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Simultaneous wireless information and power transfer (SWIPT) architecture is commonly applied in wireless sensors or
Internet of Things (loT) devices, providing both wireless power sources and communication channels. However, the tradi-
tional SWIPT transmitter usually suffers from cross-talk distortion caused by the high peak-to-average power ratio of the
input signal and the reduction of power amplifier efficiency. This paper proposes a SWIPT transmitting architecture based
on an asynchronous space-time-coding digital metasurface (ASTCM). High-efficiency simultaneous transfer of information
and power is achieved via energy distribution and information processing of the wireless monophonic signal reflected from
the metasurface. We demonstrate the feasibility of the proposed method through theoretical derivations and experimental
verification, which is therefore believed to have great potential in wireless communications and the loT devices.
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1. Introduction signal and the reduced efficiency'™ of the power amplifier, which
severely limits its performance!"”’.

Over the past two decades, metasurfaces have demonstrated
unparalleled advantages in wireless communication, EM imag-
ing, and so on"'"'”). With the introduction of coding metasur-
face comprising binary or multi-bit meta-atoms with finite
phase states!'®'?), amplitude and phase modulation can be

ous wireless information and power transfer (SWIPT) is dynamically realizec[izgazszi}y with the aid of a field-programmable
proposed to convey both information and energy by electromag- ~ 8ate array (FPGA)™""". Therefore, coding metasurfaces are
netic (EM) waves, enabling simultaneous communication and widely applied to realize many functions, such as broadband dif-
charging of low-power IoT devices!' . However, the conven- ~ fusion, beam deflection, and holographic imaging'**~**!,
tional SWIPT transmitter suffers from cross-talk distortion  Furthermore, recent advances in the time-domain-coding digi-
caused by the high peak-to-average power ratio® of the input  tal metasurface (TDCM) demonstrate tremendous potential for

With the development of the Internet of Things (IoT), more and
more wireless terminals have been involved, causing an incred-
ible increase in power consumption, even if they are so-called
low-power devices. Wireless power transfer provides an effective
solution for power transfer in the field of low-power and
medium/long-distance transmission. On this basis, simultane-
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harmonic generation with a high conversion efficiency, which
paves the way for frequency modulation (FM) in the target spec-
trum®*=7),

Recently, the proposal of a space-time-coding digital metasur-
face (STCM) owning both temporal and spatial degrees of free-
dom has attracted extensive attention>*), STCM demonstrates
excellent flexibility in modulating harmonic amplitude, phase,
and polarization simultaneously by assigning predesigned spe-
cific STC matrix on the metasurface’****1, However, the great
majority of current STCM-based applications are performed
under synchronous control. In other words, all meta-atoms
change their states at the same frequency. In order to integrate
more functions to fit for more application scenarios, the concept
of asynchronous space-time-coding digital metasurface
(ASTCM) is proposed with great advantages in automatic spatial
scanning and dynamic scattering control**), Specifically, based
on the unique property of function integration, the ASTCM will
become a great candidate for SWIPT applications.

Based on ASTCM, we can easily adopt a spatial-division mul-
tiplexing strategy on the metasurface, that is, a significant por-
tion of the metasurface is used for beamforming to achieve the
purpose of power transfer, while the remaining meta-atoms are
used for information modulation and transmission.

In this paper, we present a SWIPT architecture based on
ASTCM, which offers the capability to transmit energy and
information simultaneously. By designing the phase distribution
in the space- and time-domain, respectively, a portion of the
metasurface is used for beamforming to achieve directional
power transfer, while another portion is responsible for har-
monic manipulation to complete the information modulation.
Since the power transfer and information transmission are
orthogonal to each other in the frequency domain, no interfer-
ence will be generated to affect the system performance. Finally,
for experiment validation, a 3-bit metasurface is used to imple-
ment the SWIPT transmitter, considering its stability to the
angle of the incident wave!*®!. The results confirm the reliability
of the proposed SWIPT transmitter based on ASTCM, which is
believed to have great potential in the field of wireless commu-
nication as well as in IoT devices.

2. Theories and Simulations

As illustrated in Fig. 1, we assume that an ASTCM contains M X
N meta-atoms, the state of which can be changed by altering the
bias voltage of the embedded varactor diodes. Under the normal
incidence of a monophonic wave at the frequency of f, the far-
field scattering pattern of ASTCM can be written as'*”!

o M

N
f(t’ R 0’ (P) = Z Z ZEmn(g) (p)alr(nnej(ﬁmn) (1)

k=—o00 m=1 n=1

where E,,, (6, ¢) represents the meta-atom’s scattering pattern,
and ak,, is the Fourier coefficient of the kth-order harmonic.
and ¢ denote the elevation and azimuth angles, respectively. ¢,,,,
stands for the time-invariant phase distribution, which can be
expressed as
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Fig. 1. Schematic of SWIPT based on the ASTCM under the excitation of a
transmitter. The reflected waves form two beams for energy and information
transmission, respectively, by tuning the phase states of the meta-atoms.

Metasurface

D :2”chd((m —1)sin @ cos ¢ + (n— 1) sin € sin @). (2)

According to Eq. (1), the scattering patterns of harmonics can
be synthesized through the design of the ASTC matrix, which is
promising for efficiently realizing the directional power transfer.

Next, assume that every cycle of the time-varying reflection
coefficient I, (¢) is uniformly divided into S time slots, each
of which has a fixed reflection coefficient I', namely, the
ASTC matrix; then the reflection coefficient in a cycle form
can be written as

S-1
Con() =) Tg(t—s1), 0<t< T, (3)
s=0

where T, stands for cycles of each coding sequence, and g(¢) is
a periodic unit pulse function of width z = T,,, /S with a Fourier
series expansion as

o0

1 kﬂ' ko :
t) = ZSal| — Je 75 Mot 4
5= o(5)ee @
where Sa(%%) = sin(¥Z) / #2 i the sampling function. By substitut-
ing Eq. (4) back into Eq. (3), the Fourier series of the reflection
coefficients can be obtained as

I(f)= Y PF-TF .7, (5)
k=—o00
where
1 kn _ka S ik
PF:gSa(?)e Js; TF:;FSEJ S (6)

The spectra of the reflection coefficient with different bit
width are respectively shown in Fig. 2. Obviously, as the bit
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Fig. 2. Time-domain waveforms and amplitude spectra of the reflection coef-
ficient with different bit width: (a), (b) 1-bit, (), (d) 2-bit, and (e), (f) 3-bit.

width increases, the undesired harmonics will appear in higher
order with lower energy and more energy will be converted to
the +1st-order harmonic. Therefore, it is reasonable to infer that
if we modulate the information at the 4 1st-order harmonic with
a wide bit width, a high signal-to-noise ratio (SNR) and good
signal quality can be guaranteed accordingly. In addition, the
time-shift property of the Fourier transform can be further
introduced to obtain phase modulation of the harmonics, which
is expressed as follows!*”!;

T(t = ty) < D(f)e @)

Equation (7) indicates that a phase shift of —2zt,f will be
introduced in the frequency domain when the ASTC matrix
loaded onto the metasurface produces a time shift of #,. It
enables us to efficiently perform phase-shift keying (PSK)
modulation schemes at the +1st-order harmonic, thereby dem-
onstrating the simultaneous transfer of information and power
to verify the feasibility of the SWIPT transmitter.

3. Experiment Validations

In order to validate our method experimentally, we use the
angle-insensitive 3-bit meta-atom in Ref. [46] for the construc-
tion of the SWIPT transmitter. The fabricated metasurface has
16 X 16 meta-atoms with the size of 404.6 mm X 435.2 mm. The
structural parameters of each meta-atom are P, = 25.4 mm,
P, =272 mm, L; = 199 mm, L, = 8.8 mm, L3 = 4.2 mm,
W, = 04 mm, W, = 1.1 mm, and W5 = 6.9 mm, as shown in
Fig. 3. The reflection phase of the metasurface can be changed
to cover the range of 0° to 315° at 3.15 GHz by controlling the
voltage at both ends of the varactor diodes loaded on the meta-
atoms. In this case, eight states of phase are chosen, namely, 0°,
45°,90°, 135°, 180°, 225°, 270°, and 315°, to offer a 3-bit phase
accuracy.
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Patch

Fig. 3. Schematic of the 3-bit meta-atom, in which the substrate is sand-
wiched by two patches bridged by a varactor diode and a PEC ground.
Different coding states can be obtained by changing the biasing voltage of
the varactor diode.

Since the energy may need to be transmitted directionally to
the IoT device, while the information is desired to be transmitted
in all directions, the ASTC matrix is designed to apply a
space-coding sequence to most of the meta-atom columns for
directional power transfer, and time-coding sequence to the
remaining columns for information transmission. Therefore,
during the experiment, the ratio of meta-atom columns for
two functions is designed to be 15:1, allocating the most resour-
ces for power transfer while maintaining the capability of wire-
less communication. According to Eq. (1), for a given azimuth
angle in the power transfer, the scattering patterns of the funda-
mental frequency can be synthesized based on the phase distri-
bution on the metasurface, which guides the generation of the
control signal loaded on the varactor diode of each meta-atom
by the FPGA. In addition, to guarantee a relatively good signal
quality when transmitting information by I1-column meta-
atoms, the +1st harmonic component carrying a relatively high
energy is chosen here to modulate and transmit the information.
Furthermore, the QPSK modulation scheme is implemented for
demonstration, owing to its stable amplitude distribution during
signal modulation. Based on the modulation regulation, the
QPSK modulation scheme requires four different harmonic
phases to represent four message symbols, each of which corre-
sponds to a piece of 2-bit digital information. According to
Eq. (7), the phase shifts generated by the + 1st-order harmonic
at different time shifts are listed in Table 1. It clearly shows the
four different cyclic time shifts to be introduced into the loaded
ASTC matrix, and the corresponding four message symbols
stand for “00,” “01,” “10,” and “11,” respectively.

Figure 4 illustrates the schematic of directional power transfer
and omnidirectional information transmission under the
spatial-division multiplexing strategy, and four message sym-
bols corresponding to the ASTC matrix with different cyclic
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Table 1. Time Shift of Each Symbol and Phase Shift of the +1st-Order
Harmanic.

Symbol Cyclic Time Shift Phase Shift at +1Ist order
00 0 0°
01 T/ -90°
10 Tonn/ 2 -180°
1 3T/t =210°
Message symbol f
y
w 1 '/
o1 Monophonic signal
M s
—
° 1, |
; | o o
117 ‘ ¢ o B
Energy

T I coding with cyclic time shift ) ) A
‘emporal coding with cyclic time shifts Spatial coding corresponding to 2-bit phase distribution

Fig. 4. Schematic of directional power transfer and omnidirectional informa-
tion transmission under spatial-division multiplexing strategy.

time shifts. Since only space-coding sequences are applied on the
meta-atoms for the power transfer, the energy is all transmitted
at the fundamental frequency without any leakage to the har-
monic, thus ensuring the maximum utilization of energy.
Moreover, the 4 1st-order harmonic with a high power level also
provides good signal quality for wireless communication, ensur-
ing the realization of SWIPT.

To validate the performance of the proposed method, a
SWIPT transmitter is constructed using the PXI (PCI extensions
for instrumentation) system from National Instruments (NI).
The carrier signal of a specific frequency, generated by a micro-
wave signal generator (Agilent E8257D), is incident on the
ASTCM through a feed horn. The control platform (NI PXIe-
1082), which integrates an FPGA module (NI PXIe-7976), an
I/O module (NI 5783), and a synchronized clock module (NI
PXIe-6674 T), is programmed to generate the control signals
corresponding to the ASTC matrix and then load them onto
both ends of the varactor diodes on the metasurface through
a customized amplification circuit. At the receiving terminal,
a software-defined radio reconfigurable device (NI USRP-
2943) is used as the receiver for data processing and analysis.

The QPSK modulation of the +1st-order harmonic is per-
formed using the ASTC matrix at a modulation frequency f,
of 500 kHz and an incident carrier frequency f, of 3.15 GHz.
The normalized spectrum distribution and the constellation dia-
gram at the receiver terminal are shown in Fig. 5, respectively.
Obviously, the amplitude of the fundamental frequency is 54 dB
higher than that of the + 1st-order harmonic. It is worth empha-
sizing that the amplitude ratio can be further customized by
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Fig. 5. (a) Spectral distribution of fundamental and +Ist-order harmonic.
(b) Constellation diagram measured at +Ist-order harmonic for QPSK modu-
lation scheme.

controlling the number of meta-atoms used, respectively, for
power transfer and information transmission. In addition, as
can be seen from Fig. 5(b), four sets of constellation points at
the +1st-order harmonic are, respectively, located in the four
quadrants of the constellation diagram, indicating a QPSK
modulation scheme with slight deviations. This is due to the
insufficient energy of the +1st-order harmonic that decreases
the SNR of the wireless channel and leads to performance
deterioration.

Finally, in order to make the power transfer more visible, we
use an RF rectifier circuit loaded by a light-emitting diode (LED)
array for demonstration, as shown in Fig. 6. The energy stream is
generated by a monophonic EM wave from a signal generator,
amplified by a power amplifier, transmitted through a horn
antenna, and then incident normally to the ASTCM. With
the modulation of the ASTC matrix, the EM wave of the carrier
frequency f, is beamformed and reflected towards 45°, where a
receiving antenna captures and conveys the energy stream to the
rectifier circuit, converting the RF energy to DC energy, and
finally lighting up the LED array of “SEU.” Meanwhile, we also
use a video resource as the baseband data for information trans-
mission validation. As shown in Fig. 6, the data stream is
received fluently at the receiving terminal and then is presented
in real time during the experiment. In the experiment, the video
data transmission rate is 1 Mbit/s. In the meanwhile, we have 28
LEDs, and the DC power is 50.4 mW. Obviously, the experimen-
tal results fully show the good performance of our proof-of-con-
cept prototype, demonstrating its enormous potential in SWIPT
applications.

Fig. 6. Experimental demonstration of SWIPT based on the proposed
architecture.
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4. Conclusion

In this paper, we propose a spatial-division multiplexing SWIPT
transmitter based on the ASTCM. Specifically, we design the
ASTC matrix with spatial-division multiplexing strategies.
The performance of the method is validated by a proof-of-
concept prototype using a 3-bit metasurface. During the experi-
ment, the constructed demonstration system can transmit
information and energy simultaneously in different directions
at different frequencies. In wireless communication, QPSK
modulation is performed using the ASTC matrix to realize
real-time video transmission. While in the power transfer, the
ASTCM reflects high-power EM waves directionally to the
receiving terminal, and the received energy is efficiently con-
verted by the rectifier circuit to light up the LED array. The final
experiments demonstrate the feasibility of this ASTCM-based
SWIPT architecture, which effectively avoids cross-talk distor-
tion caused by the high peak-to-average power ratio of the input
signal and the reduced efficiency of the power amplifier.
Although QPSK modulation is demonstrated in this architec-
ture, more modulation methods can be introduced to make
the architecture adaptable for more practical applications.
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