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ABSTRACT: The application scenarios of near-field focusing metasurfaces usually require scanning the target area. Passive metasurface
requires a turntable to complete scanning due to its limited functionality. The active metasurface typically has a high cost because it needs
to load PIN diodes. To address this issue, the article introduces a 1-bit reconfigurable metasurface that can achieve multi-focus tunability
under fixed polarization through a rotating array. The 1-bit polarization-independent metasurface unit consists of three layers of metal.
The top layer of the unit consists of three rectangular patches in the X -direction; the middle layer is a cross-shaped patch structure; and
the bottom layer is a metal ground. The cross-shaped structure in the middle layer can easily provide the 1-bit reflection phase required for
two orthogonal polarizations independently. Using a vertically polarized horn to illuminate the metasurface, the top layer’s X -direction
rectangular patches do not provide phase for vertical polarization. By rotating the array where the cross-shaped patches are located by
90°, the phase shift provided can achieve two focal points. On this basis, rotate the upper array by 90°, making the rectangular patches
change from the X -direction to the Y -direction. Meanwhile, the current of the cross-shaped patches is blocked under vertical polarization
illumination. By changing the upper rectangular patches, a third independent phase can be provided. After size optimization, a third focus
can be formed. The proposed 1-bit focusing-adjustable metasurface array has a simple structure, low cost, and enhanced utilization rate
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of the metasurface array. It has a high application prospect in projects such as microwave imaging.

1. INTRODUCTION

ear-field focusing can converge electromagnetic waves

from the transmitting source at a certain point in near-
field region within the outer boundary of 2D?/\ [1]. Near-
field focusing technology was originally applied to wireless
power transmission [2, 3]. Additionally, this technology has a
wide range of application scenarios, such as millimeter wave
imaging [4], biomedicine [5], and radio frequency identifica-
tion [6]. Since the concept of near-field focusing was proposed
in the 1960s, it has been achieved in various ways. Traditional
methods have drawbacks, such as the difficulty of processing
parabolic reflector [7], the complexity of microstrip phased ar-
ray feed [8], and the low efficiency of Fresnel zone plates [9].
As an emerging technology in the past decade, metasurfaces
have excellent phase control capabilities, providing a new path
for near-field focusing [10].

On the other hand, wireless energy transmission requires
changing the focusing position, and microwave imaging re-
quires the antenna to complete scanning of the target area. The
application scenarios of near-field focusing require metasur-
faces to meet more diverse and flexible practical requirements.
Improving the focusing effect is a problem that needs to be
solved. In general, active metasurfaces can provide more phase
combinations to generate more focal points. The functionality
of the array can be changed by utilizing the change in phase of
the individual elements with frequency. In 2021, Zhao et al.
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[11] and in 2022 Tao et al. [12] proposed a W-band frequency-
varying polarization metasurface for imaging applications. The
feeding module is a disordered-cavity, which can generate dif-
ferent internal field distributions at different working frequen-
cies. The frequency-diverse feature of the field distribution
would be inherited by the coupling slots and passed on to the
radiation patterns of the frequency-polarization-diverse meta-
surface antenna. The phase-random-modulation metasurface
contains a variety of different metamaterial elements with dif-
ferent transmission phases and diverse polarization character-
istics, which could generate polarization-diverse radiation pat-
terns when being excited by electromagnetic waves with dif-
ferent polarizations. This unit can achieve scanning of the tar-
get area with the focus varying with the frequency of the feed
source. However, it must be noted that designing units with
frequency-agile characteristics is challenging (in the paper, one
element consists of 16 sub-units), and to achieve more functions
requires occupying a wider frequency band. When PIN diodes,
varactor diodes, or other components are integrated into the
metasurface and loaded with control circuitry, programmable
metasurfaces can be obtained. Ratni et al. designed a recon-
figurable one-dimensional metasurface by installing varactor
diodes on the unit cells, which can focus the incident plane
wave in the near-field region under certain conditions [13]. In
2020, Han et al. proposed a 1-bit encoding unit tuned by PIN
diodes operating at 35 GHz, which generates randomly com-
plex beams to sample the target area and achieves near-field
imaging [14]. Similarly, Li et al. proposed a 2-bit reconfig-
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urable metasurface unit operating in the C band. The PIN
diodes loaded in the unit can change the reflection phase of
the unit to achieve near-field dynamic focusing [15]. These
metasurfaces loaded with diodes have very high costs and com-
plex power supply circuits. Mei et al. utilized polarization in-
dependence to achieve a 2-bit dual-channel metasurface [16].
Zhang et al. utilized a dual-polarization metasurface with in-
dependent regulation characteristics to achieve multiple focus-
ing functions such as single feed source with single focus and
single feed source with dual focal points [17]. By adjusting
the size of each nanobrick and using different orientation an-
gles, Li et al. can control the amplitude and phase to achieve a
dual channel metasurface [18]. A double-layered C-shape re-
flective meta-atom is designed by Li et al. to realize indepen-
dent phase control with high efficiency. This unit has been used
to achieve a dual channel metasurface [19]. In Liu et al.’s re-
search, the propagation phase is combined with the geometric
phase to generate diverse phase delays, enabling the metasur-
face to be multiplexed under two nonorthogonal polarization
states to achieve four-channel image displays [20]. The method
of realizing multiple focus points using passive metasurfaces is
usually achieved through polarization independence. However,
each polarization provides a phase for the array, which limits
the number of functionalities of the array. Here, the proposed
metasurface with adjustable triple foci under the same polariza-
tion greatly expands the functionality of the metasurface.

This article proposes a 1-bit metasurface that achieves ad-
justable focusing by rotating the array. The metasurface unit
consists of three layers of metal. The middle layer of the unit
has a cross-shaped patch with polarization-independent tuning
characteristics. Under Y -polarized incident waves, the lower
layer array can be rotated to achieve two independent focusing
characteristics. At the same time, the upper layer X -direction
rectangular patch does not affect the working state of the array
for y polarization. Finally, after rotating the upper metasurface
array by 90°, the upper layer unit becomes a Y -direction rect-
angular patch. In this state, the upper layer unit and middle
layer unit constitute a new Y -polarization phase, achieving a
third focus. The simulated electric field results also verify the
effectiveness of the designed array.

2. THE METHOD & ANALYSIS OF ADJUSTABLE FO-
CUsS

This section describes the scheme of generating multiple focal
points related to polarization by using metasurface. Figure 1 il-
lustrates the schematic diagram of the proposed scheme, which
consists of a feed source and a metasurface. The strategy for
generating adjustable multi-focus beams is to rotate the upper
and lower layers of the metasurface by 90° under the condition
of fixed source polarization. This requires the metasurface to
provide independent phases in horizontal and vertical polariza-
tions to generate tunable multi-focus beams.

According to the theory of electromagnetic wave propaga-
tion, phase is equal to the product of wave number and wave
path. The distance between each unit on the reflecting meta-
surface and the target focal point position is |ﬁ — 773 |. It may
be assumed that the reflecting metasurface is a phase reference
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FIGURE 1. The proposed adjustable focus metasurface schematic.

surface. Then, for the focal point, the phase distribution re-
quired to produce the focal point belongs to the wave behind
the reference surface, so the phase distribution required to pro-
duce the focal point in space can be obtained as Eq. (1).

wa(wi,y:) =arg (exp (—jko [Td — 73])) = ko |Ta — 75| (1)

Figures 2(a), (b), (c) take a 21 x 21 array as an example (with
aunit period of p), and shows the possible phase distribution for
generating three foci with different positions. Since the realiza-
tion of the adjustable focus function requires phase states with
different states, it is necessary to perform 1-bit discrete process-
ing on the above phases, that is:

0 —90° < pq(xi, i) < 90°
—180° < walz;,yi) < —90°,
90° < @q(x;, y:) < 180°

(s, y:) = (2)

180°

The 1-bit phase obtained by discretizing the phases in Fig-
ures 2(a), (b), (c) is shown in Figures 2(d), (e), (f). To realize
the adjustable three-focus function, a fixed Y -polarized feed
source is used to illuminate the array. First, the lower layer in-
dependently provides phase state 1 to achieve focusing at PO-
SITION 1. Then, the lower layer array is rotated by 90° to
change the phase of the Y'-polarization to achieve focusing at

TABLE 1. Phase shift combinations required to achieve the tunable PD
metasurface with three points.

FOCUS FOCUS FOCUS
POSITION 1 POSITION 2 POSITION 3
-90° -90° —90°
-90° —90° 90°
-90° 90° —90°
-90° 90° 90°
90° —90° -90°
90° —90° 90°
90° 90° —90°
90° 90° 90°
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FIGURE 2. Phase distribution. (a) POSITION 1 (—125, 0, 250); (b) POSITION 2 (0, 0, 250); (c) POSITION 3 (125, 0, 250); (e) discrete phase
(=125, 0, 250); (e) discrete phase (0, 0, 250); (f) discrete phase (125, 0, 250).

POSITION 2 with phase state 2. Finally, the upper layer array
is rotated by 90°, and the upper and lower layers jointly provide
phase to achieve focusing at POSITION 3 with phase state 3.
According to the phase distribution in Figure 2, the phase
required for each focus can be obtained. It is found that 8 sets
of phase shift combinations are needed to realize the required
phase difference (PD) metasurface, as shown in Table 1.

3. ELEMENT DESIGN AND ARRAY SIMULATION

The designed structure of the metasurface is shown in Figure 3.
The metasurface is a three-layer structure, consisting of an up-
per X -direction rectangular patch, a middle cross-shaped metal
patch, and a lower metal ground plane. The dielectric substrate
is made of F4B (e, = 2.2), with an upper layer of 2 mm thick-
ness and a lower layer of 3 mm thickness. It is worth noting that
in order to allow independent rotation of the upper and lower
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layers, the two layers of dielectric substrates are not bonded to-
gether.

The simulation results of the surface current of the designed
metasurface element are shown in Figure 4 by CST Microwave
Studio software. It can be seen from the figure that when the
incident wave is polarized in the Y -direction and /5 placed hor-
izontally, the current intensity of /5 and /3 is much smaller than
that of /;. Meanwhile, the phase is mainly controlled by chang-
ing the length of I;. When I3 is rotated by 90°, the current
direction of /3 is opposite to that of /1. Since [5 is above /1, the
surface current density of /5 is stronger than that of [;. At this
time, the phase of the unit can be controlled by changing the
length of /5.

As shown in Figure 5, when [3 is placed horizontally, the
reflection amplitude of the metasurface unit at 10 GHz is greater
than 0.95. By changing the length of /1, the reflection phase
range reaches approximately 180°, satisfying the 1-bit phase
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FIGURE 3. Schematic of the designed metasurface unit structure, (a) side
view; (b) top view.
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FIGURE 4. The surface current of the element, (a) before rotation; (b) after rotation.
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FIGURE 5. The reflection amplitude and phase curve of the metasurface, (a) I3 is horizontal; (b) [3 is vertical.

amplitude, which indicates that rotating the lower cross pattern
can produce two focal points. Similarly, after rotating I3 by 90°,
the reflection amplitude of the metasurface unit is also greater
than 0.95. By changing the length of /3, the reflection phase
range reaches 180°, satisfying the 1-bit phase amplitude and
meeting the design requirement for achieving the third focus.
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To meet the phase requirements of the array, the elements are
digitized by 1-bit. Adjusting the sizes of [1, l2, 3 can provide
different reflection phases, and the sizes of [1, I3, [3 are summa-
rized in Table 2. It can be seen from Table 2 that the phase and
critical dimension corresponding relationship of the elements
in POSITION 1 and POSITION 2 are the same. The main de-
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FIGURE 6. Phase characteristics.

sign difficulty of the element lies in the phase of POSITION 3,
which is composed of /; and I3. After determining the lengths
of [; and [, to achieve the first two phases, different lengths of
l1 and I3 need to form the same phase, mainly by changing 3
to achieve the phase of POSITION 3. The corresponding rela-
tionship between these reflection phases and element lengths is
shown in Figure 6.

According to the phase distributions shown in Figures 2(d),
(e), and (f), as well as the relationship between the sizes in
Table 2 and the reflection phases, the PD element surface is
realized. Figure 7 gives the respective patterns of the meta-
surfaces that produce different focal positions. The simulation
results show that POSITION 1 and POSITION 2 can achieve
normal focusing. However, when realizing the focusing of PO-
SITION 3, the focal point of POSITION 1 also exists. The fo-
cusing effect of POSITION 1 is better than that of POSITION 3.
This is due to the second layer cross-shaped currents. As can
be seen from Figure 2, when 3 is working, the currents on {1/l
cannot be ignored, and they will continue to focus at POSI-
TION 1. It is necessary to further improve the unit to reduce
the intensity of the second layer currents when [3 is working.

4. DESIGN IMPROVEMENT

The improved unit structure and its current distribution are
shown in Figure 8. The width wy of the lengthened rectan-
gular patch [3 is increased to be greater than the width w; of
the second-layer cross-shaped patch. When I3 is working, it
will completely block the lower layer [, which can reduce the
current intensity of the lower layer patches. To ensure that /3
can completely block lower layer [, the length of /3 needs to
be greater than the maximum value of /; and less than the pe-
riod P of the unit. However, l3 cannot ensure the 180° phase
width required for 1-bit metasurfaces within this range. There-
fore, two symmetric rectangular patches (I4 = I5) are added on
both sides of /3. By setting the length of I3 to be greater than the
maximum value of /1 /I, the third independent phase is adjusted
by changing the length of [,/15.
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To meet the phase requirements of the array and digitize the
unit into 1-bit, the size of (I1, 2, l4) can be adjusted to provide
different reflection phases. The corresponding relationship be-
tween these reflection phases and the unit length is shown in
Figure 9. As can be seen from Figure 9, the phase after rotation
is only related to /4, which further indicates that lower layer cur-
rent does not provide the phase required for POSITION 3. This
indicates that the element improvement has been successfully
achieved, and the sizes of {1, l2, {4 are summarized in Table 3.

TABLE 3. Expected reflection phase corresponding to different sizes.

Phase shift

combination h b la/ts
—90° ~ —90° ~ —90° 8.3 mm 8.3 mm 9.50 mm
—90° ~ —90° ~ 90° 8.3 mm 83mm  8.89mm
—90° ~ 90° ~ —90° 8.3 mm 10.50mm  9.50 mm
—90° ~ 90° ~ 90° 8.3 mm 10.50mm  8.89 mm
90° ~ —90° ~ —90° 10.50 mm 8.3 mm 9.50 mm
90° ~ —90° ~ 90° 10.50 mm 8.3 mm 8.89 mm
90° ~ 90° ~ —90° 10.50mm  10.50mm  9.50 mm
90° ~ 90° ~ 90° 10.50mm  10.50mm  8.89 mm

Similarly, based on the phase distribution shown in Fig-
ures 2(d), (e), and (f), as well as the relationship between the
sizes in Table 3 and the reflection phases, the PD metasurface
is realized. Figure 10 shows the respective patterns of the meta-
surfaces that produce different focal positions. The simulation
results show that under the fixed vertical polarization illumina-
tion of the metasurface, by rotating the lower layer, it is possible
to switch between the two focal positions at POSITION 1 and
POSITION 2, and by rotating the upper layer, it is possible to
achieve focusing at POSITION 3, realizing single polarization
three-focus adjustability.
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FIGURE 7. The focusing effect of the array, (a) POSITION 1; (b) POSITION 2; (c) POSITION 3.

5. TEST RESULT

The near-field focusing metasurface array with adjustable focal
points was processed using planar printed circuit board technol-
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ogy. Due to cost constraints, the array is composed of 15 x 15
metasurface elements. 15 mm is reserved around the perime-
ter of the array for the fixation of the upper and lower layers
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FIGURE 9. Phase characteristics.

to enable the rotation of the array. The size of the metasur-
face prototype is 240 mm x 240 mm. During the testing, a stan-
dard gain horn antenna operating at 10 GHz was selected as the
feed source. As the array is a reflective metasurface, there may
be instances during testing where the horn blocks the reflected
waves. Therefore, a spherical wave oblique incidence was em-
ployed. The reflection testing system set up in a microwave
anechoic chamber is shown in Figure 11(a). The sample is
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placed at z = 0 mm, with the center of the prototype serving as
the origin of the coordinate system. The probe and feed horn
antenna are aligned in the same direction. The phase center
of the horn antenna is located at z = 120mm, y = —90 mm.
Three adjustable focal points are set: POSITION 1 is located at
(—25, 90, 170) mm, POSITION 2 located at (25, 90, 170) mm,
and POSITION 3 located at (0, 90, 170) mm. During the testing
process, the horn remains fixed, while the rotation of the meta-
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FIGURE 10. The focusing effect of the array, (a) POSITION 1; (b) POSITION 2; (c) POSITION 3.

of 50 mm, using a step size of 2mm. The three sets of actual
test results obtained were processed collectively, as shown in
Figure 11(b). Compared with the preset targets, the prototype

surface array requires the upper and lower layers to be separated
and manually manipulated. The probe scanned a region cen-
tered at (0, 90, 170) mm with a length of 100 mm and a width
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FIGURE 11. Metasurface test. (a) Test scenario; (b) Test result.

52 mm 52 mm

x=25 mm

demonstrated effective focusing at the three positions, indicat-
ing the validity of achieving adjustable focal points through ro-
tating the array.

6. CONCLUSION

In this paper, a 1-bit metasurface with adjustable three focal
points under fixed polarization illumination was designed. By
rotating the cross-shaped patches in the lower layer, focusing
at POSITION 1 and POSITION 2 can be achieved, and by ro-
tating the rectangular patches in the upper layer, focusing at
POSITION 3 can be achieved. At the same time, by increasing
the width of the upper rectangular patches and adding accom-
panying patches, the current of the lower cross-shaped patches
is completely blocked, which solves the problem of generat-
ing focus at POSITION 1 when focusing at POSITION 3. This
metasurface achieves three channels under single polarization,
greatly improving the number of functions of passive metasur-
faces and can be used in imaging systems, wireless power trans-
mission and other scenarios.
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