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Focus control of wide-angle metalens based on
digitally encoded metasurface

Yi Chen?!, Simeng Zhang!?, Ying Tian'*, Chenxia Li!, Wenlong Huang?,
Yixin Liu'?, Yongxing Jin!, Bo Fang?, Zhi Hong?* and Xufeng Jing?**

Based on the principle of super-symmetric lens with quadratic phase gradient transformation, combined with the princi-
ple of digital coding of metasurface, we propose a wide-angle coded metalens for focusing control in two-dimensional
space. This metalens achieves focus shift in the x-direction by changing the oblique incidence angle of the incident wave,
and focus control in the y-direction by combining with the convolution principle of the digitally coded metasurface to
achieve flexible control of light focusing in the two-dimensional plane. The metasurface unit is mainly composed of three-
layer of metal structure and two layers of medium, and the transmission phase is obtained by changing the middle layer
of metal structure, which in turn obtains the required phase distribution of the metalens. The design of the metalens real-
izes the function of the lens with a large viewing angle at the x-polarized incidence, and realizes two-dimensional focus
control. Experimentally, we prepared the designed coding metalens and tested the focus control function of the wide-an-
gle coding metalens. The experimental results are in good agreement with the design results.
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Introduction ferent unit structures, metasurfaces can achieve physical

. . . P effects that are difficult to produce in nature, such as
Metasurface is a two-dimensional artificial electromag- P )
. . . negative refraction®, polarization rotation®”’, zero re-
netic material composed of sub-wavelength unit struc- o ) )
] N o fractive index®®, convergence imaging'’, and complex
tures in a specific arrangement, which is used to control , )
] ] o beams!!-13. These physical effects can be used to design

the propagation of electromagnetic waves'. With its ul- . . . . .
and produce optical devices with various new functions,

tra-thin structure and unique working principle, it such as holographic projection!s, radar stealth's, ab-

avoids the disadvantages of large size, complex structure, sorbers”, deflectors’®, beam splitters, metalenses?,

and difficulty in integration caused by traditional optical biosensors’'>* and other optical functional devices? >,

devices. By designing the phase, amplitude, polarization In recent years, the research on metalens® has been

state of the sub-wavelength unit structure, a metasurface
that is small in size, easy to integrate, and highly conve-

nient can be obtained?. Through complex designs of dif-

greatly developed. These metalens utilize the small size,
ultrathinness and ability of metasurfaces to manipulate

incident wave to achieve a focusing effect’’. They have an
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irreplaceable role in the development of planar optical
devices**~¥’. Currently, metalenses are applied in various
wavelength bands such as visible, mid-infrared, and tera-
hertz. For example, Ramon et al.*® have implemented a
high numerical aperture metalens based on all-dielectric
unit structure in the visible light band. Wang et al.* used
the geometric phase to obtain a metalens with achromat-
ic focusing in the near-infrared wavelength band. Gao et
al.® designed a polarization-insensitive silicon-based
metalens in the terahertz band. However, most current
metalens are only suitable for the normally incidence on
the metasurface to produce a focusing effect. When light
is incident on the metasurface obliquely, the focusing ef-
fect of the metasurface will be greatly weakened, or even
unable to produce a focusing effect. In order to make the
metasurface achieve the focusing function in a wider
range of incident angle, Pu et al.*'** proposed a super-
symmetric lens by investigating the properties of Luneb-
urg lenses and compound eyes to realize a wide-angle
planar lens based on a fast phase gradient. However, this
lens is unable to realize the free regulation of focus.
Therefore, we used the principle of supersymmetric
lenses and combined with the principle of metasurface
digital coding to design a wide-angle metalens?, which
can achieve flexible control of the focus in two-dimen-
sional space. The unit structure of the wide-angle lens is
composed of three layers of metal and two layers of me-
dia. By changing the size of the unit structure, the trans-
mission phase required to satisfy the coding of the wide-
angle metalens is obtained. By changing the incident an-
gle in the x-axis direction, the focus is flexibly achieved
on the x-axis. On the y-axis direction, we used the cod-
ing convolution principle to achieve focus control in this
direction. We further propose to utilize the principle of
coded addition to achieve multifocus effect. We de-
signed the digitally encoded wide-angle metalens
through simulation, and finally verified through experi-
ments, proving the two-dimensional control of the digi-
tally encoded wide-angle metalens on the focal plane.

Principles and Design

Design principles of metalenses

The traditional lens design is based on the different opti-
cal path differences caused by the different thicknesses of
light passing through different positions of the lens,
which causes the transmitted light to focus. However, the
emergence of metasurfaces provides new design ideas for
lens. The sub-wavelength structure of the metasurface

https://doi.org/10.29026/0ea.2024.240095

causes the phase mutation after the light is incident,
which leads to a new light propagation law called the
generalized Snell's law*®. According to the law, we can get
the phase distribution of each position on metalens as

o) = = (VEFF ) 0

where A is the operating wavelength, r is the radial dis-
tance from the centre of the lens, and fis the focal length
corresponding to the metalens. Divide the metalens into
each small unit, and use the above Eq. (1) to discretize
the phase of the entire lens to obtain the phase corre-
sponding to each unit. In this way, we can obtain a met-
alens that is thinner, lighter, and easier to integrate.

Recently, Pu et al*' proposed a metalens with a
quadratic phase distribution function, called a supersym-
metric lens, which has good wide-angle lens perfor-
mance. Its phase distribution function follows a quadrat-
ic distribution as

r
2’

where ko is the number of waves in free space, and both f

o(r) = ko (2)

and r represent the same meaning as Eq. (1), which de-
note the focal length of the metalens and the radial dis-
tance from the centre of the lens, respectively. It can be
seen by Eq. (2) that the formula represents the phase dis-
tribution function of light incident along the normal di-
rection. Therefore, when the light wave is incident
obliquely on the metalens, assuming that the incident
wave is located on the xz plane and the angle with the
normal direction is 6, the phase carried by the transmit-
ted light is shown as*!

rZ
o(r) :koz—f + koxsin6

ko L m2 2
:?j_((x—i—fsm9) +y)

In contrast to Eq. (2), koxsinf in Eq. (3) is the phase

fk,sin6
0 ®
change caused by the oblique incidence of light. Observe
that the last term of the right-hand side of the Eq. (3) is
independent of r and can be neglected, so that when light
is incident obliquely on the metalens, the focus can be
well focused on the same focal plane and only shifted
transversely in the x-direction of the focal plane by the
amount of fsinf.

The wide-angle metalens design
In order to achieve the wide-angle metalens perfor-
mance, we designed a unit structure consisting of three
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layers of metal, the upper and lower layers of the unit
structure consist of two parallel metal grating strips, and
the upper and lower layers of the grating strips are per-
pendicularly distributed, and the middle layer consists of
the notched ring and the metal rod with diagonal sym-
metry axes. Each metal layer is separated by a dielectric
layer. The schematic diagram is shown in Fig. 1. The unit
structure period is p=4 mm. All metal layers are made of
conductive copper. The conductivity is ¢ =5.8x10”7 S/m
and the thickness is 0.035 mm. The upper and lower
grating bars are polarization-selected grating with a
width of L;=0.8 mm and a mutual spacing of L,=0.7 mm.
The width of the middle layer ring and the metal rod is
w=0.38 mm, the radius of the ring is r=1.9 mm. The ini-
tial values of angles « and f are 60° and 45°, respectively.
The grating strip combined with the open ring of the
middle layer makes the electromagnetic wave repeatedly
reflected and transmitted inside the unit, and improves
the cross-polarization efficiency of the unit structure.
Considering the simulation effect and processing cost,

https://doi.org/10.29026/0ea.2024.240095

FR4 was chosen as the base of the unit structure, with a
relative dielectric constant of 4.3 and a thickness of
dp=1.6 mm. Through simulation, we can observe that at
8 GHz, when the incident wave is incident with x-polar-
ization, the cross-polarized transmitted light achieves
good transmission efficiency, and the other scattering
modes are in a low condition at this operating frequency

as shown in Fig. 2(a).
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Fig. 2 | (a) Scattering characteristics of the unit structure in the range of 6 to 9 GHz. (b) Curves of the phase and transmission amplitude of the
unit with respect to the interlayer circular angle a and symmetry direction 8 at 8 GHz. (c) Transmission amplitude diagram of the unit structure in

the range of —60° to 60°.
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To achieve a good metalens function, in addition to
having good transmission efficiency, the unit also needs
to meet the corresponding phase changes. By changing
the angles & and f3 of the middle layer ring of the unit
structure, we can obtain any phase change between 0 and
2m, as shown in Fig. 2(b). When f=45°, changing the an-
gle a in the range of 30°-80°, the unit structure can cov-
er the phase of 0-180°. When =-45°, changing the an-
gle « in the range of 30°-80°, and the unit structure can
cover the phase of 180°-360°. At the same time, it can be
observed from Fig. 2(b) that most of the transmission
amplitudes of the unit structure are above 0.8. When the
light is oblique incident into the element structure, the
transmission amplitude of the cross polarization is
shown in Fig. 2(c).

Based on the design principle of the wide-angle metal-
ens, we discretise the phase at each spatial position of the
metalens, and the phase values at each point can be in-
troduced by Eq. (2). By changing the unit structure pa-
rameters « and f3, the optimal design operation is carried
out to obtain the required transmission phases of the
unit structure at different positions. The unit structures
that meet the requirements are arranged in an orderly
manner according to a certain phase gradient law to ob-
tain a metasurface with wide-angle metalens perfor-
mance, and the focusing schematic of this meatsurface is
shown in Fig. 3. When the plane wave is incident on the
metalens at different oblique angles of incidence, the
transmitted light is focused on the same focal plane and
produces only a transverse positional shift.

Focal plane

Fig. 3 | Schematic diagram of wide-angle metalens focusing.

In order to compare the focusing effects of traditional
metalens and wide-angle metalens, two types of metal-
ens were designed using the above unit structure. The
phase distribution function of the traditional metalens is
shown in Eq. (1), and its phase change is related to the
diameter from the center of the lens. It changes linearly
with the distance, and the phase distribution of the wide-
angle metalens is shown in Eq. (2). Through simulation
using the finite-difference time-domain method, using
the CST MICROWAVE STUDIO software, the x-polar-
ized wave is used as the incident wave. The correspond-
ing metasurface is simulated, and the near-field monitor
is placed to obtain the electric field intensity distribution
of the outgoing light. We obtained the simulation results
as shown in Fig. 4. Figure 4 shows the electric field distri-
bution between a linear phase distribution metalens and
a quadratic phase gradient wide-angle metalens under
the same incident conditions. Figure 4(a) shows the elec-
tric field intensity diagram at each incident angle with
linear phase distribution. It can be observed that when
the incident wave is normal, the metalens has a good fo-
cusing effect, and when the incident wave is obliquely in-
cident on the metalens, with the increase of the angle, the
focal light intensity decreases rapidly and cannot be fo-
cussed to the same focal plane. Comparing the observa-
tion with Fig. 4(b), it can be seen that unlike the metal-
ens with linear phase distribution, when light is oblique-
ly incident on the wide-angle lens with quadratic phase
distribution, the focus is almost in the same focal plane,
and only produces a certain offset in the lateral direction.

Design of wide angle coding metalenses

The wide-angle metalens in the above section only real-
ize the regulation of the focus in the x direction. In order
to achieve the regulation of the focus in two-dimension-
al space, based on the design basis of the wide-angle met-
alens, we further designed the lens in the y direction and
incorporated the principle of digitally coded metasur-
faces for electromagnetic wave control. Combined with
the digital coding metasurface function, the units satisfy-
ing the coding function are designed, and the units are
combined in various ways to realize the deflection of the
focus. This design is based on a coding principle of scat-
tering mode offset proposed by Fourier transform, which
is called the convolution theorem®. It expresses the
transformation relationship between the signal in the
time domain and the frequency domain, as shown in Eq.

(4),

240095-4
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Intensity

-150 -100 -50 0 50 100 150

Fig. 4 | Normalized electric field intensity distribution of the metalens in the x-z plane for 6 = —45°, 6 = 0°, 6 = 30°, 6 = 60° at an operating fre-

quency of 8 GHz. (a) Shows the electric field intensity distribution of the metalens with linear phase distribution. (b) Shows the electric field inten-

sity distribution of the wide-angle metalens with quadratic phase distribution.

A1) - g(t) % flw) + g(w) - ()
Transforming g(w) in Eq. (4) into a Dirac-delta func-

tion, it can be obtained as

Jt) - expiant) < fle) 8w — @) = flo — @) , (3)
where exp(jwot) is the time-shift term in the time do-
main. Eq. (5) shows that the convolution operation be-
tween the spectrum and the impulse function produces
only an offset of wg in the spectrum but no distortion.
For the coded metasurface, the Fourier transform pair is
satisfied between its near field distribution and far-field
scattering. Professor Cui research group introduced con-
volution operation into the design of coded patterns, and
used Fourier transform in digital information theory to
design and manipulate coded patterns®. Therefore, after
replacing the independent variables t and w in Eq. (4)
with x) and sinf, the scattering pattern offset function

can be obtained as

flx) - exp(jxsinfy) gE(sinG) * 8(sinf — sinf,)
= E(sinf — sinf,) , (6)

where x) =x/A, 0 is the incident angle of the wave with re-
spect to the normal direction, and exp(jx)sinfp) de-
scribes the gradient phase with respect to a given direc-
tion. As can be seen in Eq. (6), the flx)) of the metasur-
face in the coding mode can be regarded as one of the
time domain signals in the Fourier transform process,
the gradient coding sequence exp(jxysinf) is the other
time domain signal, and the radiation direction pattern
determined by the original coding pattern is expressed as
E(sinf). The frequency domain signal E(sinf—sinfp) is
obtained after the Fourier transform is performed by
multiplying f(x)) with exp(jxasinfp). It can be observed
that the far-field scattering pattern is shifted to another
direction, becoming E(sinf—sinfp). The product of flx))
in the coded mode and the gradient coding sequence

exp(jx)sinfp) leads to the deflection of the far-field scat-
tering from the coded metasurface in a predetermined
direction.

Therefore, by using the wide-angle metalens designed
previously combined with the design principle of coded
metasurface convolution, the wide-angle metalens can be
flexibly controlled in the y direction. The unit structure
is consistent with the above structure. Based on the unit
group satisfying the quadratic phase distribution in the x
direction, further parameter optimization is carried out
to obtain the unit group satisfying the phase difference
between adjacent units of 45° in the y direction, that is,
the 3-bit coding is satisfied in the y direction. Through
simulation, the unit structure parameters that meet the
3-bit encoding phase distribution characteristics are ob-
tained. The scattering amplitude and phase distribution
of a group of coding units are shown in Fig. 5. It can be
seen from Fig. 5(a) that the transmission amplitude of
the coding unit has reached 0.8. Figure 5(b) demon-
strates the phase distribution of the coding unit. It can be
observed that the phase difference between each coding
unit is roughly maintained at about 45°, which satisfies
phase distribution characteristics between 3-bit coding
units. At this time, the metasurface can realize wide-an-
gle focusing in the x direction, and has the property of
encoding metasurface in the y direction, and can per-
form coded convolution and addition operations, so as
to realize focus regulation and multi-focus independent
control in two-dimensional space.

In order to prove the reliability of the design of the
wide-angle metalens combined with the coded metasur-
face principle, we conducted simulations of metalens
with different coding sequence arrangements in the y-di-
rection of the lens. First, give a coding sequence SO
(7655443332221111000000001111222333445567) in the
y direction, so that the metasurface also has a central
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Fig. 5 | Transmission amplitude plot (a) and phase distribution (b) of the coding unit in the 6-9 GHz range.

aggregation effect in the y direction. Secondly, we de-
signed four groups of basic coding sequences as “0246...”
with different period. It is known that the period of the
unit structure is of p, then the periods of the four sets of
coding sequences are respectively designed as Ts=12p,
To=16p, T3=32p, Ts4=40p. The coding pattern of each
coding sequence and the coding pattern after the convo-
lution operation are as shown in Fig.6. Figure 6 shows
the schematic diagram of the metasurface encoding se-
quence in the y direction and the schematic diagram of
the convolution operation process. Based on the general-
ized Snell's law, the deflection angle of each coded meta-
surface scattering mode can be calculated. The deflec-
tion angle 6 can be calculated as

6=sin"'(A/T), (7)
where A is the working wavelength of the metasurface,
and T is the period size of the coding sequence. Substi-
tuting the periods of the above four sets of coding se-
quences into the Eq.(7), the theoretical deflection angles
of each coding sequence are calculated to be 51.4°, 35.9°,
17°, and 13.6°. After convolving the four sets of coding
sequences with the coding sequence S0, the obtained new
coding sequences are used to arrange the metasurface ar-
ray, which can achieve the effect of focusing deflection in
the y direction. The metasurface is simulated through the
finite difference time domain method, and the focusing
effect shown in Fig. 7 is obtained. Observing Fig. 7, we
can see that after the plane wave is incident on the metal-
ens, the transmitted light produces the focusing effect on
the focal plane (x-y plane). As the coding sequence peri-
od continues to increase, the angle at which the focus
shifts toward the positive direction of the y-axis becomes

smaller and smaller. Observing the light intensity distri-
bution on the y-z plane, the focus deflects in the expect-
ed direction. The simulation effect is shown in Fig. 7(ii) .
The focal deflection angles of the four groups of coded
metalens are 51°, 38°, 18°, and 14°, respectively, and the
simulation values are basically consistent with the theo-
retical values. However, the basic coding sequence men-
tioned above only simply expands the period by integer
multiples, and the deflection angle that can be controlled
is limited. In order to control the beam deflection more
flexibly, we can flexibly use the convolution theorem to
convolve the two basic coding sequences to obtain a hy-
brid coding sequence, and then perform a convolution
operation with the coding sequence SO to obtain more
different focus on the deflection effect. Figure 8(a) shows
the focus deflection effect of the hybrid coding sequence
S5 after the convolution operation of the basic periodic
sequences S3 and S4, and then convolved with the cod-
ing sequence S0. Observing Figure 8(a-ii), it can be seen
that the hybrid coding sequence S5 obtains a larger an-
gle of focus shift than the basic sequence before mixing,
with a deflection angle of 34°. Figure 8(b) shows the hy-
brid coding sequence S6 after the convolution of the ba-
sic coding sequence S3 and the reverse basic coding se-
quence S1, and the focus deflection effect produced by
combining the coding sequence SO. The focus produces a
deflection angle of —-31°. It can be seen from the simula-
tion that the scattering angle of the mixed encoding se-
quence is not the direct addition and subtraction of the
scattering angles of the basic sequence. According to Eq.
(6), we can deduce that the scattering angle of the mixed

coding sequence can be calculated as

240095-6
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+  + 4

+

Fig. 6 | Coding patterns of each coding sequence (a—d) are the coding patterns of coding sequence SO after convolution operation with coding

sequences S1 (Ts1=12p), S2 (Ts2=16p), S3 (Ts3=32p), and S4 (Ts4=40p), respectively. i) is the coding sequence SO, ii) from top to bottom are

S1, S2, S3, S$4, iii) the coding sequence after convolution.

0 = sin”'(sinf,+sinb,) , (8)

where 0) and 0, are the deflection angles of the two basic
coding periodic sequences for the convolution operation.
Through Eq. (8), the theoretical deflection angles of hy-
brid codes S5 and S6 can be calculated to be 31.8° and
—29.2°, respectively. Compared with the theoretical cal-
culation value, the simulation value obtained by the sim-
ulation effect basically does not have a large deviation,
which proves that the simulation is basically consistent
with the theory.

Theoretically, the above-mentioned coding metasur-
face retains the function of a wide-angle metalens while
increasing the control function of the focus in the y di-

rection. While the metasurface satisfies the coding phase
distribution in the y direction, the phase in the x direc-
tion still maintains the phase distribution characteristics.
When the incident wave is located on the x-z plane and
is incident obliquely on the metalens, the transmitted
light is still focused on the same focal plane and is only
laterally shifted in the x direction of the focal plane. In
order to prove that the wide-angle metalens perfor-
mance and the y-direction coding control function exist
at the same time, we conducted the simulation again, and
the simulation results are shown in Fig.9. We verified the
focusing effect of the metalens under 30° oblique inci-
dence. Observing Fig. 9, we can see that under oblique
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Fig. 7 | In the operating frequency of 8 GHz, the normalized electric field intensity distribution on the x-y plane and the y-z plane of the
plane wave normal incidence metalens. (a) SO and S1 are convolved to produce a 51° deflection in the y direction. (b) SO and S2 are convolut-
ed, a deflection of 38° is produced in the y direction. (c) After convolution of SO and S3, a deflection of 18° is produced in the y direction. (d) Af-
ter convolution of SO and S4, a deflection of 14° is produced in the y direction.

incidence, the light intensity distribution in the y-z plane
is almost consistent with the light intensity distribution
under normal incidence. The deflection effect in the y di-
rection is not affected by the tilt angle of the incident

wave. At the same time, the focus also produces a shift

effect in the x direction. Therefore, through simulation,
we verified that the metalens can meet the two-dimen-
sional flexible control of its focus in the x and y directions.

Based on the coding metasurface design principle, we

can also extend the coding space to the complex domain
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Fig. 8 | In the mixed encoding mode, the normalized electric field intensity distribution of the metalens on the x-y plane and the y-z

plane. (a) After the coding sequences S3 and S4 are mixed, the focus of the metalens is deflected by 34° along the y-axis direction. (b) After the

encoding sequence S3 and the reverse encoding sequence S1 are mixed, the focus of the metalens is deflected by —31° along the y-axis direction.

and use the complex coding addition theorem to control
electromagnetic waves®, to achieve the focus function of
double focus or even more focus, the deflection angle of
each focus can also be designed separately. When the
electromagnetic wave is along the positive direction of
the z-axis, it can be expressed as

E = Eje 5110 = Ee ke | 9)
where k is the propagation constant, e/ contains the
phase details of the electromagnetic wave. By controlling
the phase of the electromagnetic wave, the scattered
beam can be flexibly controlled. Therefore, the addition
theorem is a special encoding form based on analytic ge-
ometry and complex variable functions. The phase part
e/ is used for complex encoding, so that there is a cer-
tain connection between different bit number codings.
The operation rules of the complex encoding addition
theorem are shown in Table 1% , this rule can be used to
calculate the expansion from low bit number to high bit
number, thereby realizing more special functions.

Next, we continue to study wide-angle coded metal-
ens using the coded addition theorem. From the above
simulation results, it can be seen that the convolution
theorem can only independently control the focus of the
metalens, and by using the complex addition theorem,
we can achieve simultaneous control of the two func-

tions. After the addition operation of the 2-bit coding se-
quence S7 (0123) with a period of 16p and the 2-bit cod-
ing sequence S8 (0123) with a period of 32p, a 3-bit
mixed coding sequence S9 is obtained. We can convolve
the hybrid code S9 with the coding sequence SO to ob-
tain a new sequence of metasurface arrays as shown in
Fig. 10(a). It can be observed that the coded metasurface
after addition operation generates two independent fo-
cus on the same plane. Through the normalized electric
field intensity distribution of the y-z section, it can be ob-
served that the offsets of the two focuses are 18° and 38°,
respectively, which are almost consistent with the offsets
produced by the coding sequence before the addition op-
eration. During the addition operation, the two focuses
did not interfere with each other. The coding sequences
S7 and S8 are used to perform coding addition opera-
tions along the opposite coding direction, and simula-
tion is performed to obtain the focusing effect in Fig.
10(b). In Fig. 10(b), the two foci converge in different di-
rections of the y-axis, and the offsets remain unchanged
as 18° and 38°, respectively. Therefore, through the addi-
tion theorem, we further obtain a multi-focus wide-an-
gle encoding metalens, which can achieve multi-focus
convergence while arbitrarily controlling the position of

the focus in a two-dimensional plane.
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Fig. 9 | In the operating frequency of 8 GHz, when the light wave is obliquely incident on the metalens, the normalized electric field in-
tensity distribution on the x-y plane and the y-z plane. (a-d) are the convolution of the coding sequence S0 with S1, S2, S3 and S4 in the y
direction respectively, the light wave is incident obliquely on the metalens at an angle of 30°, resulting in a normalized electric field intensity distri-
bution of focus shift. From the column (i), it is observed that the focus shifts in the x and y directions simultaneously. From the column (ii), it is ob-
served that the oblique incidence of the incident wave to the metalens does not change the deflection angle in the y direction, but the focus is off-
set in the y direction, it is also given an offset in the x-direction, realizing flexible control of the focus in two-dimensional plane.

Experimental and measurement results cation of the focusing function®*-®. Figure 11 shows the

samples of the middle layer structure of the metalens un-

In order to verify the focusing effect of the metalens, we der different functions. The actual size of the metalens
used standard printed circuit board (PCB) technology to sample is of 400x200 mm?, and the area occupied by the

produce a sample of the metalens for experimental verifi- central structure is consistent with the simulation model

240095-10
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Table 1 | operation rules for complex encoding addition from 1-bit to 2-bit, 2-bit to 3-bit.

1 bit—2 bit 2 bit—3 bit

0y + 01 = 0 0+ 0, =03+ 0, =132+ 0, =63 3 + 0, =73
O +1 =1 Ootl=llh+lh=22+=33%+i=0s
h+01=3 02 +2,=23004+2=332+2, =43 3+ 2, =53
h+ii=2 02 4+3=7310+3 =432, +3, =5 3 +3 =6
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Fig. 10 | Normalized electric field intensity distribution of the coded metalens based on the addition theorem. (a) is the normalized elec-

tric field distribution of the x-y section and the y-z section after the addition of the 2-bit coding sequence S7 (0123) with a period of 16p and the 2-

bit coding sequence S8 (0123) with a period of 32p. The offset angles of the two focuses are of 18° and 38°, respectively. (b) is the normalized

electric field distribution of the x-y cross-section and the y-z cross-section after the reverse addition operation of the 2-bit coding sequence S7
(0123) with a period of 16p and the 2-bit coding sequence S8 (0123) with a period of 32p.

with an area of 360x160 mm?. In order to better fix the
metasurface during the test process, the actual size of the
metasurface sample is epitaxial by 20 mm on all sides,
and screw holes are left for subsequent fixation on the
metasurface test frame.

This experiment uses microwave near-field testing sys-
tem to test the functionality of metasurface samples. The
horn antenna is used to connect the vector network ana-
lyzer as the transmitting end, and the waveguide detec-
tor is used as the signal receiving end to transmit the da-
ta back to the vector network analyzer. The vector net-
work analyzer used in the laboratory is Agilent E5071C,
which can transmit and receive electromagnetic waves in
the frequency range of 100 kHz-8.5 GHz. The horn an-
tenna can transmit signals in the range of 5.38 GHz-8.17

GHz, and the waveguide detector can receive signals in
the same frequency band. The test frame is composed of
an aluminum alloy metal frame and a stepper motor to
achieve controllable movement in three-dimensional
space. The stepper motor is connected to the computer
through the HF020 controller to realize automatic con-
trol of program coding. By modifying the control pro-
gram in the matlab software, the controller sends out the
expected pulse signal, and the stepper motor further re-
ceives the signal and turns the signal into the displace-
ment of the platform test frame, thereby controlling the
waveguide probe to move in three-dimensional space for
data reception. Figure 12 shows the test platform.
After connecting to the signal line, the horn antenna
sends out a spherical wave, and after a certain distance of

240095-11
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Fig. 11 | Physical picture of the middle structural layer of the metalens sample. (a) The metasurface obtained by convolving SO (focused

coding sequence) and S3 (coding sequence with the period of 32p). (b) The metasurface obtained by convolving SO (focused coding sequence)

and S2 (coding sequence with period 16p). (¢) The metasurface after mixed coding of the coding sequence S3 and the reverse coding sequence

S1. (d) The metasurface obtained using the addition principle of digitally encoded metasurfaces.
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Fig. 12 | Experimental testing platform.

transmission, the spherical wave is slowly transformed
into a plane wave. In order to meet the incidence of the
antenna as a plane wave to the metasurface, the horn an-
tenna is placed at a certain distance during the experi-
ment, so that the spherical wave can be transformed into
a plane wave. The minimum distance for antenna place-

ment is shown in the following formula® as
meZZDZ/A 5

where D is the maximum transverse size of the antenna

port (the maximum transverse size of the antenna horn
aperture during the experimental test is 13 cm). The fre-
quency of the incident electromagnetic wave is of 8 GHz,
the wavelength is of 37.5 mm, and the shortest distance
obtained is of 0.9 m. Therefore, the horn antenna should
be placed at 0.9 m away from the metasurface, which can
meet the requirements of spherical wave to plane wave.
During the experiment, the horn antenna was placed at

1.5 m away from the metasurface. The stepper motor
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drives the waveguide probe to move for spatial scanning, starting point after the test. The waveguide probe re-
and the stepper of the motor is of about 10 mm. The ceives the transmitted wave signal on the test surface.
transverse sampling number is of 40, and the longitudi- The computer program automatically acquires and pro-
nal number is of 20. Each step of the motor will stay for a cesses the received test data for subsequent data integra-
period of time, waiting for the computer to further re- tion processing.

ceive and process the received data, and will return to the Using the experimental test platform, we tested the
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Fig. 13 | The experimental test of the metasurface on the x-y plane (i) and y-z plane (ii) in the normal incidence. (a) The light intensity dis-
tribution of metasurface focusing effect after S2 sequence convolution. (b) The light intensity distribution of metasurface focusing effect after S3
sequence convolution. (c) The light intensity distribution of the metasurface focusing effect after mixed encoding of the encoding sequence S3
and the reverse encoding sequence S1. (d) The light intensity distribution of multi-focus metasurface realized using the additive principle.
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focusing function of each metasurface sample, and test-
ed the light intensity distribution of the metasurface on
the x-y plane and y-z plane, respectively. The focusing ef-
fect is shown in Fig.13. It can be observed that each
metasurface sample produces a good focusing effect. The
metasurfaces for the coding sequence S3 (32p period),
coding sequence S2 (16p period) and mixed coding (cod-
ing sequence S3 and reverse coding sequence S1) pro-
duce the desired deflection in the y direction. A digitally
encoded metasurface lens designed using the additive
principle creates two focusing points. But in Fig. 13, the
left images appear to be noisy, and the focusing patterns
in the right images appear to be jagged, this is because
the experimental test platform is not completely carried
out in the microwave darkroom, but the absorption cot-
ton is used to reduce the influence of clutter on the ex-
perimental results. However, it can not completely ab-
sorb clutter, so it has a certain impact on the experimen-
tal results and produces noise, and the stability of the ex-
perimental platform is not good, the stepper motor is
used to move the waveguide probe to receive data, and
the waveguide probe will produce a certain small ampli-
tude of jitter in the process of movement, resulting in the
test result of the zigzag focusing effect as shown in Fig.
13 and Fig. 14. We further verify the focusing effect of
electromagnetic waves incident obliquely on the digital-

y (mm)

-150 -100 -50 0 50 100 150

y (mm)
<)

-150 -100 -50 0 50 100 150
x (mm)

ly encoded metalens. In the process of experimental test-
ing, the source position is kept unchanged, and the angle
between the metasurface sample and the incident light
source is controlled. When the electromagnetic wave
emitted by the source is incident on the metasurface, the
equivalent plane wave is obliquely incident on the meta-
surface. The horn antenna was aligned with the metasur-
face at an incident angle of 30° and then the experimen-
tal test was performed to obtain the focusing effect as
shown in Fig. 14. The focusing points of each metasur-
face are shifted by the same distance in the same direc-
tion. Compared with the focusing effect produced at nor-
mal incidence, there is no obvious intensity change, and
it is basically consistent with the simulation results. By
comparing the simulation results with the data obtained
from the experimental tests, it can be confirmed that the
wide-angle metalens designed using the digital coding
principle can flexibly control the focuses in two-dimen-
sional space and achieve multi-focus focusing.

Conclusion

We propose a supersymmetric lens based on the princi-
ple of quadratic phase gradient transformation. The met-
alens with wide angle focusing can realize focus control
in two-dimensional space. We further introduce the

Fourier convolution operation encoding metasurface to

Intensity
1
-150 -100 -50 0 50 100 150
X (mm)
60
30
3
E O
>
_30 O

-100 -50 0 50 100 150
X (mm)

-150

Fig. 14 | The focusing effect of the metasurface in the 30° oblique incidence. (a—d) are the focused light intensity distribution on the x-y

plane of the four metasurface samples, respectively.
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regulate the focal point of the lens in the plane space.

Based on the coding addition operation of coding metal-

ens, we can obtain the free control of multi-focus. In the

microwave band, we have experimentally confirmed the

focus regulation characteristics of the metalens. The the-

oretical results are basically consistent with the experi-

mental results.
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