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Abstract: To meet the demands of high-speed communication under strong electromagnetic interference, an all-light network (ALN) based on
a multi-band optical communication system is proposed. It is designed for cross-scenario interconnection and networking, covering air, space,
land, and sea. The ALN integrates four types of optical links: underwater blue light communication, white light illumination communication,
solar-blind deep ultraviolet communication, and long-distance laser communication systems. These links are interconnected via Ethernet

performance between network nodes was tested, with a maximum transmission delay of 73.3 ms, a maximum packet loss rate of 6.1%, and a
maximum jitter of 15 ms. This comprehensive all-light network with all-scenario coverage lays the foundation for the future development of

network technologies and the digital economy.
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1 Introduction
n the contemporary field of communications, optical com-
munication, as an emerging and rapidly advancing tech-
nology, is increasingly becoming an integral component of
future communication networks' ~®. Wireless optical com-
munication offers high-speed and low-latency data transmis-
sion and unique advantages in complex and denied environ-
ments as a complementary communication method.

An all-light network (ALN) represents the culmination of
optical communication technologies. It integrates white light
illumination communication (WLC), underwater blue light
communication (BLC), solar-blind deep ultraviolet communi-
cation (DUVC), and long-distance laser communication (LC).
This work focuses on the ALN and aims to develop a highly ef-
ficient optical communication network with multispectral ca-
pabilities and comprehensive scene coverage.

This work was supported by the National Natural Science Foundation of
China under Grant No. U21A20495, Research and Development Program
of China under Grant No. 2022YFE0112000, and Higher Education Disci-
pline Innovation Project under Grant No. D17018.

The authors contributed equally to this work.

Compared to radio frequency (RF) networks, the ALN dem-
onstrates significant performance advantages. Firstly, it offers
excellent anti-interference capability, as optical signals are
unaffected by electromagnetic environments'®. With high di-
rectionality, interference resistance, and enhanced security,
the ALN is particularly suitable for complex or constrained en-
vironments. Secondly, its bandwidth is far superior to that of
RF networks, enabling large-capacity data transmission to
meet the demands of future ultra-high-speed networks. Lastly,
its low latency characteristics make it exceptionally well-
suited for scenarios requiring high real-time performance. Le-
veraging these features, the ALN not only extends the applica-
tion scope of communication networks but also provides a sub-
stantial performance boost to traditional communication meth-
ods. It can be employed in disaster emergency communica-
tions, deep-sea and space communications, and industrial au-
tomation, among other scenarios.

As shown in Fig. 1, there are four main practical applica-
tion scenarios for full-spectrum optical communication: illumi-
nation communication, underwater communication, solar-
blind communication, and long-distance communication. We
develop subsystems for each scenario using light-emitting di-
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BLC: blue light communication

DUVC: deep ultraviolet communication

LC: laser communication

WLC: white light illumination communication

Figure 1. All-light network (ALN) applications spanning air, space,
land and sea

odes (LEDs) or laser diodes (LDs) operating across four dis-
tinct spectral bands. WLC provides efficient data transmission
and serves a dual role in illumination. For instance, WLC be-
tween buoys and lighthouses enables simultaneous information
transmission. Blue and green light exhibit minimal loss in pure
seawater, allowing for long-range data transmission''® '3, BLC
facilitates reliable data transfer in underwater environments,
enabling control of uncrewed underwater vehicles or establish-
ing communication between underwater sensors and buoys.
Due to the ozone layer’s absorption, background noise in the
deep ultraviolet spectrum is extremely low at the Earth’s sur-
face, making DUVC suitable for environments with strong

14 Meanwhile, long-

light or electromagnetic interference
distance LC, with its high-power directed beams, provides ro-
bust support for long-range, high-bandwidth communication,
such as point-to-point communication in space. By using
Ethernet switches (ESes) combined with Wireless Fidelity
(Wi-Fi) technology or optical fiber technology to connect vari-
ous optical communication links, the ALN enables informa-

tion sharing among different network nodes.

2 Experiments and Discussion

In our experiments, we characterized the white LED’s elec-
troluminescence (EL) spectra for WLC using a Keithley
2636B SourceMeter and an Ocean Optics HR4000 spectrom-
eter. A multimode optical fiber with a diameter of 200 wm
was used to collect the light emitted by the white LED un-
der different injection currents and transmit it to the
HR4000 spectrometer. The results are shown in Fig. 2. The
EL spectrum of the white LED exhibits a distinct dual-peak
profile, with the blue emission peak and excitation peak ap-
pearing from left to right. As the injection current increases
from 40 mA to 120 mA, the blue emission peak shifts from
449.1 nm to 448 nm, corresponding to a blue shift of 1.1 nm.
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Figure 2. Electroluminescence spectra variation of white LED in white
light illumination communication with increasing injection currents

Meanwhile, the excitation peak remains stable at 566 nm.

We utilized a Keysight ESO80A network analyzer to pulse
the white LED using an alternating current (AC) signal, gener-
ating a bias voltage through a bias-tee module. The modulated
light was captured by a Hamamatsu C12702-11 photodiode
module and fed back to an Agilent Technologies PNA-
LN5203C network analyzer for 3 dB processing. The results
are shown in Fig. 3a. When the bias voltage increases from
10.5 V to 12 V, the 3 dB bandwidth expands from 0.55 MHz to
1.13 MHz. However, at a bias voltage of 12.5 V, the bandwidth
decreases to 1.02 MHz, likely due to thermal effects in the
white LED during actual operation. Therefore, we selected a
bias voltage of 12 V to achieve a higher communication rate.
This method was also applied to LEDs or LDs operating in
other spectral bands. As shown in Fig. 3b, the 3 dB bandwidth
of the blue LED reaches a maximum of 4.68 MHz under a driv-
ing voltage of 12 V. Fig. 3¢ presents the 3 dB performance
characterization of the green LD device, which achieves a 3 dB
bandwidth of 20.2 MHz at a bias voltage of 6 V, indicating that
the green LD can achieve a higher modulation rate. As shown
in Fig. 3d, the 3 dB bandwidth of the deep-ultraviolet (DUV)
LED reaches 25.2 MHz at an operating voltage of 5.6 V. This
indicates that the DUV LED theoretically achieves the highest
modulation rate among the four types of devices.

We constructed an all-light communication network span-
ning space, air, and ocean using four different spectral bands:
278 nm, 450 nm, 520 nm, and 566 nm, as shown in Fig. 4.
The WLC system is suitable for indoor and outdoor environ-
ments. The underwater BLC system addresses the challenges
of underwater communication. The DUVC system ensures
stable communication under strong illumination conditions,
while the long-distance LC system meets the requirements for
long-range, high-bandwidth communications.

The testing results showed that WLC achieved a communica-
tion rate of at least 2 Mbit/s over a 200 m ground communica-
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Figure 3. (a) 3 dB bandwidth variation of the white LED with increasing offset voltages; (b) 3 dB bandwidth variation of the blue LED with increasing
offset voltages; (c) 3 dB bandwidth variation of the green LD with increasing offset voltages; (d) 3 dB bandwidth variation of the deep-ultraviolet LED
with increasing offset voltages
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Figure 4. Schematic of the proposed all-light network (ALN) framework

tion distance. Underwater conditions featur-
ing an attenuation coefficient of 0.4 dB/m,
BLC supported full-duplex optical communi-
cation over distances of at least 50 m, with a
communication rate of at least 4 Mbit/s.
Both DUVC and LC achieved a communica-
tion rate of 10 Mbit/s, with tested distances
of 10 m and 120 m, respectively.

By integrating multiple technologies, the
ALN system enables flexible configurations
and robust adaptability across diverse environ-
ments. Whether encountering extreme weather
conditions, complex terrains, or specialized ap-
plication scenarios, the ALN system delivers
stable and reliable communication services.

ALN comprises four full-duplex wireless
optical communication links connected in
series through five nodes. These nodes are
formed by ESes, enabling communication
systems operating in different spectral bands
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to establish networks with optical fibers, even in denied envi-
ronments with heavy electromagnetic interference. Devices
such as sensors, cameras, and PCs can access the ALN at any
node through ESes. Additionally, Wi-Fi modules can be inte-
grated into the nodes to provide wireless data access services
for PCs and mobile devices, further expanding the ALN’s con-
nectivity options. The ESes can be expanded to accommodate
multiple devices at the same node. To standardize transmis-
sion, all nodes in the wireless optical communication link use
Registered Jack-45 (RJ45) network interfaces.

All four optical communication links operate in the full-
duplex mode. The demonstration of the signal flow is shown
in Fig. 5. When the underwater network camera captures
video and sends it to Node 1 (N1), the video signal is encoded
into a blue light signal by the BLC transmitter. At the BLC re-
ceiver, the light is filtered through a lens using a narrowband

BLC: blue light communication

DUVC: deep ultraviolet communication

LC: laser communication

WLC: white light illumination communication

Figure 5. Demonstration of signal flow in all-light network (ALN)

Integrated All-Light Network for Air, Space, Land, and Sea

filter with a central wavelength of 450 nm, a half-bandwidth
of 10 nm, and 45% transmittance, isolating the communica-
tion signal from ambient light. Each receiving end of the opti-
cal communication systems in different spectral bands is
equipped with a corresponding narrowband filter. The optical
signal is converted into an electrical signal by an avalanche
photodiode (APD), then decoded by the BLC receiver and
transmitted to N2. Subsequently, the signal is transmitted via
the WLC link using illumination communication with a central
wavelength of 566 nm. The signal at N3 is then transmitted to
the next node via DUVC. Finally, the LC system converts the
signal from N4 into a laser signal, and after transmission
through the laser link, the original video stream is restored.

The full-duplex optical communication system comprises a
transmitter (TX) and a receiver (RX). The schematic diagram
of the transmission and reception principles is shown in Fig. 6.
In the transmission processing chain, a network camera or
other sensor using the Transmission Control Protocol (TCP) is
connected to the ES via an RJ45 interface. The video stream
is then progressively converted into an optical signal. The core
components of the TX are LEDs or LDs operating in different
spectral bands. The direct current (DC) signal is supplied by
an external LM2587 module, while the RF signal is synchro-
nously generated by a transistor-transistor logic (TTL) signal
using on-off keying (OOK) modulation within the field-
programmable gate array (FPGA) main processing unit (Xilinx
Spartan 6). The TTL the
semiconductor field-effect transistor (MOSFET) or bias tee via
the PMD2001D driver. Finally, the modulated optical signal is
emitted by the LED or LD.

The RX utilizes a high-sensitivity APD as the core compo-

signal  drives metal-oxide-

nent in the reception processing chain. The APD receives the
optical signal under high voltage and converts it into a photo-
current. After amplification and filtering, the signal is re-
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Figure 6. Transmission and reception principles of full-duplex optical communication systems
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turned to the FPGA for decoding and de-
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a Wi-Fi module for sharing.
As shown in Fig. 7a, a 20 Mbit/s pseudo-
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to access the LC. After the signal decision
at the RX, the output signal matches the
original transmitted signal. The amplified
analog signal from the first stage of the tran-
simpedance amplifier (TTA) is captured, and
the oscilloscope (Keysight, DSOS604A) gen-
erates the corresponding eye diagram, as depicted in Fig. 7h.
This clear and open eye diagram confirms the accuracy of the
received signal in Fig. 7a. The time and amplitude scales of
the eye diagram are 20 ns and 500 mV, respectively, as shown
in Fig. 7b. This method can also be applied to assess the com-
munication performance of other optical communication sys-
tem links.

In the WLC system, interference from ambient light is a pri-
mary challenge. To address this, we designed a bandpass filter
tailored to the EL spectral peak of the white light LED lamp
beads. This effectively suppresses background light interfer-
ence, ensuring stable signal transmission.

In an underwater BLC system, rapid attenuation of light in
water poses the greatest challenge. To mitigate this, we devel-
oped a specialized optical structure at the transmitter and adopt
a three-window array design. These enhancements improve
light transmission efficiency and signal coverage, significantly
reducing signal attenuation in underwater environments.

For the DUVC system, the low light output efficiency of
DUV LEDs is a major difficulty. To resolve this, we imple-
mented sapphire substrate stripping technology and precise
thinning of nitride films, enabling the production of sub-
micron-level DUV LEDs. These advancements greatly en-
hance light output efficiency. Additionally, sunlight interfer-
ence presents challenges for solar-blind
communication. To address this, we de-

PRBS: pseudo-random binary sequence

Time/pws (b)

(a)

TIA: transimpedance amplifier

Figure 7. (a) 20 Mbit/s PRBS signals from Rx of the system; (b) eye diagram of the analog

signal output from TIA

enhancing communication stability and long-distance trans-
mission capabilities.

Delay, packet loss rate (PLR), and jitter are three key met-
rics for evaluating the performance of an ALN. Delay refers to
the time required for data to travel from one end of the net-
work to the other. Increased delay may lead to stuttering dur-
ing network interactions. PLR represents the proportion of
data packets lost during transmission and reception. An in-
creased PLR results in higher network delay and inefficient
bandwidth utilization. Jitter refers to the inconsistency in
packet delay during transmission, i.e., the arrival time varia-
tions of different data packets. Excessive jitter can disrupt
data flow continuity, thereby compromising the smoothness of
real-time communication.

The ALN contains five nodes. A PC is used as the access-
ing terminal, and a network camera serves as the accessed ter-
minal. The delay measured under 25 different node access
scenarios is shown in Fig. 8a by swapping their connection
points. We used a maximum transmission unit of 1 514 bytes
for testing. Due to the lower transmission rates of the BLC and
WLC, these optical communication links introduced approxi-
mately 30 ms of delay, while the higher-speed DUVC and LC
links resulted in a lower delay of around 6 ms. The same ac-
cess setup was used to test the PLR and jitter of the ALN. As
shown in Fig. 8b, as the number of nodes traversed increases,

signed a 275 nm bandpass filter at the re-
A . . . . ALN accessed node ALN accessed node ALN accessed node
ceiver end, combined with an optical anti- Delay/ms PLR/% Jitter/ms
. . . 1| N2 N4 | N5 1| N2 [ N3 | N4 1| N2| N3 | N4
reflection lens, which strengthened signal re- N N NE|NZ NS | N4 NS N N2|N3 | N4 | NS
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. o . = | N5 [73.1143.2(13.4]7.24[1.02| = | N5 |6.1|45 (2814 0 | ©|N5|15|10] 6 | 3 | 1
come this, we optimized the optical system
preceding the laser, ensuring precise beam (a) (b) (c)

alignment. This reduces the impact of atmo-
spheric turbulence and beam divergence,

ALN: all-light network PLR: packet loss rate

Figure 8. (a) Delay, (b) PLR, and (c) jitter results of five nodes accessing each other
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PLR accumulates steadily, with an average rise of 1.435% per
optical link and a maximum PLR of 6.1%. Fig. 8c shows that
the maximum jitter of 15 ms is measured when N5 accesses
N1. Our testing results confirmed uninterrupted, high-quality
real-time video transmission when the signal traveled along
the longest path in the ALN (from N1 to N5).

3 Conclusions

By establishing an integrated communication network span-
ning space, air, and sea environments, we achieve full-duplex
real-time video communication between network nodes, with a
maximum PLR of 6.1% and transmission delay below 73.3 ms.
The ALN system is designed to enable wireless internet ac-
cess via the TCP/IP protocol. For Internet of Things (IoT) ap-
plications involving multi-terminal and multi-service intercon-
nections, developing ALN-based mobile communication net-
works and integrating advanced modulation techniques to en-
hance network throughput will be crucial.
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