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Abstract

Free-space optical communication (FSOC) enables high-speed, secure, and scalable data transmission, with great
potential for space-ground networks. However, existing FSOC systems predominantly employ point-to-point
transmitters, each requiring bulky beam steering devices with complex control mechanisms, which severely limits their
feasibility for multi-node micro-platform applications. Here, to address such a challenge, we propose a novel point-to-
multipoint FSOC scheme based on reconfigurable SiC gratings, which are directly fabricated in stretchable PDMS films
via femtosecond laser-induced carbide precipitation. The reconfigurable SiC transmission gratings are with good
transparency (~91.9% at 1550 nm), dynamic beam steering capability (hundred-milliradian level), and an ultralight-
weight design (single grating: 0.4 g). The SiC fringes are specially fabricated within the internally symmetric region of
the PDMS film to mitigate the structure distortion during stress regulation, significantly enhancing the long-range
transmission capability in degraded atmospheric channels. The system supports 1-to-7 and 1-to-9 dynamic optical
communication for 1D and 2D configurations, respectively. In a state-of-the-art 225-meter outdoor experiment, the
system achieves reliable 10 Gbps transmission for each node. This portable FSOC system overcomes the limitations of
conventional systems, enabling scalable and flexible multibeam steering. This approach establishes a robust
foundation for long-range, multinode, and high-capacity FSOC networks among spatial micro-platforms such as
unmanned aerial vehicles and micro-satellites.

Introduction Conventionally, as FSOC systems work in point-to-point
Free-space optical communication (FSOC) is a revolu- mode, for a space network with N nodes, each node requires
tionary technology for wireless data transmission via optical ~ at least N-1 optical transmitters to achieve real-time com-
signals, with advantages such as high bandwidth, great ver-  munication between nodes. This point-to-point mode relies
satility, and high security' . In particular, FSOC is highly ~ on coarse beam steering, which is achieved through the use
suitable for backbone networks, access networks, and sub-  of mechanical turntables and fine adjustments with steering
nets within space—ground integrated information systems™”.  mirrors”™®, resulting in a high system weight (e.g., several
kilograms to tens of kilograms). Although great efforts have
been devoted to miniaturizing these systems using micro-
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conventional FSOC networks increase, efficient multipoint
communication among miniature devices becomes
increasingly critical.

To overcome these limitations, researchers have pro-
posed advanced point-to-multipoint FSOC technologies,
in which the point-to-point mode is replaced by single-
input and multiple-output laser communication compo-
nents with beam-splitting capabilities'""'”. Several meth-
ods, such as the use of double prisms and optical phased
arrays, have shown promise in achieving large steering
angles and high optical gains'"'?, greatly reducing the
number of transceivers needed. However, these approa-
ches still rely on bulky phase control or beam deflection
systems. Thus, there is an urgent need for compact,
portable point-to-multipoint FSOC technologies to facil-
itate laser networking on small-scale platforms.

Recently, passive microstructure optoelectronic devices
represented by metasurfaces have shown great potential
for miniaturization and integration, making them pro-
mising for both point-to-point and point-to-multipoint
FSOC applications'®~'”, They represent the current state-
of-the-art for manipulating the amplitude, phase, and
polarization of light, enabling high-speed Gbps data
transmission'®~*°. However, metasurfaces have low effi-
ciency and stringently depend on the precision of the
fabrication process, greatly influencing the beam quality.
Thus, metasurface-based beam steering devices are cur-
rently unable to support long-distance laser transmission
through atmospheric channels, and are currently limited
to short-range communication scenarios within indoor or
laboratory environments****, In contrast, gratings have
advantages such as high efficiency, substantial integration
capacity, and minimal beam distortion and are thus more
suitable for long-distance transmission, enabling cutting-
edge applications in inline optical delay lines, user loca-
lization, and multiplexed transmission>>~°. Nevertheless,
traditional grating-based systems are constrained to static
targets owing to their reliance on spatial-wavelength
mapping. To address these limitations, reconfigurable
gratings have been developed with the help of advanced
manufacturing techniques such as e-beam writing, ion-
beam lithography, and polymer-induced phase separation.
Due to the flexible substrate, the grating period can be
reconfigured in real-time under external driving forces,
which facilitate controlled multibeam steering”’~>'. These
innovations with tunable gratings have extended their
applications in fields such as soft robotics, passive iso-
thermal films, flexible sensors, and line-scanning micro-
scopy”>~*°. However, practical issues with reconfigurable
gratings, such as uneven substrate deformation during
operation, usually result in beam distortion at higher
diffraction orders, which makes such systems ineffective
for laser transmission in turbulent atmospheric channels.
To achieve precise and distortion-free multibeam
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transmission in practical point-to-multipoint FSOC sys-
tems, the development of reconfigurable gratings through
innovative designs and advanced manufacturing techni-
ques is highly desirable.

In this work, reconfigurable SiC gratings within
stretchable PDMS films were developed via femtosecond
laser-induced carbide precipitation for high-capacity
point-to-multipoint FSOC systems. The grating struc-
ture ensures excellent beam quality during square
stretching, enabling low-distortion transmission of high-
order diffracted beams. Additionally, dynamic steering for
point-to-multipoint FSOC systems was achieved using 1D
and cascaded 2D diffraction grating systems. Subse-
quently, validation in a simulated atmospheric channel
confirms the turbulence resistance of the proposed grat-
ings for Oth-order and higher-order beams, and in out-
door experiments, 1D (1-to-7) and 2D (1-to-9, 3 x 3) high-
speed links were established over a 225-m channel under
real atmospheric conditions. The developed approach
offers marked advantages in terms of the number of
nodes, scalability, and transmission distance, and repre-
sents a transformative technique for advancing portable
beam-steering devices in FSOC applications.

Results
Design principles

The aim of the proposed design is to create a portable
and high-capacity point-to-multipoint FSOC system with
properties such as long-distance transmission capability,
which cannot be achieved with metasurfaces, and port-
ability, which is a limitation of conventional servo-driven
fast-steering mirrors. This design facilitates the estab-
lishment of FSOC networks across compact ground and
aerial platforms, such as vehicles, buildings, unmanned
aerial vehicles, and airships (Fig. 1a;). A core aspect of the
design is the use of reconfigurable gratings that dynami-
cally split single-channel laser beams into multiple laser
channels (Fig. lay 3). Each channel carries high-speed
information, enabling simultaneous communication with
multiple nodes. For example, a 1D point-to-multipoint
linear array system (link 1) can be used to create a 1-to-3
FSOC link with one transmitting point (e.g., a tower) and
three receiving points (e.g., a building, a car and an air-
ship). Furthermore, this concept can be extended to 2D
point-to-multipoint FSOC by cascading two 1D systems
(link 2). In this configuration, transmission diffraction
gratings are used to enable laser steering and commu-
nication with a planar array, significantly increasing the
node capacity and steering coverage. For example, a 1-to-
9 planar array FSOC link with one transmitting point (e.g.,
an airship) and nine dynamic receiving points (e.g.,
unmanned aerial vehicles) can be established. The period
of the transmission grating and the deflection angle of the
transmitted laser beam are rapidly tunable through
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Fig. 1 Schematics of the point-to-multipoint FSOC utilizing reconfigurable internal gratings. a Conceptual illustration. b Schematic diagrams
and finite element analysis illustrating the mechanical manipulation mechanisms for surface and internal gratings
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reversible mechanical stretching. Owing to this mechan-
ical tunability, the system can adapt to dynamic com-
munication scenarios. Additionally, the cascaded
configuration can seamlessly transition from linear to
planar steering and communication, employing the sys-
tem for diverse and complex network configurations.
One of the critical challenges in this design is to ensure
the stability and uniformity of tunable gratings during
mechanical manipulation, since instability directly

impacts the performance of point-to-multipoint FSOC
systems. Finite element analysis was used to obtain the
information presented in Fig. 1b. Conventional flexible
gratings created through surface processing often suffer
structural failure during stretching or recovery due to the
mismatch in the elastic moduli between the fringes and
unmodified regions (Fig. 1b,). This failure results in gross
distortion of the surface transmission grating, which
degrades the quality of the diffracted laser beam and
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reduces the effective transmission distance of the FSOC
link. To overcome these limitations, internally processed
gratings that retain a consistent planar structure during
reversible stretching are incorporated into the proposed
design (Fig. 1b,_3). This approach effectively prevents
beam distortion caused by uneven substrate stretching.
Furthermore, a square stretching method is employed for
the grating instead of the conventional bidirectional
stretching approach (Fig. 1bs). With this innovative
stretching method, the internal grating can be simulta-
neously regulated across all directions, which effectively
addresses edge shrinkage and fringe distortion. As a
result, the structural integrity of the grating is preserved,
and the high beam quality is ensured. By addressing
structural stability and beam distortion issues, this
reconfigurable grating design offers a scalable, high-
performance solution for point-to-multipoint FSOC sys-
tems. This design establishes a robust foundation for the
compact, lightweight, and dynamic beam-steering devices
suitable for diverse communication platforms.

Fabrication of reconfigurable SiC gratings

The reconfigurable grating serves as the core device in
this work, enabling multi-beam steering and one-to-
multiple communication. SiC was selected for fabricating
the reconfigurable gratings because of its high transmit-
tance at 1550 nm, which is a critical wavelength for effi-
cient laser steering and communication in FSOC systems.
In addition to its excellent optical properties, SiC exhibits
superior thermal stability, mechanical strength, and che-
mical resistance, making it an ideal candidate for devel-
oping robust and reliable gratings**~*’. However, the
intrinsic rigidity and brittleness of SiC pose great chal-
lenges for applications involving stretching. The mis-
match between the high stiffness of SiC and the elasticity
of stretchable substrates often leads to cracking or dela-
mination under mechanical stress. Consequently, the
integration of SiC into a stretchable matrix requires the
use of innovative techniques to retain its optical proper-
ties while ensuring the mechanical tunability of the sys-
tem. Addressing these challenges is vital for developing
SiC-based gratings that balance the rigidity for optical
performance and the flexibility for dynamic applications.
A stretchable internal SiC grating is fabricated within a
PDMS film using femtosecond laser direct writing
(Fig. 2a). The fabrication process begins by focusing the
femtosecond laser inside the PDMS film, where the
energy density reaches 10" W cm ™2 The transmittance of
the PDMS film at 1064 nm is approximately 91% (Fig. S1),
indicating that the interaction between the femtosecond
laser and the PDMS is governed by a multiphoton
absorption process. This absorption process rapidly
increases the temperature in the laser-irradiated zone,
initiating pyrolysis to convert PDMS into SiC.
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Furthermore, the programmable nature of femtosecond
laser processing enables the precise patterning of SiC
gratings within the PDMS film while leaving untreated
regions transparent.

In this work, classic molecular dynamics (MD) simula-
tions were performed to investigate the structural trans-
formation of a PDMS polymer subjected to laser heating
at the molecular level (Fig. 2b, c). Fig. S2 shows the
numbers of H,O, Hy, CO,, and CO molecules formed in
the PDMS system subjected to thermal heating in MD
simulations. On the basis of the curves, several stages can
be roughly identified. The first stage is described by the
initial part of the curves, in which there is no significant
change in the number of small molecules. In this stage,
the PDMS polymer is not dissociated. The second stage is
characterized by a steep increase in the number of small
molecules. In this stage, the PDMS polymer is dissociated,
and small molecules form within the PDMS. At this point,
the number of molecules can be sorted as follows:
H,O > H, > CO, > CO. The last stage is characterized by
an approximately constant number of small molecules,
indicating the termination of the formation of these
molecules. Figure 2c and Fig. S3 show the variations in the
numbers of Si-C, C-O, C-H, H-O and Si-O bonds in the
PDMS system subjected to thermal heating. The numbers
of Si-C, C-H, and Si-O bonds in the PDMS system
decrease in the early stage, indicating the rapid dissocia-
tion of the PDMS polymer. In contrast, there are steep
increases in the numbers of C-O and H-O bonds in the
system, indicating the formation of small CO, CO, and
H,0O molecules. Following this stage, the numbers of C-O
and H-O bonds suddenly decrease due to the removal of
the as-formed small CO, CO,, and H,O molecules. The
number of Si-C bonds increases, then remains constant,
and then increases again, which indicates the nucleation
of Si-C crystals.

The laser-treated region in an internal SiC grating
embedded within a PDMS film appears white-gray in
color, in contrast to the transparent PDMS (Fig. 2d;). The
SiC grating is lightweight and compact, measuring
approximately lcmx1lcmx0.08cm and weighing
approximately 0.4 g, making it ideal for applications in
small unmanned aerial vehicles and satellites. Addition-
ally, the internal SiC grating demonstrates remarkable
flexibility (Fig. 2d,). When the internal SiC grating is
illuminated with white light, vivid colors are observed
within its structure due to chromatic dispersion (Fig. 2d3).
The internal SiC grating also exhibits a high transmittance
of ~91.9% at 1550 nm (Fig. 2e), which is critical for
ensuring laser steering and good communication quality
in FSOC systems.

Furthermore, the structural and compositional changes
induced by femtosecond laser processing were thoroughly
characterized. The confocal laser scanning microscopy
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(CLSM) image reveals that the grating period is
approximately 10 um; the untreated PDMS appears white,
and the laser-treated SiC regions appear gray (Fig. 2f). A
cross-sectional scanning electron microscopy (SEM)
image of the grating in the PDMS film was also captured
to investigate the effects of femtosecond laser pyrolysis
(Fig. 2g). The untreated PDMS exhibited a flat surface
morphology, whereas the laser treatment induced voids
within the PDMS film. The laser-induced voids have an
average width of ~3.3 um and are spaced ~6.2 um apart,
defining the effective thickness and periodicity of the
embedded SiC grating. This thickness increases with laser
pulse energy—from ~3.3 pm at 0.5 pJ to ~5.6 pum at 1 pJ—
while excessive energy leads to merging of adjacent fea-
tures and loss of grating definition (Fig. S4). The voids
exhibit nanostructured morphologies, which contribute to
the optical modulation properties of the grating. To
evaluate the influence of PDMS curing ratio on laser
writing performance, we tested formulations of 20:1, 10:1,
and 5:1. Cross-sectional SEM images showed similar
feature sizes across all cases, suggesting minimal impact
of curing ratio under the selected processing conditions
(Fig. S5). High-resolution cross-sectional SEM images
confirm the absence of ledge roughness or edge defects
along the grating lines, indicating excellent structural
uniformity (Fig. 2h and Fig. S6). Moreover, energy-
dispersive X-ray spectroscopy (EDS) analysis was con-
ducted to analyze the compositional changes in the PDMS
induced by femtosecond laser direct writing. The EDS
distribution map and line scan of the laser-treated region
are presented in Fig. 2h and Fig. S7. The untreated PDMS
contains approximately 39.29% carbon, 23.77% oxygen,
and 36.94% silicon, whereas the laser-treated region
contains 15.22% carbon, 8.18% oxygen, and 76.6% silicon.
The considerable reduction in the carbon and oxygen
contents suggests the breaking of C—O and C-Si single
bonds during laser processing, which facilitates the for-
mation of SiC. Furthermore, high-resolution transmission
electron microscopy (HRTEM) analysis confirms the
formation of SiC in the laser-treated zone, with a lattice
fringe spacing of 0.244 nm, corresponding to the SiC
crystalline plane (Fig. 2i and Fig. S8). These results
demonstrate that femtosecond laser pyrolysis effectively
converts PDMS into high-quality SiC, enabling the fab-
rication of stretchable internal gratings with excellent
optical properties.

Laser-steering characteristics

The laser-steering capability of the proposed design was
next characterized through the use of dynamic 1D and 2D
cascaded reconfigurable internal SiC transmission grat-
ings. These gratings enable precise control of the laser
beam direction through the adjustment of the diffraction
properties in response to mechanical elongation. A single-
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diffraction principle is used in the 1D laser steering sys-
tem, in which an incident laser beam interacts with one
transmission grating (Fig. 3a). This process is governed by
the equation dsin® = m)\, where d is the grating period, 8
is the diffraction angle, m is the diffraction order, and X is
the laser wavelength. Mechanical stretching dynamically
alters the grating period, resulting in a tunable diffraction
angle. A custom-designed square stretching device (Fig.
S9), consisting of eight moving components clamping the
grating edges and corners, ensures uniform elongation
across the grating. These components were synchro-
nously stretched along straight grooves. Optical micro-
scopy images reveal that the grating period increases from
approximately 10 um to 13.8 um under 38% elongation
and fully recovers to its original value upon stress release
(Fig. 3b). Furthermore, the embedded SiC gratings exhibit
no visible cracking or delamination after repeated
stretching cycles (up to 1000 times at 38% strain),
demonstrating good mechanical stability for reconfigur-
able optical applications (Fig. S10). This tunable and
reversible period enables controlled laser beam steering.
Using a commercial 1550 nm distributed-feedback (DFB)
laser and an infrared CCD camera, the movement of
diffraction spots on a screen was recorded, which con-
firms the dynamic steering capability of the proposed
system (Fig. 3c).

The 1D laser steering performance was evaluated in
terms of the steering angle, diffraction efficiency, and
beam quality (Fig. 3d—f). A linear relationship between
the elongation angle and the steering angle was
observed (Fig. 3d), with the steering angle of the +5th-
order beams reaching ~299 mrad at 38% elongation. The
diffraction efficiency was also investigated by monitor-
ing the variations in the intensities of beams with dif-
ferent diffraction orders (Fig. 3e). The changes in duty
cycle affect the Fourier coefficients of the dielectric
constant distribution in the grating region, leading to
alterations in the energy distribution of diffracted light
spots. When the SiC grating undergoes stretching, the
Poisson’s ratio mismatch between SiC grating fringes
and the PDMS substrate causes smaller deformation in
SiC fringes compared to the PDMS substrate. Conse-
quently, the duty cycle decreases under stretching.
Therefore, the intensity of the m =0 diffraction order
decreases after 10% elongation, while the energy of
other diffraction orders relatively increases. Further-
more, the beam quality of diffraction spots remains
excellent during stretching and recovery. The beam
profiles retain their Gaussian shape, and the energy
distribution remains both uniform and symmetric
(Fig. 3f). The M? factor of the diffracted beams is con-
sistently less than 1.35, indicating high beam quality. In
contrast, surface gratings under similar tensile condi-
tions exhibit random degradation, with reduced beam
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quality (M? > 1.5), due to structural damage (Fig. S11), which maintain beam quality during stretching and
which adversely affects scanning and transmission. enable dynamic beam steering essential for FSOC.

Continuous-wave laser pyrolysis has recently enabled To enable 2D laser steering, a cascaded diffraction
elegant and precise patterning of SiC microstructures on  grating system was developed (Fig. 3g). This system is
PDMS surfaces*'. Here, femtosecond laser pulses are composed of two orthogonal 1D gratings that are inde-
used to generate embedded SiC transmission gratings, pendently tunable, allowing dynamic control of the laser
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beam in both the X and Y directions. The 2D system
operates by synchronizing the stretching of both gratings,
altering the diffraction direction in their respective planes.
This approach effectively increases the steering coverage
and the node capacity in point-to-multipoint FSOC sys-
tems. Additionally, the system has versatile characteristics
for complex communication networks requiring dynamic
steering in multiple directions. As shown in Fig. 3h, dif-
fraction spots are observed in the array when the laser
beam passes through the cascaded diffraction gratings.
Stretching one grating results in the spot shifting along
the corresponding axis, whereas stretching the other
grating results in the spot shifting along the orthogonal
axis. For example, the elongation of grating 1 results in
the spot shifting along the Y-axis, whereas the elongation
of grating 2 results in the spot shifting along the X-axis.
The system’s re-routing speed is determined by the
reconfiguration rate of the SiC grating, which can be
dynamically controlled by adjusting the rotational speed
of the servo motor driving the square-stretching device.
Consequently, for the 2D scanning system, the re-routing
speeds in the X and Y directions can be
independently tuned.

The laser steering performance of the cascaded array
was also characterized on the basis of the changes in the
steering angle, diffraction efficiency, and beam quality
with mechanical elongation. The steering angle linearly
increases with the increase of the elongation in both
directions, reaching a maximum value of ~47.8 mrad at
38% elongation (Fig. 3i). The diffraction intensities for the
(Oth, +1st)-, (+1st, Oth)-, and (+1st, +1st)-order beams
depend on the elongation amount, and the intensity var-
iations were fitted to a predictive surface model (R*> 0.9)
(Fig. 3j and Fig. S12). The transmittance of 2D system
remains >88.5% across 1530—-1570 nm and the attenua-
tion of each order beam is <2% within 0-35% elongation
(Fig. S13). Similar to the 1D system, the beam quality is
excellent in the cascaded system. The M? factor remains
below 1.35, and the diffracted beams retain their Gaussian
profile, ensuring high-quality laser steering in both
dimensions (Fig. 3k). In contrast, under identical tensile
conditions, the use of surface gratings results in the
degradation of beam quality (M® > 5) compared with the
use of the proposed internal SiC gratings (Fig. S14). In
both the 1D and 2D steering experiments, the high beam
quality and stable diffraction performance are attributed
to the internal SiC grating structure and the use of the
square stretching/recovery method. The internal SiC
grating resists distortion caused by inconsistencies
between the upper and lower surfaces during deforma-
tion, maintaining a planar configuration across various
states. Additionally, the square stretching method miti-
gates fringe bending arising from biaxial stretching and
ensures that the proportional geometric dimensions are
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preserved in the irradiated area. Owing to this stability, a
constant angle and phase relationship is maintained
between the incident beam and the grating. The propor-
tional edge variation expands the effective area of the
grating, further enhancing the flexibility and scalability of
the transmitter. These data indicate that dynamic laser
steering can be achieved via elongation. The diffraction
efficiency and polarization evolution of 2D scanning sys-
tems are both independent of the polarization state of the
incident laser (Figs. S15 and S16). This is mainly deter-
mined by two aspects. Firstly, the PDMS substrate used in
the experiment and the generated SiC grid fringes can be
approximately considered isotropic. Secondly, the SiC
fringes and grating periods are both in the micrometer
scale, effectively avoiding the influence of nanostructures
on polarization states.

Point-to-multipoint FSOC construction

The transmission characteristics of the point-to-
multipoint FSOC system in a simulated atmospheric
channel were next evaluated. The experimental setup for
the 1D point-to-multipoint FSOC system is illustrated in
Fig. 4a. A modulated laser beam with a wavelength of
1550 nm, carrying a 10 Gbps signal with a pseudorandom
binary sequence (PRBS) of 2°, was used as the light
source. The laser polarization was adjusted with a polar-
ization controller, and the modulation state was opti-
mized by controlling the bias voltage applied to the
electro-optic modulator. To compensate for insertion loss
during modulation, the optical power was amplified
through a collimator before the beam moved from the
fiber to free-space transmission. After passing through the
stretchable internal SiC transmission grating, the beam
was diffracted into multiple beams, which were trans-
mitted through controllable atmospheric channels, and
the system performance was evaluated.

In the simulated atmospheric channel, various turbu-
lence intensities were simulated by creating convection
between a cooling plate and a heating plate. The turbu-
lence intensity was controlled by adjusting the tempera-
ture difference (AT) between the plates, with the
atmospheric coherence length (rq) inversely proportional
to AT. The relationship between ry and AT is expressed
by the following equation:

ro = 48x (—AT) "% (1)

Thus, the turbulence intensity increases as ro decreases.
After being transmitted through the channel, the dif-
fracted beams were collected with a collimator, converted
back to fiber-based transmission beams, amplified, and
analyzed. The signal quality was analyzed via a bit error
rate (BER) tester and a wide-bandwidth oscilloscope
(WBO).
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Figure 4b—d present the BER results for the Oth to +3rd-
order diffraction beams under various turbulence inten-
sities (1o >30cm, 1.15cm, and 0.66 cm) and an internal
SiC transmission grating elongation of 38%. As AT
increases and ry decreases, the BER increases across all the
diffraction orders. As shown in the results, higher-order
diffraction beams have greater BERs than lower-order
diffraction beams. For instance, at ro=0.66cm and a
received power of —18 dBm, the BER and signal-to-noise
ratio (SNR) of the -3rd-order beam are 9.2 x 10 ® and
12.06 dB, respectively.

To extend the system into two dimensions, a cascaded
2D point-to-multipoint FSOC setup was developed
(Fig. 4e). In this configuration, two perpendicular internal
SiC transmission gratings were employed to achieve

independent control of the diffraction beams in the X-
and Y- directions. When the laser beam passes through
the cascaded gratings, the diffraction spots move along
the X-axis when the first grating is stretched and move
along the Y-axis when the second grating is stretched
(Fig. 4f-h). The BERs for the (Oth, Oth)-, (Oth, +1st)-,
(+1st, Oth)-, and (+1st, +1st)-order diffraction beams
were measured under various turbulence intensities
(ro >30cm, 1.15 cm, and 0.66 cm) with a grating elonga-
tion of 37.8%. Similar to the 1D system, the BER increases
with increasing turbulence intensity, and higher-order
diffraction beams have higher BERs than lower-order
beams. For example, at 7y = 0.66 cm and a received power
of —17 dBm, the BER and SNR of the (+1st, +1st)-order
beam are 7.3 x 10”7 and 10.23 dB, respectively.
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These experimental results highlight that, despite a
slight reduction in the transmission capacity for higher-
order beams, both 1D and 2D high-order diffracted beams
exhibit substantial resistance to atmospheric turbulence
despite significant grating elongation. It should be noted
that, to achieve long-distance atmospheric transmission
during multibeam routing, it is crucial to maintain the SiC
grating’s stretching ratio below a safety threshold. This
safety value is intrinsically linked to the grating’s struc-
tural characteristics, with the designed SiC grating in this
work having a safe stretching ratio of 38%. Exceeding this
limit may cause non-uniform deformation of the grating,
leading to grating lobes in the diffracted optical field and
resulting in additional losses. This robustness underscores
the potential application of these gratings in FSOC net-
works in outdoor environments, enabling extended
transmission distances and stable performance under
dynamic atmospheric conditions.

Outdoor point-to-multipoint atmospheric FSOC
experiments

Outdoor experiments were next conducted to evaluate
the performance of the point-to-multipoint FSOC system.
A schematic diagram of the 1D 1-to-7 link transmission
system was presented in Fig. 5a. The experimental setup
spanned a 225-m real atmospheric link between two
buildings (A and B), with the laser transmission window
located on building A (Fig. 5b). The transmitting end
consisted of a modulated laser source, a transmission
grating, an erbium-doped fiber amplifier, and an align-
ment system (Fig. 5¢). A PRBS was modulated onto a
1550 nm laser beam, which was then amplified by the
erbium-doped fiber amplifier. The amplified beam passed
through the transmission grating, generating a 1D dif-
fracted beam directed toward the receiving end on
building B (Fig. 5d). The steering angle ranges for beams
of different diffraction orders were determined by varying
the elongation of the internal SiC transmission gratings
from O to 37.8%. For the *1st, +2nd, and =*3rd-order
beams, the steering angle ranges were 12.9 mrad, 26 mrad,
and 39.1 mrad, respectively. BER measurements for the
Oth to *3rd-order beams are shown in Fig. 5e—g for
elongations of 0%, 22.7%, and 37.8%, respectively. The
results indicate that as the elongation increases, the BERs
of higher-order beams at the same received power
increase, demonstrating that these beams are more sen-
sitive to stretching than are lower-order beams. For
example, at 37.8% elongation and a received power of
—17 dBm, the BER and SNR for the -3rd-order beam are
5.83 x 1077 and 5.57 dB, respectively.

The system was further extended to a 2D 1-to-9 FSOC
transmission system (Fig. 5h). In this setup, the cascaded
transmission gratings generate and transmit 2D diffracted
beams. These beams are then captured at the receiving
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end (Fig. 5i). Secondary diffraction through the cascaded
gratings enabled the ( + 1st, 1st)-order beam to be freely
scanned within a rectangular area in the 2D X-Y plane by
tuning the elongation of each grating. At 37.8% elonga-
tion, the steering angle range in both the X and Y direc-
tions was 129mrad. In addition to PRBS data
transmission, the system successfully transmitted video
content. Fig. 5j; and Fig. S17 display snapshots at different
timestamps (01:49:00, 10:10:00, and 16:40:00) carried by
the (Oth, Oth)-, (+ 1st, Oth)-, and (+ 1st, +1st)-order
beams. The corresponding audio signals are shown in
Fig. 5j,. The received image and audio quality are con-
sistent across beams of all tested orders, demonstrating
the reliable data transmission capability of the proposed
system. BER measurements for the (Oth, Oth)-, (Oth, +1st)-,
(+ 1st, Oth)-, and ( + 1st, +1st)-order beams are provided
as representative examples (Fig. 5k—n). Similar trends are
observed in the 2D link system compared with those in the
1D link system, with the BERs of higher-order beams
increasing as the grating elongation increases. At 37.8%
elongation and a received power of —16 dBm, the BER and
SNR for the ( + 1st, +1st)-order beam are 2.24 x 107 and
4.97 dB, respectively. Owing to the limited area of building
B, only lower-order diffracted beams are demonstrated to
ensure that all receiving nodes remain within the range of
the system. However, in larger spaces, higher-order beams
can be utilized to increase the number of transmission
nodes and the dynamic range of the system. The system is
characterized by its lightweight and flexible design, which
makes it suitable for use on low-load platforms such as
small unmanned aerial vehicles.

Discussion

This paper introduces a groundbreaking approach to
develop portable point-to-multipoint FSOC networks by
leveraging reconfigurable SiC transmission gratings
directly formed in stretchable PDMS films. These gratings
are fabricated using femtosecond laser technology, and
innovative optical, mechanical, and material techniques are
used to create a system with high transmittance (~91.9% at
1550 nm), dynamic beam steering capability (up to
~299 mrad for 1D systems and ~47.8 mrad for cascaded 2D
systems), and exceptional beam quality. Specifically, at
37.8% elongation and —16dBm power, the BER is
5.83 x 107 for the —3rd-order beam in the 1D configura-
tion and 2.24 x 1077 for the ( + 1st, +1st)-order beam in the
2D configuration, underscoring the scalability and adapt-
ability of the proposed gratings to diverse environmental
conditions. In contrast to rigid SiC gratings fabricated by
lithography and etching on inflexible substrates™***, the
embedded and reconfigurable gratings developed in this
work enable strain-driven beam steering, providing
dynamic tunability that is critical for point-to-multipoint
optical communication. These state-of-the-art capabilities
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are validated in an outdoor experiment involving a 225-m
transmission distance, in which the system reliably trans-
mits Gbps-level data with low BERs, even under elongation
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two orders of magnitude while also incorporating
functionalities such as beam manipulation and multi-
node communication (Extended Data Table 1). As our
solution uses diffraction-based beam steering for mul-
tiple optical beams, the beam divergence angle depends
on both the diffraction order and the grating elongation.
Consequently, the evaluation of transmitter and spatial
losses in our approach differs fundamentally from that
in benchmark fixed-lens systems. We also provide a
detailed comparison of atmospheric optical commu-
nication link penalty evaluation methodologies between
our proposed scheme and benchmark lenses in Exten-
ded Data Table 2, offering critical references for sub-
sequent link design. Our scheme is underpinned by the
lightweight and compact design of the system, which
eliminates the need for bulky mechanical steering
components, which are commonly used in conventional
FSOC systems.

Future work should focus on further enhancing the
capabilities of the system. For example, the diffraction
efficiency at higher orders can be increased through the
use of an incident laser with higher power or a refined
grating design. The dynamic range can be optimized by
tailoring the SiC grating period to align with the motion
characteristics of the receiving targets. To extend the
transmission distance, a laser with higher power, error
correction algorithms and adaptive optics techniques
could be used to mitigate atmospheric attenuation.
Additionally, the transmission rate could be significantly
increased through the use of bandwidth optimization or
multiplexing techniques.

This work establishes a strong foundation for the
development of next-generation FSOC networks, offering
a lightweight, tunable design with advantages such as
flexibility, scalability, and high-speed performance. Its
compact form factor makes it ideal for use on small-scale
platforms such as microsatellites, unmanned aerial vehi-
cles, and compact ground stations, satisfying critical
weight and space constraints. The developed approach
has substantial potential in space—ground and urban
infrastructure applications and paves the way for inno-
vations in long-range, high-capacity atmospheric optical
communication networks.

Materials and methods
Fabrication of the reconfigurable internal SiC gratings
PDMS (Sylgard 184B, Dow Corning) was used. First, an
electronic balance was employed to weigh the materials,
maintaining a PDMS-to-curing agent ratio of 10:1. To
achieve uniform mixing and remove air bubbles, the
mixture was sealed in a test tube and centrifuged at
4000 rpm for 10 min. The resulting mixture was evenly
poured onto a 3cmx3cmx03cm glass slide. The
sample was then cured in an electrothermal dryer at 70 °C
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for 1h, producing a PDMS film with an area of
3 cm x 3 ¢cm and a thickness of 0.893 mm. A femtosecond
laser direct writing technique was subsequently employed
to fabricate a SiC grating line structure within the PDMS
film. The femtosecond laser used for SiC grating forma-
tion was a Pharos system (Light Conversion), operating at
a central wavelength of 1030 nm, with a pulse duration of
280 fs and a repetition rate of 200 kHz. The average out-
put power was maintained at approximately 100 mW,
corresponding to a pulse energy of ~0.5 pJ. Laser pulses
were focused into the PDMS substrate using a 10x
objective lens (NA = 0.25), producing a focal spot radius
of approximately 5 pum. The peak intensity per pulse was
estimated using the equation I = 2E/(nir’t), where E is the
pulse energy, r is the focal spot radius, and t is the pulse
duration. The resulting peak intensity is approximately
2.84x 10" Wem 2, sufficient to induce nonlinear
absorption and localized SiC formation within the PDMS
matrix. The scanning speed is 5mms ' A
10 mm x 10 mm area was processed with a line-to-line
spacing of 10 um.

Material characterization

Photographs were taken using an Olympus TG-3
camera. Transmittance spectra were measured with a
Shimadzu UV-3600 spectrophotometer. CLSM images
were obtained using a 3D measuring laser microscope
(LEXT, Olympus, OLS4100). SEM images were acquired
with a JEOL JSM-7500 field-emission scanning electron
microscope. HRTEM images were captured using an FEI
Tecnai G2 F20 transmission electron microscope.

Molecular dynamics simulations

In the MD simulations, a box with dimensions of
approximately 50 x 50 x 50 A> was created. Then, 10
PDMS polymer chains, each composed of 100 monomers,
were randomly placed into the box. As a result, the system
consisted of 2000 carbon, 6010 hydrogen, 1010 oxygen
and 1000 silicon atoms. Periodic boundary conditions
(PBCs) were imposed in three orthogonal directions to
mimic the boundary conditions of large structures. To
describe the atomic interactions in the PDMS system, the
reactive force field (ReaxFF) potential [https://doi.org/10.
1021/jp306391p] was utilized. Prior to the MD simula-
tions, the as-constructed PDMS system was optimized
according to a local configuration with energy
and force tolerances of 1.0x10 *kcalmol™' and
1.0 x 10 ?kcal (mol A)™, respectively. Then, MD simula-
tions were performed to further relax the samples. The
simulations were performed with 400,000 timesteps at a
temperature of 300K for the thermostatic layer under
NVT (constant number of particles, constant volume, and
constant temperature) conditions, and the temperature
was controlled with a nose-hoover thermostat.
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Subsequently, atoms in a spherical region with a radius of
10 A in the center of the as-created PDMS were heated to
5000 K for 40,000,000 timesteps to investigate the struc-
tural changes. Finally, the as-heated PDMS system was
cooled to 300 K. To better reflect real-world experimental
conditions, in which gas molecules escape from the irra-
diated region, small molecules such as H,O, H,, CO,, and
CO generated during the laser heating process were
artificially removed in the simulation. The motions of the
atoms in the PDMS system followed Newton’s motion,
and the velocity-Verlet algorithm with a timestep of
0.25 fs was applied to integrate Newton’s equations. All
the MD calculations were implemented using the Large-
scale Atomic-Molecular Massively Parallel Simulator
(LAMMPS) software package [https://doi.org/10.1006/
jcph.1995.1039].

Laser steering characterization

Dark-field images were captured using a 1550 nm CCD
camera (Gatherstar, GS-SW6401715-UC-CL). The pow-
ers of the 1D and 2D diffracted beams were measured
with an optical power meter (Thorlabs, S145C). The
quality of the 1D and 2D diffracted beams was assessed
using an M? measurement system (Thorlabs, M2MS-
BP209IR2).

Point-to-multipoint FSOC experiments

Figure 4a shows a schematic diagram of the 1D steering
system tested in an atmospheric transmission channel. A
DFB laser source (CONQUER, KG-DFB9002) operating
at 1550 nm served as the carrier wave, which was
modulated by an electro-optic modulator (EOM, Oclaro,
7910553-B) to encode information. A polarization con-
troller (PC) was used to adjust the laser polarization to
optimize the modulation performance of the system. An
arbitrary waveform generator (Keysight, M8195A, 65
GSas™) was used to produce a 10 Gbps signal with a
voltage of 500 mVpp. To mitigate the insertion loss
caused by the modulator, an erbium-doped fiber amplifier
(EDFA1, Connet, MFAS-EY-C-B) was used to amplify the
optical signal to 20 dBm. A fiber collimator (FC1, F810FC-
1550) was used to change the transmission of the colli-
mated laser beam from the fiber to free space. As the laser
passed through the PDMS grating, multiple diffracted
beams were generated, each carrying digital signals and
directed in different directions. These beams propagated
through a controllable turbulence channel, and the signal
quality under various turbulence intensities was eval-
uated. The diffracted beams were collected with fiber
collimators (FC2, F810FC-1550) and transmitted back to
the optical fibers. A secondary erbium-doped fiber
amplifier (EDFA2, Connet, MFAS-1550-B-FA) was used
to amplify the weak signals, which were detected with
an avalanche photodiode (APD, CONQUER, APD-
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10G22482). Finally, a BER tester (BERT, N10000A,
10 Gbps) and a WBO (Agilent, 86100 C) were employed
to measure the BER and SNR under clock-synchronized
conditions.

Figure 4e presents a schematic diagram of the 2D
steering system tested over an atmospheric transmission
channel. In the transmitting and receiving setups, the
same devices as those employed in the 1D steering and
information transmission system were utilized. In contrast
to the 1D configuration in this experiment, two cascaded
SiC gratings with perpendicular orientations were incor-
porated, which functioned as steering and beam-splitting
elements. When the laser beam passed through the cas-
caded gratings, a 2D array of diffracted beams was gen-
erated. The movement of these beams within the 2D
space was precisely controlled by independently stretch-
ing the two gratings along their respective axes. This
configuration facilitates dynamic and flexible 2D beam
steering, providing increased control and adaptability for
FSOC systems.

At the transmitting end, a PRBS signal and a modulated
beam were generated and output by a Kintex-7-based
field-programmable gate array (FPGA) development
board (XC7K325T-2FFG676I). The SNR of the signal
carried by the diffracted beams was measured using a
WBO, whereas the BER was assessed using the same
FPGA development board. For the outdoor experiment,
the signal was output by the Kintex-7-based FPGA
development board, and the modulated beam was pro-
duced by an optical module (OSX080NO03), as shown in
Fig. S18. The PRBS generated by the FPGA development
board had a length of 215, and the transmission rate was
10 Gbps. Fig. S19 depicts the optical transceiver employed
to transmit a 936 MB video, as illustrated in Fig. 5j. The
video was transmitted from a computer connected to the
RJ45 socket of the transceiver, where it was encoded by
the internal encoding driver of the transceiver. The
encoded information was then modulated onto the laser
beam via a modulation driver. The same optical trans-
ceiver as that employed at the transmitting end was used
at the receiving end. Fig. S20 shows the optical receiving
device used at the receiving end, which is a custom-built
theodolite-type FSOC terminal designed for small plat-
forms. The received beam was captured by a telescope
system and coupled into the optical transceiver.

Experimental method for video transmission

An optical transceiver was used to transmit a 936 MB
video, as shown in Fig. 5j. Fig. S20 presents the structure
of the optical transceiver and a schematic diagram of the
transmission process. The transceiver had a maximum
transmission rate of 1 Gbps and operated at a wavelength
of 1553.96 nm. The video was sent from a computer
connected to the RJ45 socket of the transceiver, where it
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was encoded by the internal encoding driver of the
transceiver. Then, the encoded information was modu-
lated onto the laser beam by the modulation driver. The
same optical transceiver as was used at the transmitting
end was employed at the receiving end. The diffracted
beam carrying the signal was coupled into a fiber using a
fiber collimator and transmitted to the second optical
transceiver, which had a minimum received power
threshold of —25 dBm. Upon entering the transceiver, the
light beam was converted into an electrical signal by a PIN
or an APD detector and subsequently amplified by a
transimpedance amplifier (TIA). The signal was then
processed through a low-pass (LP) and an RF amplitude
limiter (RF AMP limiter) before being further amplified by
a line driver. The amplified electrical signal was demo-
dulated by the demodulator and decoded by the internal
decoding module of the transceiver. Finally, the decoded
signal was transmitted to another computer connected to
the receiving transceiver via the RJ45 socket.
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