1-bit magnetoelectric (ME) dipole and a miniaturized
reflection-type phase shifter (RTPS). The ME dipole is selected
due to its advantages of a symmetrical radiation pattern, wide
bandwidth, and low backlobe [29,30]. A m-shaped probe with
two symmetrical switchable feed ports is utilized to excite the
dipole. With the ports excited individually, an intrinsic phase shift
of 180° can be obtained due to their relative spatial position [31].
The technique employed to generate the spatial phase shift is
similar to the sequential rotation (SR) technique, which is com-
monly used in wideband circularly polarized arrays [31-35]. The
introduction of the spatial phase shift brings two benefits. One is
a stable phase difference (180°) over a wide bandwidth, and the
other is a relatively compact structure compared with the 180°
phase delay line [24]. In addition to the 1-bit ME dipole, a minia-
turized RTPS [36,37] is designed to provide additional eight dis-
crete phase states. Thus, the digital coding radiation element is
formed, which is able to realize a phase shift of 337.5° in steps of
22.5°. Furthermore, a planar 4-bit reconfigurable antenna array
along the H plane is designed based on the digital coding radiation
element. To achieve a low sidelobe level, a 1:16 power divider,
whose amplitude distribution is calculated by the Taylor line
source method [2], is utilized to feed the array. The proposed 4-
bit array inherits the advantages of planar reconfigurable bit
arrays, such as light weight, low cost, and low profile. Moreover,
both simulations and measurements verify its excellent scanning
performance, high gain, low sidelobe, and wide bandwidth.

2. Digital coding radiation element
2.1. 1-bit ME dipole

The geometrical configuration and parameters of the 1-bit ME
dipole are shown in Fig. 1. The dipole is composed of two layers:
the radiation layer and the feed layer. The substrate of the radia-
tion layer is realized by gluing two layers of 1.524 mm-thick
Rogers RO4350B (& = 3.66 and tané = 0.0037 at 12 GHz; where
& and tané are relative permittivity and tangential loss, respec-
tively) laminates with 0.2 mm-thick RO4450F (¢ = 3.70 and
tand = 0.0040 at 12 GHz) bondply. The substrate of the feed layer
is 0.254 mm-thick Rogers RO4350B. The radiation and feed layers
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Fig. 1. Geometry of the proposed 1-bit ME dipole: (a) 3D view; (b) top view;
(c) metallic ground; and (d) bottom view. d = 13 mm, /; = 3.7 mm, w; = 0.85 mm,
I, =5.8 mm, w, = 0.55 mm, I3 =1 mm, w; = 0.52 mm, R; =R, =0.2 mm, R3 = 0.4 mm.

share the same metallic ground and are bonded together with
0.2 mm-thick RO4450F Bondply. As shown in Figs. 1(a) and (b),
the dipole consists of four square patches, four metallic vias, and
a m-shaped probe. The four square patches, which are positioned
about 1g/4 (where Jg is the wavelength in the substrate at
12 GHz) above the metallic ground, have a width of [; and perform
as two planar electric dipoles along the x-axis. Each square patch
has a via hole with a radius of R;, which is connected to the metal-
lic ground plane. The four metallic vias, together with the metallic
ground, can be viewed as an equivalent magnetic dipole. They form
a loop current and radiate through two apertures between the
metallic patches along the y-axis. The m-shaped probe is utilized
to feed the ME dipole, which is composed of two symmetrical
switchable probes with a radius of R, and a rectangular patch with
the dimensions of I, x w,. Fig. 1(c) displays the shared metallic
ground, and the radius of the defected ground is R;. To switch
between the two feed probes, the m-shaped probe is connected
to a single-pole-double-throw (SPDT) switch on the feed layer,
whose detailed layout is drawn in Fig. 1(d). The SPDT switch has
two switchable ports that are implemented by integrating two
pin diodes (MADP-000907-14020W) [38] into a microstrip line
with a width of ws;. When a positive or negative direct current
(DC) voltage is supplied to the pin diodes, the two ports can then
be individually switched on.

Full-wave simulations of the ME dipole were performed in
Computer Simulation Technology (CST) Microwave Studio [39],
wherein the structure was strictly modeled. In the simulations,
the pin diode is modeled as a lumped circuit element, whose par-
allel resistor (R)-inductor (L)-capacitor (C) (RLC) parameters for
the ON and OFF states are R = 15 Q, L = 1187 nH, and
C=1.29 pF, and R =4000 Q, L = 2250 nH, and C = 0.028 pF, respec-
tively. We briefly introduce the extraction of the circuital parame-
ter values of the pin diode here. Firstly, the amplitudes and phases
for the ON and OFF states are measured by the test fixture. Next,
equivalent circuit models composed of a resistor R, an inductor L,
and a capacitor C are utilized to characterize the pin diode. Finally,
the amplitude and phase results of the equivalent circuit models
are fitted in the commercial Advanced Design System (ADS) circuit
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simulation software, and the circuital parameter values are
obtained. Since the optimization of equivalent circuit models in
ADS circuit simulation software is conducted in a wide frequency
band, the accuracy of the models can be guaranteed in the corre-
sponding band. The 1-bit ME dipole has two distinct working
states. The “0” state is defined when port 1 is switched off and port
2 is switched on, while the “1” state is defined the other way
around. The simulated [S;1| of the two states are illustrated in
Fig. 2(a) and are exactly the same due to the symmetry of the
structure. In addition, a wide impedance bandwidth of 36.2% (with
IS11] < =10 dB from 9.5 to 13.7 GHz) can be achieved for both
states.

To investigate the phase difference between the two states in
the simulations, an x-oriented probe is placed in the far-field
region of the dipole to record its electric field. As shown in Fig.
2(b), a 180° phase difference is obtained. Furthermore, the phase
difference is stable over a broad frequency band, thanks to the
use of spatial phase shift. Figs. 2(c) and (d) displays surface current
distributions on the dipole for the two states at 12 GHz. It is clear
that the current directions of the “0” and “1” states are exactly
opposite at the same time (t = 0), which further demonstrates
the existence of a 180° phase difference between the two states.
Figs. 3(a) and (b) shows the radiation patterns of the ME dipole
at 12 GHz when it works on the “0” state. For both the E and H
planes, the broadside radiation patterns are symmetrical, and the
3 dB beamwidth in the two planes is 86° and 94°, respectively.
Moreover, the simulated realized gain is up to 5.5 dBi, and the
cross-polarization level (y-polarized) is less than -30 dB. From
Fig. 3(c), it can be seen that the realized gain is stable from 10 to
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13 GHz, with a variation of less than 1 dB. Furthermore, the
front-to-back ratio is greater than 15 dB over the major portion
of the working band. In the vicinity of the higher end of the band,
the ratio decreases to 13 dB. The variation of the front-to-back ratio
in Fig. 3(c) is due to two factors. The first of these factors is the back
radiation of the feed network. The other factor is the defected
ground shown in Fig. 1(c), which causes radiation leakage to the
backward region. To solve this problem, a common method is to
use a packaged microstrip line feeding network [40]. Although
the front-to-back ratio varies with frequency, the value is still large
enough over the whole frequency band; that is, the power radiated
to the backward region is very small. Therefore, there are no dra-
matic changes in the gain results. As shown in Fig. 3(d), the radia-
tion efficiency of the 1-bit ME dipole is 0.8 at 12 GHz.

2.2. Miniaturized RTPS

In addition to the 1-bit ME dipole, a miniaturized RTPS is
designed to further provide the necessary phase shift for the 4-
bit digital coding radiation element. Compared with the other
two types of passive phase shifters—namely, the loaded transmis-
sion line and the switched network—the RTPS exhibits a good com-
promise between insertion loss and the range of phase variation
[37]. Fig. 4(a) displays the proposed miniaturized RTPS, which con-
sists of an improved 3 dB branch-line coupler connected with two
identical loads at its through and coupled ports. Since compactness
is of major importance for phase shifters, the two quarter-
wavelength transmission lines of the RTPS adopt meander-line
technology for miniaturization. The size of the RTPS can thus be
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Fig. 2. Simulated performance of the 1-bit ME dipole. (a) Simulated |S;; | for the two states; (b) phase difference between the “0” and “1” states; (c) simulated surface current
distribution of the “0” state at 12 GHz; (d) simulated surface current distribution of the “1” state at 12 GHz.
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Fig. 3. Simulated radiation performance of the 1-bit ME dipole. (a) E plane pattern at 12 GHz; (b) H plane pattern at 12 GHz; (c) realized gain and front-to-back ratio;
(d) radiation efficiency.
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reduced to 0.18/ x 0.21/, where /, is the free-space wavelength
at 12 GHz. Each load of the RTPS is made up of two parallel varactor
diodes (MAVR-011020-1411) [41] and a transmission line shorted
to the ground. The characteristic impedance and electrical length
of the line are Z; and 64, respectively. In the simulations, the varac-
tor diode is modeled by a capacitor C in series with a parasitic
resistance R, which accounts for the main contribution to the loss
of the RTPS. The designed RTPS is a two-port network, and its scat-
tering matrix has the following form [42]:
0 —il
(Lir o)

B -1\ (T 0 (i—l)
1

il )G r)
V2 -1 0or) v2
where I' is the reflection coefficient at the loaded ports. Hence, the

transmission parameter S,; of the RTPS is equal to —iI', and the
insertion loss is then obtained by the following:

S = ~201lo0g| I

(1)

2)

The phase shift Ap of the RTPS is given by the following
equations:

AQ = LSyle,,, — /S| 3)

Cmax

and

/Sy = —90° + /T (4)

A detailed derivation of I" can be found in the Appendix of Ref.
[36]. According to the literature, the insertion loss is a function of R
and decreases with decreasing R when the value of R is not too
large. Thus, two varactor diodes are used in parallel in each load
to reduce the total parasitic resistance, which reduces the insertion
loss of the RTPS. Furthermore, it has been determined that
the phase shift Ag is a function of 0, Z;, and C [36]. Once the
parameters of the transmission line in each load are fixed, the
phase shift is determined by the range of C.

We optimize the structural parameters of the RTPS in CST
Microwave Studio, and the final design geometries are given in
Fig. 4. In the simulations, the parasitic resistance R of the varactor
diode is set as 6 Q, and the capacitance C varies in the range of
0.048-0.190 pF. As illustrated in Fig. 4(b), the simulated phase shift
of the RTPS at 12 GHz is 173° when the capacitance varies from
Cmin = 0.048 pF (15 V) to Cmax = 0.190 pF (0 V). The simulated
reflection coefficients for the cases of Cpin and Cpax are shown in
Fig. 4(c), and their overlapped impedance bandwidth is 13.3% for
|S11| smaller than -10 dB (from 11.1 to 12.7 GHz). It can be seen
in Fig. 4(d) that the insertion loss for Cpi, and Cp.x is 0.85 and
1.60 dB, respectively. In addition, the insertion loss increases with
increasing frequency.

For a 4-bit reconfigurable array, each digital coding radiation

element should have a quantized phase number of 16 (2*). Two
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phase states of 0° and 180° are supplied by the 1-bit ME dipole;
thus, the RTPS just needs to provide another eight phase states.
The simulated and measured phase shifts of the RTPS are normal-
ized within the range of 0° to 180° and then are digitally quantized
into eight phase states. The phase difference of each adjacent state
is about 22.5°, as shown in Fig. 5(a). Corresponding simulated and
measured insertion losses are illustrated in Fig. 5(b). It can be seen
that the two results generally agree with each other, except that
the measured ones indicate higher insertion losses. This may be
due to the deviation of the varactor diodes’ parasitic elements in
the experiment and the parasitic effects caused by printed circuit
board (PCB) prototyping and soldering. The minimum and maxi-
mum measured insertion losses are 1.0 and 2.4 dB, respectively,
which is acceptable for a practical phase-shifter design. Based on
the ME dipole and the RTPS, the 16 quantized phase states of the
digital coding radiation element are listed in Table 1.

3. Planar 4-bit reconfigurable antenna array

Based on the above digital coding radiation element, a planar 4-
bit reconfigurable antenna array was designed, as illustrated in
Fig. 6. First, we propose a 1:16 power divider to feed the array.
As shown in Fig. 6(a), the power divider is the parallel feed
configuration and is designed based on a grounded coplanar
waveguide (GCPW). Compared with a microstrip line, a GCPW
transmission line has several advantages, including low radiation
loss, low surface wave loss, and high mechanical strength. At the
input and output ports of the power divider, GCPW-to-microstrip
transitions are introduced to obtain impedance match with a
sub-miniature-A (SMA) connector and radiation elements. Consid-
ering the isolation among the output ports and the compactness of
the structure, a Wilkinson power divider is used as the input stage
of the power divider, and T-junction dividers are utilized in the
other stages. In order to achieve a low sidelobe level for the array,
the 1:16 power divider is made with unequal power splits, thus
generating a tapered amplitude distribution on the array from
the center to the ends. The Taylor line source method is applied
in the calculation of the amplitude distribution, and the goal for
the sidelobe level and number of uniform sidelobes are set
as —25 dB and 4, respectively. Table 2 provides the calculated, sim-
ulated, and measured amplitude distributions of the power divider
at 12 GHz. Due to the symmetry of the structure, only the results
for half of the ports are presented. As can be seen from the table,
the three groups of data are in good agreement. Fig. 6(c) displays
the simulated and measured reflection coefficients of the power
divider. It is shown that the two results generally match with each
other, except that the measured values increase around 11.1 and
12.0 GHz due to errors in the fabrication and soldering. Moreover,
the simulated and measured phase differences among the eight
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Fig. 5. Simulated and measured performance of the RTPS for the eight digital states at 12 GHz: (a) £S,; and (b) |Sz1].
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:iaxIZ::ee: quantized phase states of the digital coding radiation element.

Radiation element 1-bit ME dipole RTPS Phase Radiation element 1-bit ME dipole RTPS  Phase
State 0 “0” state 1 0° State 8 “1” state 1 180.0°
State 1 “0” state 2 22.5° State 9 “1” state 2 202.5°
State 2 “0” state 3 45.0° State 10 “1” state 3 225.0°
State 3 “0” state 4 67.5° State 11 “1” state 4 247.5°
State 4 “0” state 5 90.0° State 12 “1” state 5 270.0°
State 5 “0” state 6 112.5° State 13 “1” state 6 292.5°
State 6 “0” state 7 135.0° State 14 “1” state 7 315.0°
State 7 “0” state 8 157.5° State 15 “1” state 8 337.5°

M Pin diode

Unit cell 8
B Capacitor

Power divider

[l Varactor diode
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0
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Frequency (GHz)
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Fig. 6. Sketch of the proposed 4-bit array (only half of which is presented here) and |S11| of the 1:16 power divider. (a) Bottom view; (b) top view; (c) simulated and measured

|S11| of the power divider.

ports at 12 GHz are 6° and 17°, respectively. As the measured phase
error is partially caused by the SMA connectors’ soldering, it may
be smaller when the power divider is directly used in the array.
As exhibited in Figs. 6(a) and (b), in each row of the array, two
1-bit ME dipoles are used in parallel and are fed by a two-way
equal-split power divider. The purpose of using parallel ME dipoles
in each row is to increase the gain of the array. The miniaturized
RTPS is integrated with the parallel ME dipoles, thereby constitut-
ing a digital coding radiation unit cell. Sixteen digital coding radi-
ation unit cells are arranged along the H plane (the y-o-z plane),
and the proposed 1:16 power divider is cascaded to them, thus
forming the complete 4-bit array. To activate the pin and varactor
diodes, two sets of DC bias circuits are introduced into each

69

Table 2
Calculated, simulated, and measured amplitude distributions of the power divider at
12 GHz.

Port Amplitude distributions
Calculated Simulated Measured

1 0.38 0.37 0.41
2 0.43 0.44 0.44
3 0.52 0.55 0.55
4 0.65 0.69 0.66
5 0.78 0.78 0.81
6 0.89 0.91 091
7 0.96 0.97 0.99
8 1.00 1.00 1.00
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radiation unit cell, in which the bias circuit (shown in the red
dashed circle in the figure) supplies DC voltage to the 1-bit ME
dipoles, and the other (shown in the blue dashed circle) is for the
RTPS. To isolate DC and radio frequency (RF) signals, six 100 pF
chip capacitors are used in each unit cell. The geometries of the
DC bias circuits and the positions of the chip capacitors are well
optimized in CST Microwave Studio to ensure that they have little
influence on the performance of the array.

In order to steer the main beam in a specified direction, the
quantized phase distribution on the 4-bit array should be calcu-
lated. Assuming that the array is scanned to an angle 0, then the
required phase of the nth unit cell on the array can be expressed
as follows:

®,=—kod-sin0-n, n=1,2,..,16 (5)

where kg is the wavenumber in free space, and d is the distance
between adjacent unit cells. The obtained ¢, is normalized within
the range of 0° to 360°; then, it is quantized into 16 digital states
according to the coding method:

0, 0°< @, <225
1, 2257 < @, < 45°

Code,

14, 315° < ¢, < 337.5°
15, 337.5° < ¢, < 360°

Thus, the quantized phase of the nth unit cell is calculated as
follows:

360°

nqua = i Code,, n=1,2,...,6 (7)
Although the digital coding method above provides a simplified
scheme for reconfigurable beam steering, it will still introduce
quantization errors. In addition, coupling effects exist among the
unit cells, which will also affect the radiation performance of the

array. Therefore, the coding sequences of the array need to be fur-
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ther optimized. A particle swarm optimization (PSO) algorithm is
exploited to optimize the coding sequences. The codes calculated
by Eq. (6) are taken as the initial input values, and the sidelobe
level at the scan angle 0 is set as the optimization goal. The final
optimized coding sequences of the array for different scan angles
are given in Table 3. For simplicity, only cases where the array is
scanned from 0° to 45° are shown here, and the cases scanned to
negative angles are omitted due to the symmetry of the array’s
radiation layer. Fig. 7(a) plots the simulated radiation patterns of
the scanning beams in the H plane at 12 GHz. The realized gain
in the broadside direction is 15.7 dBi, and the scan gain loss is
2.6 dB for the 45° beam. The highest sidelobe level is -16.4 dB
at a 20° scan angle, and the backlobe level is below -29 dB.
Fig. 7(b) illustrates the simulated cross-polarization (y-polarized)
level of the array, which remains lower than -23 dB.

4. Experimental verification

To validate the performance of the proposed design, an array
sample was manufactured by means of standard PCB technology.
The array’s dimensions were 9.70/y x 2.004y x 0.15/y, where /g
is the free-space wavelength at 12 GHz. A photograph and enlarged
views of the array sample are presented in Figs. 8(a) and (b). Mea-
surements of the fabricated array were performed in an anechoic
chamber; the detailed experiment configuration is illustrated in
Fig. 8(c). The array was mounted with four M2 nylon screws on
an acrylic support that was fixed on the test turntable. By using
DuPont wires, DC bias voltages were supplied to the array to inde-
pendently control the states of the pin and varactor diodes. As
shown in the inset of Fig. 8(c), the DC voltage source was a
triple-output DC power supply (model IT6302, ITECH), in which
two channels were connected to a breadboard that utilized dual
in-line package (DIP) switches to control the states of the pin
diodes. The remaining channel was connected to a PCB that uses
rheostats to control the states of the varactor diodes. Thus, the

Table 3
Coding sequences of the array for different scan angles at 12 GHz.
Scan Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit Unit
angle cell cell cell cell cell cell cell cell cell cell cell cell cell cell cell cell
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0° 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
10° 15 14 12 11 9 8 6 5 4 2 0 15 13 12 10 9
20° 11 6 4 1 14 11 8 5 2 15 12 9 6 3 0 13
30° 0 12 8 4 15 11 7 3 15 10 6 2 14 10 6 1
45° 6 0 9 3 13 7 1 11 5 15 9 3 13 7 2 12
Note: To be compact, the state “0” is abbreviated as 0, and so on.
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Fig. 8. (a) Bottom view and (b) top view of the fabricated array sample; (c) experimental configuration in the anechoic chamber; (d) simulated and measured |Si;| of the
broadside beam; (e) simulated and measured co-polarization radiation patterns of the broadside beam.

digital states of each radiation unit cell in the array could be tuned
individually. As shown in the inset of Fig. 8(c), a horn operating
from 9.8 to 15.0 GHz was used as the receiving antenna.

Fig. 8(d) exhibits the simulated and measured |S;| of the array
at a 0° scan angle from 10 to 14 GHz. In the major portion of the
frequency band, the measured |S;1] is lower than -10 dB. The val-
ues deteriorate slightly around 11.1 GHz, which is consistent with
the results shown in Figs. 4(c) and 6(c). The simulated and mea-
sured co-polarization patterns of the broadside beam are displayed
in Fig. 8(e), and they are clearly in good agreement. It can be seen
that the simulated and measured 3 dB beamwidths are 7.5° and
6.7°, respectively. The measured realized gain is 13.4 dBi, which
is 2.3 dB lower than the simulated one. The measured radiation
patterns from 0° to 45° are illustrated in Fig. 9, and the results
validate the good scanning performance of the array. The sidelobe
level is below -14.3 dB; this value is slightly lower than the simu-

20
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90 180

lated result in Fig. 7(a), which can mainly be attributed to two fac-
tors: the insertion loss variation of the RTPS, as shown in Fig. 5(b);
and the phase error of the 1:16 power divider. Moreover, the mea-
sured cross-polarization and backlobe levels are better than -23
and -25 dB, respectively. The gains and efficiencies of the broad-
side beam within the frequency band of interest are plotted in
Fig. 10. It can be determined that the measured 3 dB gain band-
width span is from 10 to 13 GHz (25%). In addition, the simulated
and measured efficiencies at 12 GHz are 41.7% and 24.5%,
respectively.

It should be pointed out that the values of the measured gain
and efficiency decrease around 11.1 GHz, which is caused by the
deterioration of |Sy;], as mentioned earlier. Compared with the
simulated radiation efficiency, the decrease of the measured
value can be attributed to the additional loss in the measure-
ment, which is consistent with the results in Fig. 8(e). Table 4
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Fig. 9. Measured radiation patterns of scanning beams in the H plane at 12 GHz. (a) Measured co-polarization radiation patterns and (b) measured cross-polarization

radiation patterns.
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provides a gain loss analysis for the broadside beam at 12 GHz;
it can be determined that the differences are caused by the fol-
lowing factors. First, there is loss of the SMA connector in the
measurement, which is not present in the simulation, and the
loss value is about 0.5 dB. Second, in the simulation, the real
pin and varactor diodes are modeled by simple RLC circuits,
resulting in a discrepancy between the simulated loss and the
measured loss of the 1-bit ME dipole and RTPS. Third, there is
a 0.8 dB difference between the simulated and measured results
of the power divider, which is introduced by the manufacturing
error. Finally, drift of the dielectric parameter and misalignment
between the horn and antenna array can also cause a loss differ-
ence. Hence, the deviation of the efficiency can be improved by
adopting a more accurate model of the pin and varactor diodes,
utilizing finer fabrication technology, and optimizing the experi-
mental setup in the future. Moreover, in order to improve the
measured efficiency, better pin and varactor diodes can be used.
Applying a series feed rather than a parallel feed can also help to
improve the efficiency, but that will sacrifice the bandwidth of
the array.
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Fig. 11(a) compares the simulated and measured realized gains
at 12 GHz within a 45° scan range. The measured realized gain
decreases with the increasing scan angle, and the scan gain loss
is 2.7 dB for the 45° beam in the H plane. The coupling among
the antennas is significant for the array, since it influences the radi-
ation performance, such as the gain, the sidelobe level, and the
scan angle range. In order to study the coupling of the antenna
array, the power divider of the array shown in Fig. 6 was removed;
then, only port 8 was excited. The results of the coupling between
the unit cells are plotted in Fig. 11(b). It was determined that the
coupling between the antennas is small in the frequency band of
interest, and the value is below -30 dB at 12 GHz. As discussed ear-
lier, the power divider is composed of a GCPW, and the crosstalk
among the different ports is small. Hence, the coupling of the
whole array is small. Table 5 summaries the information of the
array’s scanning beams at 12 GHz. From the table, it can be seen
that the beam pointing error is within 0.8°. In summary, the pro-
posed planar 4-bit reconfigurable antenna array is demonstrated
to have good performance, including excellent scanning capability,
high gain, low sidelobe, and wide bandwidth.
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Fig. 10. (a) Simulated and measured realized gains of the broadside beam in the frequency band; (b) simulated and measured radiation efficiencies of the broadside beam in

the frequency band.

Table 4
Gain loss analysis for the broadside beam at 12 GHz.

Result Factors caused gain loss
Ideal directivity (dBi) Realized gain (dBi) Loss of RTPS (dB) Loss of power divider (dB) Loss of SMA connector (dB) Loss of 1-bit
ME dipole (dB)
Simulated 19.5 15.7 0.85 1.75 - 1.20
Measured 19.5 134 1.00 2.55 0.5 2.05°

2 It contains the loss of 1-bit ME dipole and the loss due to the manufacturing and experimental errors.
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Fig. 11. (a) Simulated and measured realized gains for different scan angles; (b) coupling of the antenna array (the information for the ports is the same as that in Fig. 6).
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Table 5
Information of the array’s scanning beams in the H plane at 12 GHz.

Engineering 17 (2022) 64-74

Scan angle Realized gain (dBi) Sidelobe level (dB) 3 dB beamwidth (° ) Measured angle error (° )
Simulated Measured Simulated Measured Simulated Measured

0° 15.7 134 -25.2 -17.8 7.5 6.7 0.8

10° 149 123 -19.1 -15.8 7.8 6.7 0.4

20° 14.6 11.8 -16.4 -16.1 8.1 6.7 0.5

30° 14.2 11.0 -183 -15.1 8.5 8.5 0

45° 13.1 10.7 -17.3 -14.3 10.8 105 0.5

5. Conclusions

The iconic feature of information metasurfaces is the use of dig-
ital states such as “0” and “1” to represent different electromag-
netic responses, such as the phase responses. Based on this
design philosophy, a planar 4-bit reconfigurable antenna array
consisting of digital coding radiation elements was presented in
this paper. The designed digital coding radiation element is com-
posed of a 1-bit ME dipole and a miniaturized RTPS, which can pro-

vide 16 (2*) digital states with 22.5° intervals for the array. In
addition, a 1:16 power divider based on the Taylor aperture distri-
bution is utilized to feed the array. A prototype of the array was
fabricated and tested, and the measured results agreed well with
the simulated ones. A scanning range of +45° was demonstrated
for the main lobe in the H plane, and the beam pointing error
was less than 0.8°. The maximum measured realized gain was
13.4 dBi, with a corresponding radiation efficiency of 24.5% at
12 GHz. Moreover, the scan gain loss was 2.7 dB for the 45° beam.
Good sidelobe and cross-polarization levels were obtained, with
values below -14.3 and -23 dB, respectively. Furthermore, thanks
to the use of the ME diploe, the backlobe level of the array was
greater than -25 dB, and the measured 3 dB gain bandwidth of
the broadside beam was 25%. With its outstanding features of good
scanning and radiation characteristics, light weight, low cost, and
low profile, the proposed array is expected to find significant appli-
cations in radar and wireless communication systems.
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