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Complex-Amplitude Programmable Versatile Metasurface

Platform Driven by Guided Wave

Jian-Qiao Han, Fan-Yi Meng,* Chunsheng Guan,* Cong Wang, Tao Jin, Tong Cai,
Chang Ding,* Shah Nawaz Burokur, Qun Wu, and Xumin Ding*

Metasurfaces have shown unparalleled controllability of electromagnetic (EM)
waves. However, most of the metasurfaces need external spatial feeding
sources, which renders practical implementation quite challenging. Here, a
low-profile programmable metasurface with 0.054, thickness driven by
guided waves is proposed to achieve dynamic control of both amplitude and
phase simultaneously. The metasurface is fed by a guided wave traveling in a

changing the resonance characteristics,3#

transmission characteristics,>”! rotation
symmetry,®?1 and nonlinear featurel!01
of the meta-atom, the amplitude,'?!3!
phase,[1+15] polarization,[1617] and
frequency!’®19 of EM waves can be ma-
nipulated. Various applications have been

substrate-integrated waveguide, avoiding external spatial sources and
complex power divider networks. By manipulating the state of the p-i-n diodes
embedded in each meta-atom, the proposed metasurface enables 1-bit
amplitude switching between radiating and nonradiating states, as well as a
1-bit phase switching between 0° and 180°. As a proof of concept, two
advanced functionalities, namely, low sidelobe-level beam scanning and Airy
beam generation, are experimentally demonstrated with a single platform
operating in the far- and near-field respectively. Such complex-amplitude,
programmable, and low-profile metasurfaces can overcome integration
limitations of traditional metasurfaces, and open up new avenues for more
accurate and advanced EM wave control within an unprecedented degree of

freedom.

1. Introduction

Metasurfaces,['?] the 2D version of metamaterials, possess
the advantage of superior ability in wavefront tailoring. By

demonstrated such as beam scanning,[2°21]
multi-beam generation,[?2?*] polarization
transformation,[?*%! radar cross-section
reduction,??’] Airy beam generation,[28-31]
image processing,**33] and focusing.3*%]
However, most metasurfaces require exter-
nal spatial feeding sources, increasing their
profiles.3*] Although folded-reflection,”]
folded-transmission,*®] and Fabry—Perot!*]
type metasurfaces have been proposed to
reduce the distance between the feeding
source and the metasurface, the air gap
between the metasurface and feeding
source still hinders them from real-world
integrated applications. To further im-
prove the integration level, radiation-type
metasurfaces!***?! and guided wave-driven
metasurfaces!***7] have received extensive attention. Radiation-
type metasurfaces can be seen as antenna arrays, which employ
Wilkinson power dividers as feeding sources for each meta-
atom.[***8] Such a metasurface enables the capability to ma-
nipulate arbitrary phases, linear polarization states, and energy
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Figure 1. Conceptual illustration of the CAP metasurface. The designed guided wave-driven CAP metasurface consists of 61 meta-atoms, with a period of
4.8 mm. By loading p-i-n diodes in the meta-atom, the element can achieve 1-bit amplitude switching between radiating (10" or "01") and nonradiating
states ("11"), as well as 1-bit phase switching between 0° ("01") and 180° ("10"). In this concept, the CAP metasurface driven by guided wave achieves

low-side lobe-level beam scanning and Airy beam generation.

distribution simultaneously. They are not only based on geomet-
ric and resonant phases of the meta-atom,[*0*148] but also provide
additional initial phase shift and amplitude distribution through
the power dividers.*>*] However, as the scale of radiation-type
metasurface increases, the design of the power divider network
becomes extremely complex, and the losses introduced by the
microstrip lines cannot be neglected.

Guided wave-driven metasurfaces utilize meta-atoms as cou-
plers to transform the guided wave into a spatial wave.’*>!] Since
the feeding network for each meta-atom is avoided, it is easier to
achieve large-scalel®?] and conformal apertures®*! compared to
radiation-type metasurface. By manipulating the amplitude.[*3>*]
phasel>>>¢ and impedancel>>57! of the meta-atoms, guided wave-
driven metasurfaces have been demonstrated to achieve var-
ious functionalities, such as focusing,>>¥] beam shaping,>”]
Airy beam!*! and vortex beam generation.!®! Dynamic complex-
amplitude modulation can achieve more advanced wavefront tai-
loring, such as high-quality holograms and beamforming, /¢!~
while reported guided wave-driven metasurfaces have been un-
able to achieve such performances so far. In the next genera-
tion of wireless systems, cognitive sensing, and imaging devices,
high-quality wavefront regulation with low-profile and minimal-
ist feeding network will be vital and challenging, which cannot be
achieved by only-amplitude or only-phase metasurfaces, thereby
necessitating both amplitude and phase modulation schemes.

Herein, we propose a guided wave-driven metasurface for dy-
namic and simultaneous control of both amplitude and phase.
In order to avoid external spatial sources and complex power di-
vider networks, the metasurface is fed by the guided wave trav-
eling in a substrate-integrated waveguide (SIW) structure. Two
p-i-n diodes are loaded in each meta-atom to realize 1-bit ampli-
tude switching between radiation and nonradiation states, as well
as 1-bit phase switching between 0° and 180°. Combined with
the genetic algorithm (GA), a low sidelobe-level (SLL) reconfig-
urable microwave antenna is demonstrated, which can achieve
beam scanning in the far-field region from —45° to +45° with an
SLL less than —14 dB. In addition, high-quality Airy beams are
generated utilizing the same platform operating in the near-field

Adv. Sci. 2024, 11,2309873

region, with dynamic control of the scale level and steering angle
of the latter Airy beams. Measurements performed on a fabri-
cated prototype show that experimental results agree well with
the simulated and theoretical ones, thereby validating the feasi-
bility of the proposed design.

2. Guided Wave-Driven Metasurface Design

The conceptual illustration of a complex-amplitude pro-
grammable (CAP) metasurface driven by guided wave is
shown in Figure 1. The designed metasurface implementing
complex-amplitude modulation can couple guided wave travel-
ing in a SIW structure into free space. The p-i-n diodes loaded
in the CAP metasurface are controlled by a microcontroller unit
(MCU), enabling dynamic programming of the radiation states
of the meta-atoms. The geometric structural diagram of the
metasurface can be viewed in Text S1 (Supporting Information).

The geometry of the elementary meta-atom of the CAP meta-
surface is shown in Figure 2a—c. The meta-atom consists of three
dielectric substrates (Dielectric 1-3), two bonding layers (Prepreg
1-2), and five metal layers (Patch layer, Ground 1, Ground 2, DC
bias, and PIN pad), as shown in Figure 2a. Dielectrics 1, 2, and
3 are made of F4BME220 (e, = 2.2, tan 6 = 0.001), FABME300
(€, =3.0, tan § = 0.0018), and FABME220 (¢, = 2.2, tan § = 0.001),
respectively, with thickness 1.50, 1.00, and 0.25 mm. The dielec-
tric bonding material is Rogers 4450F (¢, = 3.52, tan 6 = 0.004)
with a thickness of 0.2 mm. Grounds 1 and 2, located on the top
and bottom faces of Dielectric 2, together with the metal through
vias form a SIW structure that drives the CAP metasurface. The
DC bias is divided into two parts located on the top and bottom
faces of Dielectric 3, which are connected using metal blind vias.
PIN pads for soldering p-i-n diodes that control the amplitude
and phase of the meta-atom are also located on the bottom face
of Dielectric 3, as shown in Figure 2c. The influence of the DC
bias network on the meta-atom characteristics is given in Text S2
(Supporting Information). The meta-atom comprises a rectangu-
lar metal patch (P;), two ‘T” shaped metal patches (P, and P3),
and feeding through vias (F, and F,), as shown in Figure 2b. Two
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Figure 2. Geometry and radiation characteristics of the elementary meta-atom of the CAP metasurface driven by a guided wave. a) Side view of the
meta-atom. b) Top view of the meta-atom. c) Bottom view of the meta-atom. d) Equivalent circuit of the p-i-n diode (SMP1321-079LF, Skyworks).[¢°]
When the p-i-n diode state is in the "on" state, the simplified equivalent circuit is a resistance R,, = 2.2 Q in series with an inductance L., = 0.7 nH. For
the "off" state of the p-i-n diode, the simplified equivalent circuit is a capacitance Cyg = 0.32 pF in series with an inductance L,, = 0.7 nH. e) Operating
mechanism of the meta-atom for different electrical states. f) Surface current distributions of the meta-atom when PIN; state is "on" and PIN, state is
"off" ("10"), PIN; and PIN, states are "on" ("11"), and PIN, state is "off" and PIN, state is "on" ("01"). g) Simulated radiation phase of the meta-atom.
h) Simulated radiation energy of the meta-atom. i) Simulated reflection coefficient of the meta-atom. The fixed geometrical parameters are: w, = 4.0 mm,

[, =17.0mm, w,,,

p-i-n diodes (PIN; and PIN,), whose equivalent electric circuit
is shown in Figure 2d, are placed on the lower face of Dielectric
3. The positive terminals of the p-i-n diodes are connected to F,
and F,, while the negative terminals are connected to the SIW
through vias, as depicted in Figure 2a. The other ends of F; and
F, are connected to P, and P;, respectively.

The designed meta-atom has three operating states, as shown
in Figure 2e. When both PIN, and PIN, states are "on” or "oft”
the meta-atom is in the nonradiating state (expressed as "11” or

Adv. Sci. 2024, 11,2309873

=0.4mm, w,; = 1.0 mm, lgeg = 23.0 mm, and wg;,, = 26.0 mm.

00" the functions implemented by “11” and "00” are the same,
and both are represented by "11” in the following text.). When
one p-i-n diode state is "off” and the other is "on” the meta-atom
is excited, and for different "oft” p-i-n diode, the two radiation
phase responses of 0° (expressed as "01”) or 180° (expressed as
”10") can be realized. Figure 2f shows the simulated results of the
meta-atom surface currents distribution at 5.4 GHz for the three
operating states. The surface currents of the meta-atom are in-
verted when the off-states of PIN; and PIN, are switched. Thus,

2309873 (3 0f10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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the designed meta-atom has a stable 180° phase difference. When
both PIN; and PIN, states are "on’, there is almost no surface
current on the surface of the meta-atom, which indicates that the
meta-atom is not excited. In Figure 2g, the simulation results of
the radiation phase of the meta-atom can achieve a 180° phase
difference in the 5-6 GHz frequency range when it is set to dif-
ferent operating states. Figure 2h displays the simulation results
of the radiated energy of the meta-atom when it is excited and
not excited. It is worth noting that the radiated energy remains
the same when the meta-atom is excited for two-phase states. The
difference in radiated energy between the excited and nonexcited
states can reach up to 140 dB. Conversely, when the meta-atom
is not excited, there is almost no energy radiated into free space.
Figure 2i shows the simulation results of S,; of the three states,
and the reflection coefficient is less than —33 dB in the frequency
range of 5-6 GHz. The lower S, level of the meta-atom can ef-
fectively suppress the open band phenomenon in guided wave-
driven metasurfaces,[®®! similar to the mechanism of the open
band phenomenon in leaky wave antennas. %]

3. Results and Analyses

3.1. Far-Field Low Sidelobe-Level Beam Scanning

When the angle of the radiated beam is designed to be §,, the
phase response @, of the n-th meta-atom of the CAP metasurface
(as shown in Figure S3, Supporting Information) can be repre-
sented as follows!”]

@, =nxdx (k,—kysin6y) + o, n=1,2,3,4,...,61 (1)

where k, is the wavenumber in free space, k, is the wavenumber
in the SIW structure, d is the distance between adjacent elements
and ¢, is the initial phase. More details of the principle of far-field
radiated beam scanning are provided in Text S3 (Supporting In-
formation). As the p-i-n diode has only two operating states (on-
state and off-state), the p-i-n diode loaded metasurface can only
achieve quantized phase levels”*72]. In our proposed meta-atom,
only 0 and r phase changes can be obtained by controlling the
operating states of the loaded p-i-n diodes. Thus, the calculated
continuous phase distribution from Equation (1) should be quan-
tized into two-phase values of 0 and z. The quantization phase
response @, , of the n-th meta-atom can be represented as

0,iff0 <@g, <7
Pquan = {ﬂ.’ ifr < (prjq,n <2z (2)
The proposed design can be scaled up to multi-bit phase re-
configurability by increasing the number of p-i-n diodes in the
meta-atoms. However, considering the design complexity, inser-
tion losses, and manufacturing costs increased by the number of
p-i-n diodes, 1-bit switching is utilized here as a good tradeoft.
Thus, the array factor can be expressed as

61
f((g) — Z Ane—j(nd(ko Sing—ks)_‘pqua,n), n=1,2,3,4,...,61 3)
n=1

where A, is the amplitude of the n-th meta-atom.
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Due to the 1-bit phase modulation, some undesired higher har-
monics will be introduced. The excited higher harmonics give
rise to high SLLs if the angular frequency is within the range
of -k, to k,. Different from higher-order diffraction related to
the periodicity in phase gradient metasurfaces, higher harmon-
ics here refer to undesired waves caused by the phase quanti-
zation error.l”?] To suppress these higher harmonics, the spatial
spectrum of the far-field pattern of the 1-bit phase modulation
metasurface is analyzed. The far-field pattern calculated using the
Fourier transform can be represented as!®674]

fO)=Ch, ¥ ¥, { [ W ]

R X

B—Pam+ +ja

where f, = k,sin 0, Cis the coefficient after Fourier transform, «
is the attenuation constant and L is the length of the metasurface.
b,, is the coefficient generated by the Fourier transform of the 1-
bit phase modulation function, expressed as

4 .
b, = {E ,m.lsodd )
0 ,miseven

The expression for g,,, and f, . , can be represented as

B, =k +2an/d—2mx/T, ;
Bomys = ko +2ax/d + 2mx /T, (©)

where T, is the modulation period of the 1-bit phase modulation
function, T, = 27 | (k~kysind,).

According to Equations (4)—(6), the spatial spectrum of the
guided wave-driven metasurface can be calculated and is depicted
in Figure 3a. When the higher harmonics g ;_ (8, ;. = 3k,sinf, -
2k)and f_, 5 (B_i3., =4k, — 3kysinf, — 2z /d) are located in the
radiation region, they can radiate into free space and lead to high
SLL. When the spacing d between adjacent meta-atoms decreases
to a certain value, the higher harmonic f_, ; , can be moved out
of the radiation region. The condition under which the higher
harmonic f_, ;, is suppressed can be expressed as

max (f_, 5, = 4k, — 3k, sin 6, — 2z /d) < —k, )

For 0, = -7 /2, p_, 5, reaches the maximum value. Therefore,
when d < z / (2k, + 2k, the higher harmonic f_, ;, is sup-
pressed. Since the high harmonic g _ is independent of d, the
condition for suppressing g, is k, > 2k,. However, it is very
difficult to design a SIW structure that meets the above criteria.
When ko <k, < 2k, B, ;. is suppressed in —7/2 < 8, < sin™'[(2k,—
ko) /3ko]. In sin™'[(2k, — ky)/3k,] < 0, < 7/2, the pointing angle
63, of the high SLL caused by f,; . can be expressed as

2k
0,5 =sin”™! (3 sinf, — k—> 8)
0

The wavenumber k, of the designed SIW structure operating at
5.4 GHz is 147.0 rad m.~! According to Equation (7), it can be in-
ferred that when the distance between adjacent elements d is less
than 6.0 mm, higher harmonic f_, ; , will be suppressed. Conse-
quently, in this design, the distance between adjacent elements d

2309873 (4 0f10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A0 3|qeol dde aup A peuienob aJe el O ‘@SN JO Sa|nJ o} Akeid17aU1|UO /3|1 UO (SUOPUOD-PUB-SWBIAL0D" A8 | M ARe.q|BUUO//:SdNL) SUORIPUOD pue SWie 1 8y} 89S *[¢202/90/T0] U0 AflqiTauluo A8|IM ‘21ieIUeN Siied 15eAIUN AQ £2860£202 SAPR/Z00T 0T/I0p/W00" A8 | ARe.d1jeulUo//:SAny wouy peapeojumoa ‘6T ‘v20Z ‘v8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

(a) (b) ) (©) . ‘
Phase-only modulation Complex-amplitude modulation
Radiation Region 0 (!theory) 0 : (theory)
| | o +45° | [ - -45° ‘
} \ @ [+ 130° 1 g [-:30°
| | < g |=diz i ; | =z e |ls |
| 8 TRel 1 8 TF-
‘ | lo 2 e 15 ! T Q Lo 150
| | CE L] iy SR I
! R o 4 B =10 s[4 , 1z -10F & _
] | | ] » ;. = \ S —
Fow -ko m| ™ koo ks "< \ 1<
S sos s s B L, 15l
< 7 ’ ' =75-50-25 0 25 50 75 =75-50-25 0 25 50 75
0% 0%
) Phase-only modulation © Phase-only modulation ® Phase-only modulation
%\ _— I(simlulation) . @ - I(measuremelnt) 15 (clompallrision) |
~ 0 P P ~ 0 il , —_ |
2 -+-30° \ (& k) 1300 A\ jea)
= 15 T = e t1se [ 4 = TN
g S ‘ g s | s ’
A a | O
—+*30° | [ 130° Le]
B 450 |, B 45° 8 st -
N =10 i : N 10 \ =
s i L i [ J I —— Smimulation
g I / f/’\ [ \D \ ] g I / / { vﬂ / ‘% mn\ | &) = If/lea,urle:nem
2 _15 1 \ g — 1 I ) ! ! O 1 1
—75-50-25 0 25 50 75 —75-50-25 0 25 50 75 —-60 —40 -20 0 20 40 60
o) 0 ) o)
(€9 ) o ) Y , )
Complex-amplitude modulation Complex-amplitude modulation Complex-amplitude modulation
—_ (simulation) —_ (measurement) (comparision)
=) TR T =2 T T 15 T T
::;» 05 A . }/, (U e \ o g i
R [ g |
o T [ o T[T g ] T
g Foilse g biise 8 //“t\.___/://\
a -10 30 A —10 =30 = /,«”/ \\\.// b .
B L 45 \ ] B - 8 57 e —
= 15| LRPRIE TN - P T )
P Al ARAR ) E g e
2 —_ 0 b I A . 2 — 0 i X A 1 O 1 I I
—75-50-25 0 25 50 75 -75-50-25 0 25 50 75 —-60 —40 -20 0 20 40 60
) 0(°) 0

Figure 3. Beam scanning by guided wave-driven metasurface. a) 1-bit phase

modulated spatial spectrum. b) Theoretical far-field patterns for 1-bit phase

modulation. c) Theoretical far-field patterns for complex-amplitude modulation. d—f) Results for 1-bit phase modulation at 5.4 GHz: d) Simulations,
e) Measurements, f) Realized gain. g—i) Results for complex amplitude modulation at 5.4 GHz: g) Simulations, h) Measurements, i) Realized gain.

considered is set at 4.8 mm to ensure the effective suppression
of higher harmonic f_, ; , . In such cases, the predicted radiation
patterns are shown in Figure 3b (The codes of the meta-atoms
on the CAP metasurface for different radiated beam scanning
angles are shown in Figure S5a, Supporting Information). When
the radiated beam scanning angle is 45°, the SLL at § = —28.5°
is —8.8 dB, and according to Equation (8), it can be seen that at
this time, 6,; = —28.56°, which verifies the sidelobe is gener-
ated by the excitation of the higher harmonic ;. However, the
SLL for other radiated beam scanning angles is maintained lower
than —10 dB. Therefore, it is demonstrated that reducing the el-

Adv. Sci. 2024, 11, 2309873 2309873

ement spacing can suppress the radiation of higher harmonic
B_1 3. commonly presented in the 1-bit phase modulation func-
tion.

The amplitude of the proposed meta-atom has two states: "ra-
diating” ("10” or ”"01”) and "nonradiating” ("11”). By utilizing
theGA to optimize the amplitude of the meta-atom, the array is
transformed from a uniform linear array to a sparse linear ar-
ray. The incorporation of amplitude modulation can disrupt the
periodic nature of 1-bit phase modulation, effectively reducing
the generation of higher harmonics caused by the 1-bit phase
modulation function. The first and end meta-atoms remain in

(5 of 10)  © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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the “radiating” state to ensure that the array aperture keeps un-
changed. More details of the GA are provided in Text S4 (Sup-
porting Information). It can be observed that when the number
of nonradiating elements is different, the final optimized side-
lobe level is also different. The more the number of nonradiat-
ing components, the lower the SLL. Therefore, in the following
simulation experiment, the number of nonradiating elements is
selected as 21. For different radiated beam scanning angles, their
corresponding predicted far-field patterns are shown in Figure 3¢
(The codes of the meta-atoms on the CAP metasurface for differ-
ent radiated beam scanning angles are shown in Figure S5b, Sup-
porting Information). The far-field SLL of the metasurface using
complex-amplitude modulation is less than —15 dB, showing that
the proposed complex-amplitude modulation can not only sup-
press higher harmonic f§,; _, but also further reduce the SLL in
the far-field patterns.

The CAP metasurface prototype is fabricated for verification
of the design. The manufactured sample and testing environ-
ment are provided in Text S5 (Supporting Information). To con-
firm that reducing the meta-atom spacing can suppress higher
harmonic f_, ; ,, the far-field control capability of this design is
simulated and experimentally verified using phase-only modu-
lation, and the results are shown in Figure 3d,e. The simulated
and measured far-field SLLs at 5.4 GHz are less than —10 dB at
beam scanning angles of —45° to +45° by step of 15°. For a beam
scanning angle of 45°, the simulated and measured far-field pat-
terns show sidelobe levels at # = —35° and 6 = —31° of —9 and
—6 dB, respectively, which is caused by f,; . The difference be-
tween simulated and measured maximum SLL angles is caused
by fabrication tolerance, which affects the k, of the SIW struc-
ture. The simulated and measured realized gains with different
beam scanning angles are shown in Figure 3f. The maximum
realized gain in simulation and measurement within the scan-
ning range of —45° to 45° is 12.2 dBi and 10.9 dBi, respectively,
while the minimum values are 10.4 dBi and 8.6 dBi, respectively.
The maximum and minimum simulated radiation efficiency at
5.4 GHz within the beam scanning range of —45° to 45° is 59%
and 48%, respectively, as provided in Text S6 (Supporting Infor-
mation). From Text S6 (Supporting Information), it can also be
seen that good beam scanning performance can be achieved from
—45 ° to 45 ° in the range of 5.0 to 6.0 GHz. In the range of 5.0
to 6.0 GHz, the achieved gain reaches its peak at the center fre-
quency 5.6 GHz and decreases when the operating frequency
is far away from the center frequency.

To verify the suppression effect of the complex-amplitude
modulation on the far-field SLL, simulations, and experiments
are carried out at 5.4 GHz for the same range of beam scan-
ning angles, as shown by the results in Figure 3g—i. The simu-
lated maximum SLLs are found to be —14.5, —15.4, -16.8, —16.0,
—18.7, —18.5, and —15.2 dB, respectively. Correspondingly, the
measured maximum SLLs are —15.2, —14.3, -17.0, —14.0, —14.8,
—16.2, and —14.3 dB. It can be concluded from Figure 3g,h that
complex-amplitude modulation not only suppresses the sidelobe
generated by higher-order harmonic f,; . effectively but also re-
duces the SLL at other angles. The maximum simulated and mea-
sured realized gain is 9.4 and 7.7 dBi, respectively, while the min-
imum values are 7.5 and 4.7 dBi, respectively. The maximum and
minimum simulated radiation efficiency for complex-amplitude
modulation at 5.4 GHz within the beam scanning range of —45°
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to 45° are 44% and 35%, respectively, as presented in Text S6
(Supporting Information). The realized gain is lower than that of
1-bit phase modulation which is caused by the implementation
of complex-amplitude modulation. When some meta-atoms are
turned off, the energy radiated into space will be lower compared
to 1-bit phase modulation. The realized gains can be further im-
proved by increasing the radiation efficiency of a single meta-
atom or the number of meta-atoms. It is worth noting that the
low SLL beam scanning characteristics mentioned above consti-
tute only an example of complex amplitude modulation for high-
quality control of far-field beams. The CAP metasurface designed
in this work has also the potential to achieve more forms of cus-
tomized wavefronts.

3.2. Airy Beam Generation

The excellent far-field control capability of the proposed meta-
atom has been demonstrated in the previous section, and its
ability to synthesize Airy beams is also verified here. Compared
to other nondiffracting beams, Airy beams possess self-bending
characteristics, providing higher degrees of freedom in wire-
less energy transmission and near-field wireless communica-
tions. Although dynamic generation of Airy beams was achieved
through phase modulation,!?87%] complex amplitude modulation
is necessary to further improve the quality and provide more free-
dom for Airy beam generation.[?*7°] In addition, by superposing
an additional linear gradient phase profile to the Airy beam phase
profile, the direction of the main lobe can be flexibly manipu-
lated. The initial field envelope of the 1-D Airy beam can be ex-
pressed as

¢ (x) = Ai(bx) exp(ax + jxk, sin 6,) 9)

where a is a positive value, b is the transverse scale, and 6, is the
additional bending angle of the beam. For Ai(x) > 0, the phase
modulation profile is @,; = arg(d(x)) = xk,sind, and for Ai(x) <
0, oo = arg(P(x)) = 7+ xkysind,.
The initial phase ¢,,; generated by waveguide feeding can be
expressed as
Pini = —kx (10)
Therefore, the phase shift ¢;,, required to excite the Airy beam
is

Pairy = (pob]’(p?m (11)

To achieve complex-amplitude modulation, the quantized am-
plitude A, i, (%) of the meta-atom is expressed as
_ radiating  , abs(Ai(x)) > t
Agua_siny (¥) = {non — radiating , abs(Ai(x)) < t (12)
where t is the threshold of the amplitude, which is schematically
shown in Figure S10a (Supporting Information). More details of
the Airy beam with the complex amplitude modulation are pro-
vided in Text S7 (Supporting Information). It can be observed that
compared to only-phase modulation, the Airy beam generated by
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complex- amplitude modulation achieves different lobes attenu-
ation trends that are closer to the theoretical value.

To analyze the influence of the transverse coordinate on the
parabolic trajectory of the Airy beam, four Airy beams with dif-
ferent scale levels of b = 18, b = 24, b = 30, and b = 36, are de-

Adv. Sci. 2024, 11,2309873

signed, simulated, and experimentally verified. The amplitude of
the Airy function is designed using Equation (11), where ¢ is set
as 0.3. The simulated and measured results of the electric field
distribution at 5.4 GHz are shown in Figure 4a,b, respectively. It
can be observed that high-quality Airy beams are generated by
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Figure 5. Beam steering of the Airy-beam with b = 24 at 5.4 GHz. a) Simulated electric field distribution in the xoz plane for steering angles of —10°, 0°,
10°, and 20°. b) Measured electric field distribution in the xoz plane for steering angles of —10°, 0°, 10°, and 20°.

applying different bias voltages. The insets in Figure 4a,b show
the Airy beam curve extracted at z = 200 mm. Among them, the
red, blue, and green curves represent theoretical, simulated, and
measured results, respectively, where the simulated and mea-
sured curves are well consistent with the theoretical ones. The
simulated radiation efficiency of Airy beams for b values of 18, 24,
30, and 36 are 45%, 43%, 45%, and 38%, respectively, as given in
Text S8 (Supporting Information). The observed small deviation
is caused by the discretization loss and fabrication tolerance. In
addition, to further verify the self-bending characteristics of the
Airy beams, their deflection trajectories are calculated, as shown
in Figure 4c, which is defined as the difference between the cen-
ter position of the Airy profile and the propagating hypothetical
beam. It can be observed that both the simulated and measured
results show a smooth parabolic trajectory. To evaluate the non-
diffraction characteristics of Airy beams, the full width at half
maximum (FWHW) of the Airy beam is also calculated, as shown
in Figure 4d. The comparison between FWHM values obtained
from measurements and simulations shows a good agreement.
The minimum and maximum values of measured FWHW for
b=18,b =24, b=30,and b = 36 are 55, 55, 50, and 40 mm,
respectively, and 80, 65, 65, and 75 mm, respectively. Except for
b = 36, the maximum FWHW is less than 1.5 times the mini-
mum FWHW within the range of z lower than 300 mm. This
indicates that good nondiffraction characteristics are exhibited in
the range of z lower than 300 mm. However, for b = 36, the beam
undergoes diffraction due to a larger bending angle and a rel-
atively smaller aperture length. Consequently, selecting a trans-

Adv. Sci. 2024, 11,2309873

former scale is crucial when generating Airy beams to ensure
their nondiffractive propagation characteristics.

To further demonstrate the flexibility of the CAP metasurface
for Airy beam manipulation, the beam steering characteristics
are studied. According to Fourier transforms theory, the super-
position of a linear gradient phase profile leads to a bending ef-
fect on the original wave, as shown in Equation (9). Four different
bending angles (—10°, 0°, 10°, and 20°) for the configuration with
Airy function parameters b = 24 are tested. As presented by the
results in Figure 5, the simulated and measured results have good
consistency, indicating the achievement of flexible control on the
propagation direction of the Airy beam. The dynamic control of
the propagation direction provides more application potential for
wireless energy transfer, communications, and sensing.

4, Conclusion

In conclusion, we demonstrated a guided wave-driven meta-
surface that can achieve dynamic and simultaneous control of
amplitude and phase. The metasurface is fed by a traveling wave
in an SIW structure, which solves the integration challenge of
traditional metasurface fed by external spatial sources and avoids
a complex power divider network of radiation-type metasurfaces.
1-bit amplitude switching between radiating and nonradiating
states and 1-bit phase switching between 0° and 180° radiation
phase can be achieved by controlling the states of the p-i-n
diodes loaded in each meta-atom. The proposed metasurface can
manipulate advanced EM functions of low SLL far-field beam
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scanning and high-quality Airy beam generation. Combined with
GA, the proposed metasurface can achieve beam scanning from
—45° to 45° with an SLL of less than —14 dB. In addition, the
high-quality Airy beam generator demonstrates that our scheme
can also be widely applied in near-field EM wave manipulation.
Experimental results show good agreement with simulated
and theoretical ones, verifying the excellent performance of the
proposed metasurface. Such complex-amplitude, programable,
and guided wave-driven metasurface can find great application
potential in microwave communications, sensing, and wireless
energy transfer.

5. Experimental Section

Sample Fabrication: The designed guided-wave-driven metasurface
was manufactured using standard multi-layer printed circuit board (PCB)
technology. The 122 Skyworks SMP1321-079LF p-i-n diodes were inte-
grated onto the guided-wave driven metasurface by machine welding. The
total surface area of the fabricated sample was 420 x 60 mm? and the total
thickness was 3.15 mm (x0.05 4).

Simulation: The time-domain solver of the commercial CST Studio
Suite simulation software package was used to numerically simulate the
S-parameters, radiated energy, radiation phase, and surface current of the
elementary meta-atom. To verify the control ability of the metasurface in
near-field and far-field regions, a simulation model was designed as shown
in Figure S1 (Supporting Information), which uses the same dielectric ma-
terial and size structure as the fabricated sample. In the numerical simula-
tion process, the equivalent circuits of the p-i-n diode shown in Figure 2d
were used to simulate the switching characteristics of the p-i-n diode.

Experimental Setup: To avoid the influence of the testing environment
on the measured results, the far-field and near-field characteristics of the
metasurface are tested in a microwave anechoic chamber, as shown in
Figure S6d,e (Supporting Information). A Keysight P9384B vector network
analyzer (VNA) was used to measure and record the far-field patterns and
electric near-field distributions. The realized gain of the metasurface was
measured using a comparison method, with the standard gain XB-HA159-
15 horn antenna operating from 4.64 to 7.05 GHz.[”’]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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