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Recent advances of space-time-coding digital metasurfaces demonstrate powerful capabilities in the generation of
nonlinear harmonics and the accurate control of the corresponding wavefronts. However, to date the near field
manipulation and the experiment characterization are still not explored. In this paper, we propose a space-time-
digital coding metasurface to realize accurate manipulation of the near fields at the fundamental and +1st (-1st)
harmonics simultaneously, by properly controlling the initial phase and time delay of the time varying reflectivity.
A novel mapping system is established to measure the nonlinear near field distributions of multiharmonics. Both

the simulation and experimental results demonstrate the validity of the proposed method.
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1. INTRODUCTION

Metasurfaces have attracted enormous interest due to their in-
triguing electromagnetic (EM) responses, which bring us many
fascinating physical phenomena including negative refraction
[1,2], perfect lensing [3], and invisibility cloaking [4—6]. The
metasurfaces usually consist of the resonant or nonresonant
subwavelength elements, whose reflection/transmission coeffi-
cients can be customized at will by changing the size, shape [7],
or orientation of unit cells [8=10]. Due to the elaborate ar-
rangement of the metaatoms across the whole metasurface, the
phase discontinuities can be introduced to control the propa-
gation direction [11], polarization state [12—14], and wavefront
[15-19] of EM waves. To simplify the complexity of metasur-
face design, coding metasurfaces [20,21] were proposed to
facilitate accurate control of the EM waves based on the coding
sequences of binary metaatoms. Hence, versatile functionalities
of the coding metasurfaces have been demonstrated, including
ultrathin  planar lenses [22,23], vortex beam generations
[24-26], and metasurface holograms [27-30].

However, most of these metasurfaces are passive, and their
functions are fixed once they have been fabricated. To over-
come these limitations, dynamic control of the EM waves was
proposed based on programmable/tunable metasurfaces. These
metasurfaces are usually integrated with active devices, such as
positive-intrinsic-negative (PIN) diodes [31-35], varactors
[36—39], and microelectro-mechanical systems [40]. However,
most of the aforementioned programmable metasurfaces only
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focus on the control of the incident carrier wave, but seldom
realize accurate manipulations of nonlinear amplitudes and
phases.

In the THz and visible regimes, plenty of metasurfaces were
proposed to control nonlinear wave responses, including the
intensity, phase, and the polarization state [41-45]. However,
the simultaneous control of the harmonic amplitudes and
phases still remains a great challenge. Recently, space-time-dig-
ital metasurfaces [46—50] were proposed to solve this problem.
By dynamically altering the local amplitude or phase of the sur-
face reflectivity in a periodic manner, the metasurfaces showed
powerful capabilities in the generation and manipulation of a
specific order harmonic [46-50]. Furthermore, Dai er 4l
proposed a method to realize independent control of two har-
monics [51]. However, these works did not explore the simul-
taneous manipulation of the fundamental and high-order
harmonics. Furthermore, recent studies on space-time digital
metasurfaces were restricted to their far-field characteristics,
but the nonlinear near-field manipulation is seldom investi-
gated experimentally.

On this basis, we propose a scheme to realize the manipu-
lation of the fundamental and high-order harmonics simulta-
neously via the space-time digital metasurface. A novel
experimental platform for nonlinear field mapping is developed
to monitor the harmonic near field distributions. As an exam-
ple, we show the feasibility of achieving two symmetric
beams at the fundamental frequency, and the orbital angular
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momentum (OAM) beams with different topological numbers
at £ 1st order harmonics. The space-time digital metasurface is
designed, fabricated, and measured at different harmonics. The
experimental results validate the effectiveness of the theoretical
analyses.

2. THEORY AND DESIGN

As shown in Fig. 1, the proposed space-time digital metasurface
is composed of periodic metaatoms loaded with PIN diodes. By
introducing initial phase ¢4 and time delay 7, the reflectivity
I, (#) of the element (p, g) in the metasurface can be defined as

M-1
[,,() = ZAFmg(t_ t-mr), 0<|t <7, (1)
m=0
where g(#) is basic pulse function with the modulation period
T =M x 7. 7 is the pulse width. M is the pulse number in a
period. I', is the reflectivity at the interval (m - 1)t < ¢ < mz.
A is a constant with A4 = |A| exp(jp,).

Under the monochromatic wave incidence E;(z) =
exp(jw, ), the reflected spectrum is composed of many har-
monics [46]. cj,fq is defined as the complex Fourier coefficient
of the periodic reflectivity I',,(#) at the 4th order harmonic
o = kwy + o, where wy,=2x/T, k=0, +1, =£2,

+3, ---. @y and @, are the modulation frequency and the car-
rier frequency, respectively. fﬁq can be written as
¢y = Al expl-jlkwoty - 91))(,,). ]
Here, 4, is presented as
b 1 /6‘717 7]%_,, M-l . /e 3
a,, = ]—WSa )¢ MmZ:OFn exp(~jkwomr). (3)

The phase of the kth order harmonic can be
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Fig. 1. Schematic of the space-time digital coding metasurface,
which can independently control the wavefronts of the fundamental
and high-order harmonics by adjusting the phase ¢4, and the time
delay #, of the periodic reflectivity.
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@y, = arg(cy,)) = -(kwgty - @4) + @}F, 4)
where (p;; = arg(a},). It depends on the pulse number and
pulse amplitude simultaneously from Eq. (3).

In this study, we consider a high-efficiency reflective meta-
surface with |I',,| = 1. Two states, namely 0 and 1 states, are
found with the reflection phases of I, (#) to be 0° and 180°,
respectively. From Egs. (2) and (3), the duty cycle of the reflec-
tion phases of I',,(#) is very important for the energy conver-
sion from the fundamental wave into the different harmonics.
As an example, altogether 12 time slots with the duty cycle of
1/3 are selected to get the larger amplitudes for the Oth, -1st,
Ist order harmonics. For simplicity, the basic coding sequence
is chosen as 000011111111, implying that the reflection phases
are 0° in the first four time slots, and 180° in the last eight time
slots. The corresponding reflection amplitude and phase spectra
can be found in Fig. 2(a), with ¢4 = 0° and #; = 0. However,
as demonstrated in Figs. 2(b) and 2(c), the phases ¢4 and time
delays #; also show great influence on the harmonic phase dis-
tributions, which is consistent with the prediction from Eq. (4).

From Eq. (4), the harmonic phases for the fundamental and
+ Ist order harmonics are obtained as

Vpy = P4+ V>

Ppg = Q4 - @0ty + @y,

Bpg = P4+ ooty + @ ®)
According to Eqgs. (2)—(4) when the coding sequence I',, and

period T are determined, (p;,‘; , (p;,‘ql, and ¢}, ! are fixed. Thus,
we control the phases of any two harmonics independently by
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Fig. 2. Reflection amplitudes and phases of T, () in each period
(left column) and the calculated reflection spectra (right column)
under different combinations of ¢4 and #,, when the coding sequence
000011111111 is employed. (a) g, = 0°, #, = 0, (b) @, = 180°,
t1 =00 @s=01¢=7T/2.
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choosing the proper sets of (¢4, 1), which enables us to design
and realize various functionalities at different harmonics.

To validate the concepts illustrated in Fig. 1, a metaatom in
Fig. 3 is designed to achieve the time-varying reflectivity by
switching the embedded PIN diode between the on and off
states. It consists of two dielectric substrates. Two symmetrical
metallic patches are connected by a PIN diode on the top of the
upper substrate. A perfect electric conductor (PEC) ground is
attached to the bottom of the upper substrate to serve as the
ground. A glue layer is used to combine the two substrates, and
a biasing circuit is printed on the back of the lower substrate.
Both substrates are F4B with the dielectric constant of 2.65 and
the loss tangent of 0.001. The thicknesses of the two substrates
are 4 and 0.7 mm, respectively. The glue has a dielectric con-
stant of 3.54, a loss tangent of 0.001, and a thickness of
0.1 mm. A PIN diode (Skyworks SMP1320-040LF) [52] is
chosen in the element design for the excellent broadband prop-
erty. When the biasing voltage is above 0.7 V, the PIN diode is
switched on and behaves like a small resistor. On the contrary,
when the biasing voltage falls to 0 V, the diode is switched off
like a capacitor to isolate the DC current. The left patch is con-
nected to the PEC ground, while the right patch is connected
to the bottom biasing circuit. The mender lines are used to
filter RF signal. The diameter of the metallic vias is 0.4 mm,
and the mender lines have a width of 0.2 mm.

The commercial software CST Microwave Studio 2019 is
used to investigate the reflection spectrum of the metaatom
under different working states of the PIN diode. During the
simulation, the unit-cell boundaries are applied in both the
x and y directions to incorporate the mutual coupling effect
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Fig. 3. (a) Perspective view, (b) top view, and (c) bottom view of the
metaatom. (d) The simulated reflection spectra of the metaatom under
the normal incidence. (e) The scattering patterns of the metaatom for
the on and off states. The geometric parameters of the metaatom are
P: 14, /71 = 08, hz :4, do = 07, X = 2, = 4, X) = 04,
9, = 0.6, x3 = 0.15, and x4 = 0.8 mm.

between adjacent elements. Two Floquet ports for x-polarized
waves are applied in the +z and -z directions.

The simulated reflection amplitudes/phases and the corre-
sponding far-field scattering patterns are given in Figs. 2(d)
and 2(e), respectively. When the PIN diode is turned from
on to off, the phase difference is approximately 180° from
6.5 to 8.5 GHz, and the corresponding amplitudes are over
0.9, which means the element can work in both the 0 and
1 states under different biasing voltages. No matter the PIN
diode is switched on or off, the scattering wave from the metaa-
tom under normal incidence is always restricted on both sides
of the normal direction as illustrated in Fig. 3(e), and the total
scattering waves from the metasurface are the superposition of
those from the composing elements. Therefore, it is easy to find
that the field intensity along the normal direction of the meta-
surface is the largest.

To illustrate the independent manipulations of the EM
waves at both the fundamental and higher-order harmonics,
a space-time digital metasurface is encoded to realize the
two symmetric beams at the fundamental frequency, and an
OAM beam at the %1st order harmonics. Here, we need to
remark that if we want to get an OAM beam with the topo-
logical number / = +1 for the Ist order harmonic, another
OAM beam with the topological number /= -1 is also
achieved at the -1st order harmonic, which can be explained
from Eq. (5). When the initial phase ¢4 and the parameter go;,‘;
are fixed, it will cause different influences on the +1st order
harmonics by changing the time delay 71. In other words, if
the time delay 7, is increased, the -1 st harmonic phase is in-
creased as well, while the 1st harmonic phase is decreased with
the same degree, giving rise to the opposite topological number
as a result.

The space-time digital metasurface consists of 24 x 24
metaatoms, which are specifically divided into the eight regions
[marked from 1% to 8*, in Fig. 4(a)] with the same coding se-
quences I, but different combination values (w2, ¢4). For
the fixed coding sequences I',, 000011111111, q);; can be cal-
culated as 180°, 60°, and -60° for the Oth, —1st and 1st order
harmonics, respectively, from Eq. (3) and Fig. 2(a). From
Eq. (5), the phase at the fundamental frequency can be adjusted
by the initial phase ¢4, and the different harmonic phases can
be obtained by changing the time delay #; at the 1st order
harmonics.

As shown in Fig. 4(a), to achieve two split beams [19-21] at
the fundamental frequency, the element phases 9, are 0° in the
left half part (regions 1#—4*), but 180° in the right half (regions
5%_8"). In addition, to realize an OAM beam with the topo-
logical number / = 1 at the 1st order harmonic, the phase dis-
tribution of qa},q is shown in Fig. 4(a), which is gradually
increased by a step of 45° from region 1* to the region 8.
Substituting @9, @5, @pg> @3> and @5 " into Eq. (5), the val-
ues of wy; and @, in the eight regions are obtained, as listed
in Table 1. Note that the phase profile of the -1st order har-
monic is just opposite to that of the 1st order harmonic, as
demonstrated in Table 1, leading to the OAM beams with
the opposite topological numbers.

The far-field scattering pattern of the space-time digital meta-
surface at the mth order harmonic can be written as [47]



Research Article - “ - @ Vol. 9, No. 3 / March 2021 / Photonics Research 347
| — R

(a) BE:

(b)

. max

¥E 3 3 Db
v v SLL
al

@(J I lm”"

Fig. 4. (a) Required phase distributions of the different harmonics.
(b) The corresponding far-field scattering patterns. (c), (d) Near-field
amplitude and phase distributions for the -1st, Oth, and 1st order har-
monics.
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where £,,(0, @) is the far-field scattering pattern of the element
(p, q) at the fundamental frequency. € and ¢ are the elevation and
azimuth angles, respectively. 4, and 4, are the element periods
along the x and y directions, respectively. A, is the wavelength of
the fundamental frequency. ¢}, is the complex Fourier coeffi-
cient of the periodic reflectivity I',,(#) at the mth order har-
monic. In the ideal theoretical model, the mutual coupling
between the coding elements is ignored, and the coding elements
are isotropic [i.e, E,,(0,¢) =1]. The fundamental and
modulation frequencies are f, =7 GHz and f; = 10 kHz,
respectively.

Table 1. Combination Values (wq14, ¢ 4) and Calculated
Harmonic Phases in the Eight Zones of the Metasurface

Region D4 Wyt ~1st Oth 1st

Number (deg) (deg) (deg) (deg) (deg)
1* 0 315 15 180 -15
2 0 270 -30 180 30

3# 0 225 -75 180 75

4% 0 180 -120 180 120
5# 180 315 ~165 0 165
6* 180 270 150 0 -150
7# 180 225 105 0 -105
8 180 180 60 0 -60

From the phase distributions listed in Table 1, the far-field
scattering patterns under normal incidence are calculated by
Eq. (6) for the different harmonics, as shown in Fig. 4(b).
In Fig. 4(b), two symmetric beams at the fundamental fre-
quency, and the vortex beams with hollow intensity at the £=1st
order harmonics are generated. To show more details of the
harmonic wavefronts, the near-field distributions at the obser-
vation plane (located at 1200 mm in front of the metasurface)
are calculated and shown in Figs. 4(c) and 4(d). Typical inten-
sity profiles with a hollow center, and spiral phase profiles with
different rotation directions can be clearly recognized at the
+1st order harmonics. Besides this, the characteristics of dual
beams at the fundamental frequency can also be observed. The
calculated profiles for both far and near fields again demon-
strate the great potential of the metasurface for nonlinear wave-
front controls.

3. EXPERIMENT AND DISCUSSION

To validate the theoretical model, the proposed space-time dig-
ital metasurface is fabricated as shown in Figs. 5(a) and 5(b),
which is divided into eight regions. The biasing voltages of the
eight regions are independently supplied, where the metaatoms
in each region share the same voltage during the experiment.
An FPGA control board (Artix-7) is employed to provide dy-
namic biasing voltages for the PIN diodes of the metaatoms. At
first, the reflection coefficients of the metasurface are measured
via the vector network analyzer (VNA, Agilent N5230C) in an
anechoic chamber.

In the first experiment, all the metaatoms are turned on or
off simultaneously to measure the reflection amplitudes and
phases of 0 and 1 states, as shown in Fig. 5(c). At 7 GHz,
the measured amplitudes and phases of the metasurface are ap-
proximately 0.7 and 100°, and 0.84 and 260° for the on and off
states of the PIN diodes, respectively. The measured phase
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Fig. 5. (a) Front view and (b) back view of the proposed space-time
digital coding metasurface. (c) Measured reflection spectra for the on
and off states of the PIN diodes. (d) Measured harmonic amplitude
distributions under two coding sequences 111100000000 and
000011111111, respectively.
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difference between the two states is 200°, which is slightly
greater than the desired 180° in theory.

In the second experiment, the reflection spectra under the
periodic phase modulation are measured, where two standard
horn antennas are employed to transmit and receive signals.
One antenna is connected to a microwave signal generator
(Keysight E8267D), which provides the excitation signal at
7 GHz. Another horn antenna is used to receive the harmonic
scattered signals via a spectrum analyzer (Keysight E4447A).
The control circuit is programmed to generate square-wave
control signals with the desired biasing voltages, periods, and
time delays. The modulation period 7" of the coding sequences
is 100 ps with the modulation frequency f, = 10 kHz

Two cases are considered in the experiment, in which the
basic coding sequence is 000011111111. The initial phase ¢4
is selected as 0° for the case 1, and 180° for the case 2, leading to
the changed coding sequence 111100000000 in the case 2. The
measured amplitude spectra in the two cases are shown in
Fig. 5(d). From Eq. (2), the amplitude spectra should not be
affected by the change of 4. In Fig. 5(d), the harmonic ampli-
tudes are nearly equal except at the fundamental frequency. This
can be ascribed to phase deviations of the metaatoms from their
ideal values under different biasing voltages, stemming primarily
from the parasitic parameters of the PIN diode, the fabrication
tolerance, and the distortion of the control signal.

In the third experiment, the near-field distributions of har-
monic waves are monitored with a home-built platform in the
microwave anechoic chamber. This is a huge challenge because
the traditional mapping apparatus has difficulty acquiring the
near fields when the transmitting and receiving frequencies are
different. To solve this problem, a novel experimental platform
was developed in this work, as depicted in Fig. 6(a). In contrast
to the traditional method, two coaxial probes were used to ob-
tain the relative values of the phase and amplitude simultane-
ously. One was used as the reference probe to provide a
reference electric field at the fixed position of the detection
plane. The other one can scan the near fields at different posi-
tions of the detection plane, whose movement was controlled
by a stepping motor. The excitation signal is emitted from a
horn antenna connected to the signal generator. Meanwhile,
the receiving ends of the two probes are connected to a
two-port VNA. Moreover, a phase-locked loop is used to ensure
that the VNA and the signal generator are synchronized. The
VNA can compare the signals from the two probes. Hence, the
near-field distributions can be extracted directly from the am-
plitude and phase ratios.

The experiment configuration of the nonlinear near field
mapping system is shown in Fig. 6(b). The excitation antenna
is placed at a distance of 700 mm above the metasurface. The
coaxial probe is shown in Fig. 6(c). The scanning plane is lo-
cated at 1200 mm away from the metasurface, with a scan
range of 800 mm x 400 mm (scanning step: 20 mm). The
eight regions of the metasurface can be independently con-
trolled by the FPGA control board. The initial coding sequence
was 000011111111 with the modulation frequency f, =
10 kHz, which corresponds to the combination of values
wot; = 0° and @4 = 0°. When wyt; = 0° and ¢4 = 180°,
the coding sequence is changed to 111100000000.
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Fig. 6. (a) Schematic of the experimental setup for measuring the
harmonic near-field distributions. (b) Photograph of the nonlinear
near-field experiment environment. (c) The coaxial probe for near-
field detection. (d) The waveguide antenna as the excitation of the
metasurface. (), (f) Measured amplitude and phase distributions of
the fundamental and 41st order harmonics.

Figures 6(e) and 6(f) illustrate the measured harmonic mag-
nitude/phase distributions of the electric fields where ¢4 and
@yt are listed in Table 1. As expected by the theoretical analy-
sis, the typical intensity profiles with a hollow center, and the
spiral phase profiles with different rotation directions can be
clearly observed in Figs. 6(e) and 6(f), indicating the generation
of OAM beams with the topological number / = %1 for £1st
order harmonics. The measured distributions at fundamental
frequency are different from the calculated results, which
can be ascribed to the huge gap of intensity between the case
1 and case 2 in Fig. 5(d).

There are two main factors responsible for the deviation be-
tween the calculated and measured results. (1) The calculated
near-field patterns in Figs. 4(c) and 4(d) are obtained under the
incidence of plane wave, and the harmonic phases along the
metasurface can be accurately determined. However, in the ex-
periment, the feeding source is a waveguide antenna, and it is
not a strictly plane wave when arriving at the metasurface.
Therefore, the harmonic phase profile is disturbed which
may cause the opposite influence on the generations of
OAM beams at different harmonics. (2) The measurement
of harmonic amplitudes and phases is a great challenge in
our experiment. First, the harmonic amplitudes are minimal,
and they cannot be directly measured by the VNA. The am-
plitude/phase comparison method is adopted to solve this
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problem where a comparing probe is introduced near the de-
tection plane. The coaxial probe with omnidirectional pattern
has low efficiency to obtain the harmonic energies. Besides, the
slight vibration of the probe during the movement can also af-
fect the measurement accuracy. (3) Other factors, including
parasitic parameters of the PIN diodes, the distortions of the
control signals, the fabrication tolerances can also lead to the
deviations of the harmonic intensities and phase distributions
under the time-varying reflectivity. Nevertheless, from the mea-
sured and simulated results, we can still conclude that the time-
domain metasurface can manipulate the wavefronts at the
fundamental and high-order harmonics independently.

4. CONCLUSIONS

In this paper, we propose a space-time digital metasurface to
realize near-field manipulations of the fundamental and +1st
order harmonics. Under the normal incidence of a plane wave,
the metasurface can generate two symmetric beams at funda-
mental frequency, and two OAM beams with the topological
number / = %1 at the £1st order harmonics simultaneously.
A novel experimental platform for nonlinear field mapping is
developed to measure the harmonic near fields of the space-
time digital metasurface. Although our experiments are con-
ducted at microwave frequencies, the approach can be further
extended into the THz and visible regimes by incorporating
advanced modulation technologies.
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