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% Check for updates Microwave-optical interaction and its effective utilization are vital technolo-

gies at the frontier of classical and quantum sciences for communication,
sensing, and imaging. Typically, state-of-the-art microwave-to-optical con-
verters are realized by fiber and circuit approaches with multiple processing
steps, and external powers are necessary, which leads to many limitations.
Here, we propose a programmable metasurface that can achieve direct and
high-speed free-space microwave-to-laser conversion. Moreover, it supports
reverse conversion, achieving bidirectional operations. The programmable
metasurface converter is realized by integrating subwavelength microwave
resonant structures, MS junction and photoelectric PN junction components
together, without connecting any direct-current supplies to provide driving
bias. We further demonstrate the enormous potentials of the metasurface
converter in cross-media links and develop a full-duplex air-water wireless
communication system. Experimental results show that the bidirectional real-
time data transmissions and exchanges are established through the air-water
boundary. This work represents a decisive step towards microwave-optical
interconversion on wireless and battery-free interfaces.

Conversions of energy and information between microwave and opti-
cal domains are essential in numerous fields, from telecommunication
to emerging quantum technologies' . The microwave-optical interac-
tion platform can not only connect systems in the electrical and optical
domains, but also leverage fully the advantages of microwaves and
light waves in different propagation media to achieve seamless cross-
media transmission, which is a valuable solution in next generation
fully-connected information systems and networks*'®. However,
effective microwave-optical interactions present an immense challenge
due to the natural incompatibility of energies caused by significant
frequency scale mismatch of >10*. In recent years, much effort has been

focused on this conversion task using fiber technology, plasmonic
cavities, nonlinear materials, nanomechanical coupling, Rydberg exci-
tons, intermediary-assisted approach, and so on'™®. However,
many demonstrated microwave-to-optical conversion schemes
are realized based on fiber and circuit technologies, and external
power suppliers are required to perform multiple intermediate
processes, which increases the cost, power consumption, and
system complexity, as well as restricting the free-space wireless
applications. Moreover, these conversion devices are hard to
further develop for achieving reverse process from optical to
microwave, resulting in many limitations.
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In sharp contrast to the circuit-enabled solutions, metasurface,
regarded as two-dimensional metamaterial, offers a new paradigm for
manipulating free-space electromagnetic (EM) waves'”*. Through
special structural design and material composition, strong and con-
trollable light-matter interactions can be well achieved on metasur-
face, providing unprecedented opportunities for spatial EM
control**?%, time-domain harmonic tailoring?*!, and spatiotemporal
modulation®>*, Although metasurfaces have shown extraordinary
potential across a wide spectrum ranging from microwave to terahertz
and optics, high-speed intercoupling of waves with huge wavelength
differences at single metasurface still remains elusive. Recently, light-
controlled microwave metasurfaces have been realized, on which the
microwave phase can be manipulated by illuminated light intensity®>>°,
However, they can only achieve the unidirectional control from light to
microwave at low speed. To enhance the speed, we previously repor-
ted the light-controlled time-domain metasurface with high-speed
signal conversion”, however, it also operates at light-to-microwave
mode and needs an external power supply. How to achieve free-space
microwave-to-optical conversion and even bidirectional operations on
one metasurface is a key technology for developing full-duplex data
transmission with enhanced efficiency and capacity; wireless and
battery-free operation can release a lot of restrictions, but both remain
considerably challenging.

Here, we report a programmable metasurface capable of direct
and wireless microwave-to-optical conversion at physical layer, with-
out using multiple separated devices and connecting any direct-
current (DC) power supplies. Such a metasurface relies on the pro-
posed hybrid integration of double-sided microwave resonant struc-
tures and two different types of semiconductor components based on
rectifying effect and photo-capacitance effect, respectively. Therefore,
it also supports reverse conversion from optical to microwave in free
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Fig. 1| Existing wired scheme versus our metasurface-empowered wireless
approach for microwave-optical conversion. a Schematic of the metasurface
converter and its attractive application in full-duplex air-water cross-media wireless
communications for establishing a seamless satellite-air-ground-ocean network.
b Traditional microwave-to-optical conversion based on microwave photonics
techniques, where the microwave signal and optical carrier need to be input
simultaneously, and then the microwave data are mapped onto the output optical
signal using electro-optic modulation. ¢ Direct free-space microwave-to-optical
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space. Based on the metasurface, we design and realize a minimalist
architecture of bidirectional cross-media wireless communications by
combining microwaves and underwater lasers, and construct a system
prototype by further developing the microwave and laser transceivers.
In the hybrid system, two independent and simultaneous data trans-
mission links of microwave-to-laser (from air to underwater) and laser-
to-microwave (from underwater to air) are verified successfully,
showing full-duplex and real-time communication capabilities. The
bidirectional signal conversion is implemented fully on an ultrathin
and wireless platform, offering great benefits in terms of cost, volume,
integration, and deployment.

Results
Microwave-optical conversion empowered by metasurface
Figure 1a schematically illustrates the programmable metasurface and
its attractive application in cross-media wireless communication to
connect the sky and ocean. Signal conversion between microwave and
optical domain is a fundamental function for this communication
scenario using two different carriers. We first compare the existing
techniques with our exciting metasurface-empowered approach. Tra-
ditionally, microwave-to-optical conversion relies on common micro-
wave photonics techniques. In this scheme, the microwave signal
(through transmission line) and optical carrier (through fiber) need to
be input simultaneously, and then based on electro-optic modulation
effect, the microwave data are mapped onto the output optical signal
(Fig. 1b). Therefore, the entire process is wired and usually involves
multiple processes including coupling, modulation, or even amplify-
ing, resulting in power consuming and system complexity.

Our programmable metasurface provides distinctly different
routes to implement free-space microwave-to-optical conversion, as
shown in Fig. 1c. The input microwave signal can be converted directly
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conversion using metasurface, which is realized by integrating MS junction and
photoelectric PN junction components into meta-elements with double-sided
microwave resonant structures. With this hybrid design, the input microwave signal
can be converted directly into laser signal, without additional optical carrier
feeding, wired power suppliers, and separation processes. Moreover, the reverse
conversion from laser to microwave can be also realized on one platform, achieving
bidirectional operation.
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into laser signal, without additional optical carrier feeding and wired
DC supply, offering significant advantages of wireless conversion,
simple process, and high flexibility. The metasurface contains many
identical meta-elements, each of which is realized by integrating
metal-semiconductor (MS) junction with absorbing-rectifying cap-
ability into the microwave resonant structure patched on monolayer
substrate. When microwaves propagate onto the metasurface, the
energy will be absorbed and then generate induced current, which will
be further rectified into DC directly by the MS junction component
(such as Schottky diode) to drive the integrated laser diode emitting.
Therefore, the luminous intensity of the laser diode is related to the
power level of incident microwave, achieving the wireless microwave-
to-laser conversion.

Moreover, the metasurface platform provides a great deal of
freedom for functional integration due to flexible design of artificial
structures. Therefore, we further integrate the PN junction component
(such as photodiode) into the backside of the ultrathin metasurface. In
this case, as the laser illuminates the metasurface, the PN junction
component will sense different intensities and generate capacitance
changes, which in turn tunes the reflected amplitudes of incident
microwave (see Supplementary Note 1 for more details on microwave
incidence). Then, the reflected microwaves will carry the intensity
information of incident laser, achieving the laser-to-microwave con-
version. Therefore, based on different mechanisms, bidirectional and
simultaneous conversions between microwave and laser can be rea-
lized directly on a single metasurface, without requirement for multi-
ple separation devices to collaborate and complex signal-layer
operations. Importantly, even is there is no power supply connection,
the switching speed of the metasurface reaches the level of hundreds
kHz. With these capabilities, the intensity-modulated microwave and
optical signals can be converted to each other in real time, realizing the
information modulations and full-duplex data transmissions.

The metasurface converter offers a data bridge linking the micro-
wave and optical signals for cross-media wireless communications. The
data transmission across the air-water interface is a solid foundation of
the sixth-generation (6G) communication envisioned to achieve seam-
less global full coverage by integrating space-air-underwater networks,
but faces significant challenges®°. A fundamental and critical one is that
the air-water interface is a natural barrier to light and microwave alone.
For example, in general, microwaves can propagate well in the air, while
optical waves are highly potential candidates in the water, however,
there will be great losses across the air-water boundary for both types of
waves due to different properties of two media. As a result, it is difficult
to communicate with multiple devices working in different media using
single-form carrier signal, especially for long-distance case. To realize
cross-media communication, appropriate carriers should be adopted to
leverage their respective advantages in different transmission media.
Our realized wireless metasurface provides an attractive solution for
this purpose, as shown in Fig. 1a. The data collected by underwater
equipment is transmitted through green laser links, and after
modulating by metasurface, the converted microwave signals can
be used to communicate with shore or even further converted
into red laser signals by metasurface assembled on satellite to
achieve direct inter-satellite interconnection. Similarly, the data
can also be transmitted from air to underwater through the
microwave-to-laser wireless link, establishing a seamless satellite-
air-ground-ocean network.

Next, to show clearly the significant advantages of metasurface-
enabled cross-media wireless communications, we will make some
comparisons with current approaches. Communication across the air-
water interface is an open research problem and many different ave-
nues have been proposed, which can be divided into two
categories’'%**"*, The first techniques rely on a typical relay scheme, in
which hybrid systems, such as acoustic-microwave, microwave-optical
conversion relays, need to be developed and equipped on buoys,

ships, or autonomous underwater vehicles®**. In this case, underwater
devices transmit data via underwater acoustic or optical communica-
tion to surface relay nodes that then use microwave signals to transmit
these data over the air. With the relay systems, acoustic, radio fre-
quency and optical technologies can be integrated synergistically to
achieve air-water cross-media communication. However, they also
bear some limitations. On one hand, the current relay conversion
devices require power suppliers, which is very inconvenient for scal-
able, long-term, in situ working, especially in extreme environments
such as the ocean and space*. On the other hand, these relay systems
typically require intermediate processing at signal layer, resulting in
complicated hardware and high overhead. The second is non-relay
scheme, where the photoacoustic’®, magnetic induction®, and
acoustic-to-radar**** technologies have been investigated to achieve
direct air-water cross-media communication, offering several advan-
tages of convenience and flexibility. However, the realized cross-media
communication is unidirectional, i.e., the data can only transmit from
underwater to air or from air to underwater. In addition, the commu-
nication rate is low. It is noted that unlike these traditional schemes,
our realized approach achieves microwave-optical bidirectional con-
version in a wireless mode, and importantly the entire conversion
process is completed fully on an integrated ultrathin metasurface.

Design and realization of metasurface converter

To implement the metasurface converter, two key conditions must be
met simultaneously. One is that the single metasurface must be able to
interact with both microwave and optical fields simultaneously and
then generate the microwave-optical intercoupling. The other is that
the above process should be realized well in a DC-supply-free manner.
We here adopt heterogeneous strategy and some key techniques
including polarization multiplexing, EM resonance, photoelectric
conversion, and integrated absorption-rectification to achieve the
goal. The designed metasurface element is presented in Fig. 2a. The
metal pattern on the top layer is a designed microwave Resonant
Structure 1, in which a Schottky diode with the MS junction is inte-
grated between two metal lines. When the microwave propagates into
the meta-element, Resonant Structure 1 will absorb the microwave
energy and then further rectify it to drive the integrated laser diode
emitting, achieving the up-conversion from microwave to laser.
Importantly, unlike the separate combination of absorber and rectifier,
the loaded Schottky diode acts as a tuning component to achieve an
integration of absorption and rectification. To further realize the laser-
to-microwave down-conversion using the single meta-element, we
design the microwave Resonant Structure 2 integrated with a photo-
diode. When the laser illuminates meta-element, the photodiode will
absorb energy and generates the capacitance changes based on the
photo-capacitance effect, which in turn affects the microwave reso-
nance characteristics of the meta-element. In this case, the reflected
microwave amplitude is related to the incident laser intensity. It should
be noted that the entire meta-element has only one dielectric layer and
two different metal resonant patterns are etched on the both sides,
resulting in a very thin profile with ~0.027A, (Ao is the wavelength in
free space) at 4.00 GHz. See “Methods” for more detailed discussion
on meta-element design.

In sharp contrast to traditional diode-based metasurfaces that
require power supplies to provide bias voltage for loaded diodes, our
microwave-optical interconversion metasurface does not need to be
connected to any DC supplies. That is to say, it can operate in a wireless
and battery-free mode. Under the microwave incidence, Resonant
Structure 1 will induce a surface current (Supplementary Fig. 3) and
then generates a potential across the cathode and anode of the
Schottky diode. As the incident microwave power increases, the gen-
erated potential difference will be greater than the threshold voltage
of the Schottky diode, and it will be driven on*. We note that under the
microwave incidence, the Schottky diode experiences both forward
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Fig. 2 | Metasurface and its microwave-laser interconversion performance.
a Designed meta-element with double-sided microwave resonant structures, in
which the Schottky diode and photodiode are integrated, respectively. b Simulated
microwave reflection amplitudes of the meta-element under different conditions.
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the metasurface sample. d Measured output green laser powers under different
input microwave powers. e Measured microwave reflection amplitudes under dif-
ferent green laser illuminating powers. Measured switching speed of the Schottky-
diode-based up-conversion metasurface (f) and the photodiode-based down-con-
version metasurface (g).

and reverse biases instantaneously as the microwave signal cycles.
That is to say, the Schottky diode conducts during the positive cycle of
microwave signal and does not conduct during the negative cycle of
microwave signal. For the photodiode, it can be used as an optically-
controlled capacitor for tuning microwave resonance'®, due to the
light-induced space-charge region change. Remarkably, these two
mechanisms do not require any external biases, and in essence, there
are the microwave signal and laser signal themselves to drive Schottky
diode and photodiode. In addition, to achieve low-crosstalk bidirec-
tional conversion based on one meta-element, we adopt a polarization-

frequency joint isolation scheme. Specifically, the metal gaps in
Resonant Structures 1 and 2 are orthogonal, so that they respond to
orthogonally-polarized microwaves, and the resonant frequencies of
these two structures are different.

To help further understand and evaluate the microwave-optical
interconversion performance, we next investigate the resonant
results of the meta-element. Here, we adopt the Schottky diode
(HSMS-2860, from Avago) and photodiode (S13773, from Hama-
matsu) to implement the meta-element according to our careful
selection (see Supplementary Note 2 for more discussion on diode
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selection and testing). Figure 2b shows the simulated reflection
amplitude curves of the meta-element versus the frequency under
different conditions. We observe clearly that when incident x-polar-
ized microwave drives the Schottky diode in the on state, the meta-
element produces a sharp resonance at around 4.00 GHz, indicating
that the microwave energy is well absorbed. The absorbed micro-
wave energy can be further rectified by the Schottky diode for
driving the integrated laser diode emitting, thus achieving the up-
conversion from microwave to laser. It is evident that under the y-
polarized incidence, the meta-element produces a resonant
response, and the resonant frequency shifts from 4.45 to 3.92 GHz as
the incident laser power increases from 0 to 21.6 mW. In this case,
two reflection amplitude differences of about 10 and 14 dB can be
achieved at these two resonant frequencies, respectively. Therefore,
the laser-to-microwave down-conversion can be well achieved. See
Supplementary Note 3 for more details on meta-element simulation.
We remark that when the x- or y-polarized waves propagate onto the
meta-element, changing the state of the diode in the cross-
polarization direction has no effect on the resonance response, as
shown in Supplementary Fig. 6. In addition, the meta-element is
operated at different microwave resonant frequencies for bidirec-
tional conversions. Therefore, based on the polarization-frequency
joint isolation, the realized meta-element can work well in a full-
duplex mode.

Besides the implementation of meta-elements, we also design
carefully their connections to achieve efficient microwave-laser inter-
conversion. As a demonstration, we design a metasurface composed of
20 x 10 meta-elements and the corresponding fabricated sample is
shown in Fig. 2c. The left part shows a photo of Resonant Structures 1
of the metasurface, where these 20 resonant structures in x-direction
are connected in series and then are connected in parallel along the y
direction. In this case, the collected power from all meta-elements can
be combined to feed into the laser diode. The right photo presents
Resonant Structure 2 of the metasurface, in which all the photodiodes
are connected in parallel. In such a case, if one photodiode is illumi-
nated and activated, the photogenerated potential difference will drive
all other photodiodes to change their capacitances. Therefore, only a
small laser beam is required to drive the metasurface to work, rather
than a large spot to cover the entire metasurface, which reduces
greatly the need for one-by-one alignment and the difficulty of light
source design. In addition, to improve the switching speed, a resistor
with an appropriate resistance value is connected in parallel to the
photodiodes, providing a discharge circuit for photocarriers. As dis-
cussed later, the charge-discharge loop is crucial to improve the
response speed of the photodiode. See “Methods” for more details on
array design and sample fabrication.

To verify the microwave-to-laser conversion performance, we
measure the output laser powers of the metasurface sample under
different input microwave powers (see “Methods” for more details on
experimental setup), and the measured results are presented in Fig. 2d.
Here, the input microwave power refers to the microwave power fed
into the transmitting horn antenna. It is obvious that the integrated
green laser diode can indeed be well excited by the x-polarized
microwave at 4.06 GHz. When the input microwave power reaches
14 dBm (25 mW), the laser diode is lit and the output laser power is
2.7 mW. Thus, the microwave-to-laser conversion efficiency is calcu-
lated as 10.8%. When the input microwave power is increased to
24 dBm (250 mW), the output laser power reaches 16.2 mW, and then
the conversion efficiency is 6.48%. The difference in conversion effi-
ciency is due to the fact that Schottky diode and laser diode are
intensity-dependent nonlinear components. In our design, to reduce
power consumption, we have chosen to use a low-power laser diode,
and its own electro-optical conversion efficiency is low. Therefore, to
improve the microwave-to-laser conversion efficiency, an effective
approach is to use light-emitting diodes with higher electro-optical

efficiency. In addition, full-wave rectification scheme could be adopted
to increase the rectification efficiency®, however, it requires more
Schottky diodes compared with current half-wave rectification.

We also test the microwave reflection amplitudes of the sample
under different laser illumination intensities, as shown in Fig. 2e. It is
clear that when the illuminated laser powers are changed between O
and 21.6 mW, the sample can exhibit significantly different reflection
amplitudes under y-polarized microwave incidences, and the differ-
ences reach 14 and 9 dB at 3.92 and 4.45 GHz, respectively. The mea-
sured results agree well with the simulated ones, which validates the
efficient laser-to-microwave down-conversion. Moreover, based on the
parallel design, each photodiode can be illuminated independently to
generate the desired microwave reflection. We have measured the
microwave reflection amplitudes of the metasurface at 4.45 GHz when
photodiodes at different positions were illuminated, and the normal-
ized results are shown in Supplementary Fig. 10. It is clear that when
photodiodes at other positions are illuminated, the metasurface can
generate the same reflection amplitude differences. In addition to
illuminating one photodiode, the metasurface can also work well when
the both photodiodes are illuminated simultaneously. Therefore, we
can use a small laser beam to illuminate precisely and modulate the
metasurface, and multiple photodiodes provide the possibility for
spatial diversity receiving. Unlike the microwave-to-laser conversion
which needs strong microwave power to drive the laser diode, we note
that the required microwave power for the optical-to-microwave
conversion is low. In the experiment, the power of the microwave
source is 1 mW. Because we detect the power changes in the reflected
microwave signals, a significant difference in the reflected energy is
required, rather than a high incident power.

It is worth noting that the high-speed response is highly desirable
for time-domain signal conversion, and we further estimate the
switching speed of the metasurface sample by observing the distortion
of the output waveform under corresponding square-wave modula-
tion. The tested switching frequencies of the Schottky-diode-based up-
conversion metasurface and the photodiode-based down-conversion
metasurface areillustrated in Fig. 2f, g, respectively. We observe clearly
that for up-conversion metasurface when the switching frequency
reaches 400 kHz, the output waveform can still maintain a good
square wave due to the ultrafast Schottky diode with MS junction. For
down-conversion metasurface, the switching frequency of the meta-
surface is about 100 kHz. The reason is that the large junction capa-
citance of the photodiode leads to long charge-discharge time.
Considering this factor, to improve the response speed, we have used a
parallel resistor to provide a charge-discharge current loop for the
photodiodes. As a comparison, we have also measured the down-
conversion switching frequency of the metasurface sample without
the resistor and it is only about 200 Hz, which proves that our method
has increased switching speed by ~500 times. We remark that such the
switching frequencies of the metasurface are achieved in a DC-supply-
free case.

Full-duplex cross-media wireless communications

The programmable metasurface shows excellent capability to imple-
ment bidirectional conversion between microwave and laser signals
and hence can serve as an ideal platform for full-duplex microwave-
laser hybrid wireless communication. As shown in Fig. 2d, e, on-off
laser intensities correspond to two different microwave intensities,
suggesting that the on-off keying (OOK) laser signal and binary
amplitude shift keying (BASK) microwave signal can be adopted to
realize modulation and transmission of digital symbols “1” and “0”. The
schematic of the proposed cross-media hybrid wireless communica-
tion is illustrated in Fig. 3a. Specifically, the metasurface-enabled
hybrid wireless links are capable of emitting information through
microwave and receiving it via laser, while also transmitting informa-
tion via laser and receiving it via microwave. For microwave-to-laser
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Fig. 3 | Experiments of the metasurface-enabled full-duplex air-water cross-

media wireless communication system. a Schematic of the air-water cross-media
wireless communication system with the hybrid air microwave link and underwater
laser link. b Photograph of the constructed system prototype. The system contains
amicrowave transceiver, a metasurface converter, and a laser transceiver, in which

the water tank is placed between the latter two for providing the underwater
channel. ¢ Experimental results demonstrate that two different videos can be
transmitted independently and simultaneously cross bidirectional air-water inter-
faces through the microwave-to-laser link and laser-to-microwave link, respectively.

wireless transmission link, real-time information transmission and
reception are divided into three steps. Firstly, the transmitting data (Tx
data) is modulated onto the BASK microwave signal through a
designed microwave transmitter. After mapping by the metasurface,
the transmitted BASK microwave signal is converted into an OOK laser
signal. Finally, the OOK laser signal is received and demodulated by a
designed laser receiver to restore the receiving data (Rx data). For
down-conversion transmission process, the data is first modulated by a
laser transmitter to generate an OOK laser signal, which is further
converted into a reflected BASK microwave signal by the metasurface.

Finally, it is captured and demodulated into original data by the
designed microwave receiver. It is worth highlighting that this bidir-
ectional real-time information transmission process is full-duplex and
minimalist, and is based on the metasurface without needing power
supplies and mixers.

To validate the above scheme, we construct a metasurface-
enabled full-duplex microwave-laser hybrid wireless communication
system across the air-water interface, as shown in Fig. 3b. In this
communication system, besides metasurface converter, the design
and realization of microwave transceiver and laser transceiver are also
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One photodiode is illuminated

Unstable data
ansmission

Turbulence channel

Fig. 4 | Experiments of the wireless transmission across underwater turbulence
channel. a Photograph of the experimental setup, in which tap water is first
injected into the water tank, and then hot water is injected into it from the top to
bottom to generate temperature-induced turbulence. b For the case that one
photodiode is illuminated, strong turbulence will cause the laser beam diffusion

Hot water

Stable data
transmission

Turbulence channel

and drift, which will reduce the transmission quality of the link. ¢ The link can
provide relatively stable data transmission when two photodiodes are illuminated
simultaneously, even though one laser beam is in outage, the other can still ensure
reliable operation.

important. The microwave transceiver is used to provide microwave
signal for microwave-to-laser conversion and to receive the reflected
microwave in laser-to-microwave link. The laser transceiver is adopted
to provide laser signal for laser-to-microwave conversion and to
receive generated laser in microwave-to-laser link. To verify this two-
way data transmission cross the air-water media, a transparent water
tank with a length of 1.0 m filled with tap water was adopted to simu-
late the underwater channel. The water tank is placed between the
laser transceiver and the back side of the metasurface sample. In this
case, the underwater laser communication links between the meta-
surface and laser transceiver can be established. At the front side of
metasurface, the microwave transceiver was used to realize microwave
communication links. Therefore, the bidirectional air-water cross-
media wireless links can be performed based on the communication
system. See “Methods” for more details on the system prototype.

To show the bidirectional and full-duplex air-water cross-media
communication capability of our constructed microwave-laser hybrid
wireless system, as an example, we demonstrate a real-time video
transmission in the experiment, as shown in Fig. 3c. For microwave-to-
laser transmission link across the air-to-water interface, the video (star
twinkling) was firstly converted into the bit stream, which was then
encoded onto the BASK microwave signal through the microwave
transmitter to drive and modulate the metasurface converter for
generating the green OOK laser signal. The generated OOK laser signal
across underwater was then received by the photoelectric detection
and demodulation circuit and further demodulated into the digital
baseband signal via the laser receiver to recover the video. For water-
to-air wireless communication, the video (lotus blooming) was firstly
converted into the bit stream, which was then encoded onto the
underwater green OOK laser signal through the laser transmitter to
modulate the metasurface converter; after that, the reflection ampli-
tude response of the metasurface was rapidly altered to directly

convert the OOK laser signal to the air BASK microwave signal. The
reflected BASK microwave signal was then received by the horn
antenna and demodulated into the digital baseband signal via the SDR
platform to recover the video. See “Methods” for detailed workflow of
the system prototype. The entire transmission process is presented in
Supplementary Movie 1 and is described briefly in Supplementary
Note 6. Data rates of 400 and 100 kbps over the microwave-to-
underwater-laser and underwater-laser-to-microwave transmission
links can be achieved, respectively. The results validate that two dif-
ferent videos are transmitted independently and simultaneously cross
bidirectional air-water interfaces by the metasurface-enabled full-
duplex laser-microwave hybrid wireless communication system.

We demonstrated that two small laser beams can illuminate both
photodiodes simultaneously to modulate the microwave reflections of
metasurface. Therefore, on the metasurface, spatial diversity
transmission*’*® can be developed and used to reduce the turbulence-
induced underwater optical signal fluctuation. We further experi-
mentally investigate the transmission performance of the metasurface-
enabled laser-to-microwave wireless link when underwater turbulence
is induced. The experimental setup is shown in Fig. 4a. To generate
obvious temperature-induced underwater turbulence, 20° tap water
was first injected into the water tank, and then 60° hot water was
injected into it from the top to bottom. In experiments, we tested the
video transmission quality of the laser-to-microwave link when meta-
surface is illuminated by one laser signal and two identical laser signals
simultaneously, and the transmission results are shown in Fig. 4b, c,
respectively. For the case that one photodiode is illuminated, strong
turbulence will cause the laser beam diffusion and drift in a short
period of time, thereby reducing the transmission quality of the link.
However, when two photodiodes are illuminated simultaneously, the
link can still provide relatively stable data transmission, because even
though one laser beam is in outage, the other still ensures reliable
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operation, thus mitigating the impact of underwater turbulence. See
Supplementary Movie 2 for entire transmission process.

Discussion

Transmission rates of the bidirectional links mainly depend on the
switching speed of the loaded diodes and the used signal modulation
mode (see Supplementary Note 7 for more discussions). Therefore, the
following potential improvements could be adopted in future to
increase the link rate. Firstly, in the current scheme, to achieve minimal
energy consumption, there is no voltage source to connect to meta-
surface. External bias can be used to reduce the charge and discharge
time of carriers, thereby increasing the switching speed of diodes.
Secondly, in the future, we will have more opportunities to choose
diodes with faster switching speeds. Finally, developing high-order
modulation schemes such as quadrature amplitude modulation on the
metasurface can help improve the link rates. It should be noted that by
selecting the Schottky diode and photodiode with high cut-off fre-
quencies, we are able to extend the metasurface to higher microwave
frequencies for achieving greater channel bandwidth. For example, we
have designed a metasurface operating at above 12 GHz, as discussed
in Supplementary Note 8. Our metasurface does not need to be con-
nected to any external power supplies, which is highly desired in
marine environments. To further demonstrate the application poten-
tial of the metasurface-enabled air-water cross-media wireless links for
satellite-ground-ocean integrated network, we have provided more
results and discussion (Supplementary Note 9) on air satellite com-
munication and underwater long-distance communication.

In summary, we have demonstrated a programmable metasurface
capable of direct free-space microwave-to-laser and reverse conver-
sions for full-duplex cross-media wireless communications. The
metasurface converter was realized by integrating the Schottky diodes
and photodiodes into the double-sided subwavelength resonant
structures simultaneously. With this heterogeneous design, the
metasurface combines multi-physical control, information modula-
tion, and signal conversion functionalities into a shared-aperture
platform, showing great promise as the basis of wave-matter-
information interaction interfaces. The results validate that the real-
time bidirectional conversion between microwave and laser signals
can be well achieved, without multiple separated devices and complex
processes, which is critical for the development of full-duplex and low-
overhead cross-media transmission system. We developed a full-
duplex air-water cross-media wireless communication architecture
based on this metasurface and constructed a system prototype by
further designing the microwave and laser transceivers. The tank
experiments show that two different videos can be transferred from
the air-to-underwater and underwater-to-air channels simultaneously
and independently through the microwave-to-laser and laser-to-
microwave links, respectively. Our work opens new horizons for
bidirectional, zero-power, cost-effective conversion interfaces that are
fundamentally important to fully-connected 6G communication, and
also hint at a far richer physics that paves the way for new interaction
regimes between electronics and photonics in the wave domain.

Methods

Meta-element design

The integrated Schottky diode and photodiode are critical compo-
nents for the meta-element, and they operate at DC-supply-free state.
Unlike other diodes, Schottky diode contains an MS junction with low
forward voltage drop and fast switching speed, which is very suitable
for rectification. The loaded inductor is used to connect adjacent meta-
elements to reduce EM coupling, and to filter the alternating-current
component in the output voltage. The photodiode is controlled
completely by laser. Based on polarization multiplexing, under x-
polarized microwave incidence, Resonant Structure 1 operates and
Resonant Structure 2 acts as a metal ground to ensure strong

microwave absorption; under y-polarized microwave incidence,
Resonant Structure 2 operates to realize the microwave reflection.
Since the metal proportion of Resonant Structure 1 is very small, EM
waves can go through from the front of the meta-element and interact
with Resonant Structure 2. The middle layer is a 2.0-mm-thickness
dielectric with a permittivity £=2.65 and a loss tangent tan §=0.001.
The side length of the meta-element is 15.0 mm, which is 0.24, at
4.00 GHz. The other structure parameters (Supplementary Fig. 2) are
optimized to achieve the high absorptivity and large reflection
amplitude difference.

Array design and metasurface fabrication

For microwave-to-laser up-conversion metasurface, along the x direc-
tion, 20 Resonant Structures 1 in one row are connected naturally in
series. Along the y direction, 10 same rows are connected in parallel by
two metal wires on both sides, which are further connected to two
feeding lines through two metallic vias. These two feeding lines are
connected to the positive and negative electrodes of the integrated
laser diode, respectively. For laser-to-microwave down-conversion
metasurface, along the x direction, these 20 Resonant Structures 2 in
one row are connected naturally in parallel by their patches. Along the
y direction, two patches in every row are connected to two of the
designed metal lines at both sides of the metasurface sample through
stubs, as shown in Supplementary Fig. 7. Under this connection rela-
tionship, all the photodiodes are connected in parallel. The metasur-
face sample was fabricated by the low-cost printed circuit board
technology, and Schottky diodes, photodiodes, chip inductors, a chip
resistor, and a laser diode were welded precisely on the metasurface by
the well-developed machine welding procedure. The metasurface
covers an effective area of 300 x 150 mm?.

Experiments on microwave-laser conversion

The experimental setups of the microwave-laser bidirectional con-
version are shown in Supplementary Fig. 8. In the experiment of
microwave to laser (Supplementary Fig. 8a), we increased con-
tinuously the incident microwave power to record the emission power
of the laser diode by a laser power meter. The microwave was output
by a microwave generator (NI PXle-564) and then amplified by a power
amplifier. The amplified microwave was emitted by a horn antenna to
shine the metasurface sample. The horn antenna with gain of 15 dBi
was fixed 0.1m away from the metasurface sample, and thus the
microwave transmission efficiency is 99.9% (see Supplementary Note 4
for more details). In this case, the microwave power radiated by the
horn antenna is almost completely received by the metasurface. Thus,
when the input microwave power reaches enough intensity of 25 mW,
the corresponding illuminated power density is about 0.056 mW/cm?
The microwave-to-laser conversion efficiency is defined as the ratio
of the output laser power to the microwave power received by meta-
surface. In the experiment of laser to microwave (Supplementary
Fig. 8b), the horn antenna was connected to a vector network analyzer
for emitting microwave and then receiving the reflection energy from
the metasurface sample. The laser source was adopted to emit green
lasers for controlling the sample. The diameter of the laser spot was
about 4.0 mm.

Details on system prototype

The built full-duplex microwave-laser hybrid wireless communication
system across air-water media mainly includes three parts: a micro-
wave transceiver, a metasurface converter, and a laser transceiver. The
microwave transmitter consists of a software-defined radio (SDR)
platform (NI USRP-2954), a power amplifier, and a x-polarized horn
antenna to emit the amplified BASK signal. In microwave receiver, the
feeding antenna connected to a microwave generator was adopted to
provide incident y-polarized monochromatic microwave, and then the
reflected BASK microwave signal was received by the y-polarized horn

Nature Communications | (2025)16:528


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-55940-9

antenna to transmit the signal to the SDR connected to a post-
processing computer. The laser transmitter contains a field program-
mable gate array (FPGA) and a green laser diode, which was designed
to generate the OOK laser signal with the modulated information. The
laser receiver contains a high-speed and high-sensitivity photoelectric
detection and demodulation circuit (Supplementary Note 5) and a
connected post-processing computer. In the experiment, the distance
from the laser diode to the metasurface sample was about 1.3 m. The
incident x- and y-polarized microwave frequencies are 4.06 and
4.45GHz, respectively. To reduce the required microwave signal
power, the x-polarized horn antenna was placed closely to the meta-
surface sample for achieving high transmission efficiency. The gain of
the used y-polarized horn antennais 11 dBi at 4.45 GHz, and it was fixed
0.25m away from the metasurface sample. By using Eq. (S2), the far-
field transmission efficiency is calculated as about 74.5%.

Workflow of the system

The detailed workflow of the full-duplex air-water cross-media wire-
less communication system is illustrated in Supplementary Fig. 12. For
microwave-to-laser transmission link, the star twinkling (Tx Video 1) is
firstly converted into the bit stream and is used to modulate the SDR
platform to generate the corresponding BASK microwave signal. Then,
the generated BASK microwave signal is amplified by the connected
power amplifier to provide the required signal power. When receiving
the amplified BASK microwave signal, the metasurface platform will
generate the corresponding OOK green laser signal through the inte-
grated laser diode. The generated OOK laser signal will be transmitted
in the underwater channel and is finally captured by the photoelectric
detection and demodulation circuit connected to a post-processing
computer for recovering the original video. For laser-to-microwave
transmission link, the lotus blooming (Tx Video 2) is firstly converted
into the bit stream, which controls the FPGA to generate the corre-
sponding voltages to modulate the laser diode for generating the OOK
laser signal. When receiving the OOK laser signal transmitted from the
underwater channel, the metasurface platform will generate the BASK
microwave signal under the monochromatic wave incidence. Finally,
the reflected BASK microwave signal is received by a horn antenna and
is further demodulated into the digital baseband signal via the SDR
platform to recover the original video.

Data availability
The data that support the findings of this study are available within the
manuscript and its Supplementary Information. Source data are pro-
vided with this paper.
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