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The metasurface has aroused broad enthusiasm due to its splendid properties for electromagnetic (EM)
wave manipulations. However, most previous metasurfaces, including passive and active metasurfaces, are
almost energy losing when controlling EM waves. Some amplifying metasurfaces have been proposed, but
the amplification function is uncontrollable. Here, we propose a spatial-energy digital-coding metasurface
with active amplifiers to realize arbitrary editing of the energy of spatial propagating waves. Based on
the proposed metasurface, the spatial energy of a linearly polarized propagating wave can not only be
amplified, but can also be edited into arbitrary magnitudes (including amplification and reduction) by
controlling the voltage. A metasurface element integrated with an amplifier chip is designed for energy
modulations in the microwave frequency range. The numerical simulations and experimental results show
good consistency, validating the feasibility of our design.
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I. INTRODUCTION

Metasurfaces are artificially planar structures consist-
ing of subwavelength elements, which provide amplitude
and phase variations of transmitted, reflected, and scattered
waves on the metasurface interface [1-3]. By controlling
the amplitude and phase responses of each element, meta-
surfaces have the capacity to manipulate electromagnetic
(EM) waves effectively in various ways and realize novel
applications such as flat lens [4—6], perfect absorbers [7],
imaging [8,9], and detection [10]. In particular, the gener-
alized Snell’s law [11], reveals the reflection and refraction
mechanism of interaction between light and metasurfaces.
Recently, the concept of a digital-coding metasurface [12]
was proposed, which introduces a digital characterization
to the metasurface and describes the unit cell by the digital
coding “0” and “1,” indicating opposite phase responses.
Based on this concept, some remarkable studies have been
presented, such as digital signal processing [13] and infor-
mation theory [14] in metasurface designs. Moreover, the
digital-coding metasurface provides a simpler way to steer
EM waves and achieve a series of functions such as
communication [15], imaging [16], anomalous reflections
[17,18], and vortex-beam generation [19].

As a crucial means to manipulate the EM wave,
amplitude-modulation metasurfaces have been verified
that have the capability of controlling the intensity of the
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diffraction order [20], modifying acoustic radiation pat-
terns [21], and enabling optical holography [22,23]. For
passive metasurfaces, the most general strategy to modu-
late the amplitude is by changing the electrical mechanism,
from which various methods for manipulating metasur-
faces such as transparent conducting oxide, graphene and
liquid crystal have been proposed to achieve dynamic
beam-steering [24], a perfect absorber [25], and a mul-
tifunctional photonic switch [26]. However, such passive
metasurfaces can only perform subtraction operations on
the energy of the spatial EM wave, which limits their
application potential. In addition to the above-mentioned
amplitude-control methods, some metasurfaces based on
active devices have also been realized. Researchers have
recently introduced an amplifying circuit into metasur-
faces to realize nonmagnetic nonreciprocal metasurfaces
[27,28]. However, these works mainly focus on the non-
reciprocity and neglect the modulation properties of the
active amplifiers. Some amplifying metasurfaces based
on a gain medium have been proposed [29,30] to realize
power amplification.

The conventional manipulation on the energy of EM
waves mainly focuses on the decrement in modulation
such as in absorbers, but there is a lack of increments in
modulations. The only way to enhance the energy is by
increasing the source power, which is limited and demands
an extra workload for the source feed. In fact, the mod-
ulation capacity of a power amplifier (PA) can greatly
strengthen the tunability of a metasurface, which can eas-
ily be used in imaging or communication applications
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based on metasurfaces. In this paper, we present a coding
metasurface integrated with a PA to control the amplitude
of EM waves more flexibly. By controlling the supply volt-
age of the PA, the amplitude of the spatial waves can be
tailored either by increasing or decreasing the power level.
Based on the board-level circuit components and printed-
circuit-board (PCB) fabrication, the presented metasurface
yields lower cost and easier fabrication. The measured
results have good agreement with our analyses, which
validates our design. This work may pave the way for
energy modulation using digital-coding metasurfaces and
may have potential in microwave imaging, detection, and
other applications.

I1. PRINCIPLE AND DESIGN

Figure 1 shows a schematic diagram of the presented
digital-coding metasurface, integrated with chip ampli-
fiers. When the whole system is excited by linearly polar-
ized incidence from a feed horn, the spatial EM wave
captured by the metasurface passes through the embed-
ded amplifier, whose amplification level can be controlled
by the supply voltage. As a result, the transmitting wave
can be edited as desired, either in increment or decrement
mode. Moreover, by applying specific controlling volt-
ages, the spatial energy of the transmitted beam can be
modulated into the required values, and these specific mag-
nitudes can be further encoded into digits such as “00,”
“01,” “10,” and “11,” which represent a certain amount of
information.

To realize the aforementioned idea, we design a coding
meta-atom at 5 GHz integrated with two chip amplifiers
(Qorvo TQP369180), as shown in Fig. 2. The detailed
structure of the presented element is provided in Fig. 2(a),
in which the dimensions of a, 4, and R are 40, 1, and
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FIG. 1. A schematic diagram of the presented digital-coding
metasurface. The magnitude of the transmitted wave can be
manipulated by the metasurface integrated with chip amplifiers.
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FIG. 2. The designed structure of the digital-coding element.
(a) The detailed structure of the element. (b) A schematic dia-
gram of the amplifier and its peripheral circuit. (c),(d) The
front and back views of the designed element. (e) A detailed
illustration of the element structure and energy transmission.

10.38 mm, respectively. The element is a sandwichlike
structure, composed of Polytetrafluoroethylene (F4B, with
a dielectric constant of 2.65 and loss tangent of 0.001),
metal ground, and F4B. Please note that the polarization
of the incident wave is along the y axis. Two amplifiers are
embedded on the front and back layers of the meta-atom,
and the related peripheral circuit is provided in Fig. 2(b).
The values of C1, C2, C3, C4, C5, L1, and R1 are 18 nF, 1
nF, 1 uF, 56 pF, 56 pF, 39 nH and 24 2, respectively. The
front and back views are given in Figs. 2(c) and 2(d), which
indicate the transmitting direction of the radiofrequency
(rf) signal. To clearly exhibit the energy-transmitting pro-
cess, we provide a detailed structure of the element and
its energy-transmitting route in Fig. 2(e). The spatial EM
wave energy is captured by the front metal patch and is
amplified by the first amplifier. Then the EM energy trans-
mits through the via hole to the back layer and is amplified
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FIG. 3.
amplifier. (b) The active element with the amplifier.

by the second amplifier. Finally, the energy is radiated back
into space.

I11. SIMULATIONS AND EXPERIMENTS

To demonstrate our design, we perform numerical sim-
ulations in commercial software, CST MICROWAVE STUDIO.
For element simulation, the EM-circuit co-simulation in
CST is applied to combine the EM components and active
amplifier. The scattering parameter of the PA is firstly mea-
sured within the transmission reflection line measurement,
and then it is embedded into the two-port component for
the simulation. The element simulation applies the peri-
odic boundary condition and plane-wave excitation. The
operating frequency is set at 5 GHz. Figure 3 provides the
simulated S parameters for the designed structure without
and with PA, to demonstrate its amplification performance.
The S11 and S21 results of the passive structure are illus-
trated in Fig. 3(a), suggesting that the resonant frequency
is 4.95 GHz. At this frequency, this structure has great-
est transmitting efficiency. When the PA chip is embedded
into the element structure, the transmitting power is dra-
matically amplified by more than 20 dB, verifying the
validity of the proposed element.

In our work, we mainly focus on the controllable ampli-
fication of PA, by applying different supply voltages. To
further illustrate the manipulation performance of the ele-
ment with the controllable PA, we provide the electric field
results in the near- and far-field regions (eight wavelengths
from front to back) for the designed element. To clearly
exhibit the performance of amplitude modulation, four dif-
ferent amplification levels are selected as —10, 0, 10, and
20 dB, as shown in Figs. 4(a)4(d), respectively. The rea-
son we set a difference factor of 10 dB is to show the
good performance and wide modulation range of PA. Note
that the magnitude of all the near- and far-field results are
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The simulated S parameters of the designed coding element. (a) The passive structure of the coding element, without the

normalized to 1, for clearer comparison. We can observe
that for the same incident energy, the metasurface element
can achieve different amplifications. These different mag-
nitudes can be clearly distinguished by the receiver, and
here we encode them as “0,” “1,” “2,” and “3” to represent
the 2-bit digital information.

To clearly demonstrate the controllable amplification of
the PA, we design and measure a transmission-line board
embedded with an amplifier, as shown in Fig. 5(a). We
provide different supply voltages and input powers, to test
the amplification levels. The measured S21 results are pre-
sented in Fig. 5(b), in which the different input powers are
marked in different colors. For example, when the input

FIG.4. The simulated near- and far-field results of the designed
element, with different amplification levels. (a)+d) The amplifi-
cation levels are —10, 0, 10, and 20 dB, respectively, which are
encoded as “00,” “01,” “10,” and “11.”
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FIG. 5. The fabricated
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sured gains with different supply
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is —30 dB, we can clearly observe that, with the increas-
ing supply voltage, the amplification of the PA increases
from about —7 to +13.5 dB. According to our measured
results, when the input energy is less than or equal to
—10 dB, an energy manipulation range of a single ampli-
fier of about 20 dB can be achieved. As the input power
is further increased, the amplification range will gradu-
ally decrease due to the power limitation of the amplifier
itself. When the input power is 10 dB, the amplification
range is decreased to about 10 dB. In this work, the ampli-
fiers are used to magnify the energy of the space EM
waves. We note that only one amplifier is measured on
the microstrip board, so the largest amplification is about
13 dB. Moreover, we apply two amplifiers in each meta-
surface element, to realize a wider manipulation range. As
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a result, an amplification range from —10 to 420 dB in our
design can be realized based on the above analysis.

In our experiment, we fabricate and measure a metasur-
face composed of 7x7 elements, integrating 98 amplifiers
in total, as shown in Fig. 6(a). The designed sample has a
dimension of 340x340 mm? and is fabricated with PCB
technology, where copper is used as the metal. Ampli-
fiers and other components are assembled by machine
soldering. The measurements are performed in a standard
anechoic chamber, to test the far-field results in a two-
dimensional (2D) plane, as shown in Fig. 6(b). To show the
connecting condition of the measurement clearly, a concise
connection is provided in Fig. 6(c). Two broadband rectan-
gular horns are employed as the transmitter and receiver,
which are connected to the vector network analyzer to

FIG. 6. The fabricated meta-
surface sample and measurement
environment. (a) The fabricated
7x7 metasurface sample. (b) The
photograph of the measurement
environment. (c¢) The connecting
condition in the measurement.
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FIG. 7. Comparison of the sim-
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ulated and measured far-field
results of the designed metasur-
face with different amplification
levels. (a) The simulated results.
(b) The measured results.
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measure the far-field results. The transmitter and metasur-
face samples are fixed on a turntable, in which a voltage
source supplies PAs on the metasurface.

The measured results in the far-field region are illus-
trated in Fig. 7(b), and numerical simulations are also
given in Fig. 7(a) for clear comparison. In the simulation
for the whole metasurface, the same size rectangular horn
is applied as that in the measurement. The operating
frequency is set as 5 GHz. Four distinct amplification lev-
els (20, 10, 0, and —10 dB) are provided to demonstrate the
manipulation performance. The related four supply volt-
ages are 3, 3.8, 4.2, and 5 V. The numerical results for
the far-field region are also performed in CST MICROWAVE
STUDIO, in which the plane-wave excitation is applied in
full-wave simulations. The measured results have good
agreement with the simulations, validating our design. The
errors are mainly due to the following reasons: (1) the fab-
rication accuracy limitations of the PCB technology; (2)
manual operations in the fabrications and measurements;
and (3) the error in nonideal circuit components. The error
in the power amplifier and its related components may
contribute the most to this asymmetry. Since all power
amplifiers are applied at the same voltage, the difference
in the load resistance of the PA results in the difference in
the amplifications. Hence, the far-field results show slight
asymmetry comparing to the simulations.

IV. CONCLUSION

In summary, we propose a spatial-energy digital-coding
metasurface to realize arbitrary manipulations in the
energy of spatial propagating waves. We show that the
amplification level of the PA can be determined by the
supply voltage. Based on this property, the transmission
energy can not only be reduced, but can also be increased
as required. A 7x7 coding metasurface integrated with 98
amplifiers is designed, fabricated, and measured at 5 GHz.
The measurement results have great consistency with our
designs and simulations. Four different amplification lev-
els from —10 to 20 dB are realized, implying the good
performance of our design. We believe that this work
may promote more integration between metasurfaces and

0 45 90
0 (deg)

traditional rf components, and also broaden the application
potential for active and programmable metasurfaces.
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