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(a) ECM-12.0 (b) ECM-12.0 w/o CCALF

(d) ECM-12.0

(g) ECM-12.0

CCALF: cross-component adaptive loop filter

(e) ECM-12.0 w/o CCALF

(h) ECM-12.0 w/o CCALF

CCSAO: cross-component sample adaptive offset

(c) ECM-12.0 w/o CCSAO

(f) ECM-12.0 w/o CCSAO

(i) ECM-12.0 w/o CCSAO

ECM: enhanced compression model

Figure 10. Illustration of subjective quality comparison. (a) - (c): BasketballDrill, RA configuration and QP22; (d) - (f): BQMall, RA configuration and
QP22; (g) - (i): MarketPlace, random access configuration and QP32

S Conclusions

Cross-component filters play a crucial role in future
video coding standards. By leveraging the correlation be-
tween luma and chroma components, cross-component fil-
ters can achieve substantial coding performance improve-
ment, leading to the adoption of various video coding stan-
dards such as VVC and AVS3. Compression distortion can
be effectively mitigated, thereby improving the accuracy of
the reconstructed pixel. Nevertheless, the philosophy of cur-
rent cross-component filters primarily emphasizes utilizing
luma information to refine chroma pixels, which neglects
the potential impact of chroma information on luma pixels
and the correlation between two chroma components. In
some scenarios, the chroma texture information and edge
details can also contribute to correcting luma inaccuracies.
Therefore, cross-component filters still have the potential to
achieve substantial performance improvement by delving
into the filtering manner and relationship among different

channels.
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Abstract: A monolithic integration of the light emitting diode (LED) and photodetector (PD) based on Ill-nitride is designed and fabricated
on a sapphire substrate to act as a transceiver. Due to the coexistence of light emission and detection phenomenon of the multi-quantum
well (MQW) structure, the monolithic transceiver can effectively sense environmental changes. By integrating a deformable Polydimethylsi-
loxane (PDMS) film on the transceiver chip, external force variation can be effectively detected. As the thickness of the PDMS reduces, the
sensitivity significantly improves but at the expense of the measuring range. A sensitivity of 2.968 3% per newton for a range of 0-11 N is
obtained when a 2 mm-thick PDMS film is packaged. The proposed monolithic GaN transceiver-based sensing system has the advantages

of compactness, low cost, and simple assembly, providing an optional method for practical applications.
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1 Introduction
iniaturized force sensors have attracted a lot of at-
tention in structural health monitoring" %, human
motion measurement”, and rail transit monitor-
ing!*. To date, different kinds of force sensors have
been reported such as piezoelectricity, capacitance, and op-

tics %

. Compared with electric-based methods, optical sen-
sors have advantages in immunity to electromagnetic interfer-
ence, fast response and high stability. In terms of optical
means, using all-fiber structures as the sensing unit is the
most popular strategy. A variety of fiber sensing structures
have been developed for force sensing including Mach-
Zehnder interferometer'’ %, fiber Bragg grating'”® '*!, Fabry-
Perot 13716 ete.  Although the wavelength

interrogation-based sensing mechanism has the merits of high

interferometer’

sensitivity, fast response, and high stability, the system is usu-
ally composed of a light source and a spectrometer, which is
bulky and complicated to assemble. To miniaturize the system
configuration, the integration of the light source, sensing unit

This work was supported by the National Key Research and Development
Program under Grant No. 2024YFE0204700, Natural Science Foundation
of Jiangsu Province under Grant No. BG2024023, and Higher Education
Discipline Innovation Project under Grant No. D17018.
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and the detector is highly desired.

Recently, GaN and its alloy have been widely used in illu-

[17] [19]

, power electronics!"®!, display"®!, and optical com-

[20 - 22

mination
munications ! because of their long lifespan, fast re-
sponse and good optoelectronic properties. Thanks to the
ability of light emission and detection of the multi-quantum
well (MQW) diode, many GaN-based monolithic devices
have been proposed and demonstrated for angle, humidity,
pressure, and liquid concentration measurement™ %, To
measure the pressure, microdome-patterned polydimethylsi-
loxane (PDMS) film and sponges are normally used as the re-
flection boundary to modulate the reflected light”” **\. How-
ever, the common problem facing these microstructure-based
PDMS sensing units is that the preparation is relatively com-
plex, and it is difficult to accurately control the shape and
distribution of the microstructures.

In this work, a compact design of a GaN optoelectric chip
with an Al reflection layer coated PDMS structure for force
sensing is proposed. The chip-scale GaN device is composed
of a light emitting diode (LED) and a photodetector (PD),
which are monolithically integrated on a single wafer, acting
as the light emitter and the detector, respectively. The Al-
coated PDMS sensing unit is packaged with a gap of 2 mm to
the chip. When a force is applied to the surface of the PDMS



structure, the distance between the Al reflection film and the
GaN chip changes, which in turn alters the amount of re-
flected light from the Al film and, consequently, the light re-
ceived by the PD changes. In this way, the impact force can
be effectively detected.

2 GaN-Based Device Design and Fabrication

The schematic diagram of the force sensor is presented in
Fig. la, which integrates a GaN device with an Al-coated
PDMS film. The manufacturing process of the sensing device
begins with the mold pouring, using 3D printing to fabricate
the molds with controllable thicknesses. The PDMS gel is pre-
pared by mixing the prepolymer and curing agent in a 10:1 ra-
tio, followed by a vacuum processing to eliminate air bubbles.
Then the mixture is poured into the printed molds and placed
into a heating furnace for 40 min with a curing temperature of
80 °C. After curing, the PDMS film is peeled off from the
molds and then attached with a piece of Al reflection mem-
brane in the center. The GaN device is fabricated on a 4-inch
GaN wafer, which consists of c-plane sapphire substrates,
3.5 wm thick undoped GaN, 2.2 pwm thick Si-doped GaN (n-
GaN), 400 nm thick MQW and 0.25 pwm thick Mg-doped
GaN (p-GaN) from the bottom to the top. To fabricate the
GaN device, a 230 nm thick transparent indium tin oxide
(ITO) current spreading layer is deposited over p-GaN as a p-
contact layer. Two circular regions of a diameter of 210 pm
are defined as the active regions of LED and PD by photoli-
thography, and the unmasked areas are etched to the n-GaN
surface by inductively coupled plasma (ICP) etching. Subse-
quently, a deep etching to the sapphire substrate is then per-
formed to realize the device isolation between LED and PD. A
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1 pm thick Si0O, is deposited to form the electrical isolation,
and then a window is opened, followed by the deposition of Ni/
AVTi/PUTi/Pt/Au/Ti/Pt/Ti metal stacks on the n-GaN and ITO
surfaces. The physical encapsulation of the sensor is dis-
played in Fig. 1b, which consists of an optoelectronic chip
fixed on a printed circuit board (PCB) and a PDMS film. A ma-
nometer is mounted on a linear moving stage and moves axi-
ally towards the sensor. As the impact force increases, a larger
PDMS deformation directs more light to the PD, thus establish-
ing a relationship between force and photocurrent.

3 Results and Discussion

The electrical and optical characteristics of the device are
measured. The current-voltage (I-V) characteristic curve of
the LED is presented in Fig. 2a. The turn-on voltage of the
device is about 2.2 V, and the inset graph shows the relation-
ship between the output optical power of the LED and the in-
jection current. As shown in Fig. 2b, without illumination,
the produced photocurrent level is from 107" A to 107 A. As
the current starts at 10 mA, the photocurrent level increases
dramatically to the order of 107 A. Fig. 2¢ illustrates a linear
relationship between the PD’ s photocurrent response and
the LED biased currents. To characterize the MQW diode’ s
transceiver capability, the electroluminescence (EL) spec-
trum of the LED and the response spectrum (RS) of the photo-
detector are tested, as shown in Fig. 2d. The overlapping re-
gions near 480 nm confirm that the MQW diode can detect
light emitted by another MQW diode of the same structure.

To verify the detection ability of the MQW diode, proximity
sensing is performed to estimate the distance-dependent pho-
tocurrent response. A piece of Al film is placed in front of the

(a)

PDMS —

(b) l Impact
PDMS
4 ——_ !

Power source

O
9

PDMS
i 1

Semiconductor

analyzer

Al film

Sapphire

LED

parameter
~a

pokd

" Sourcemeter

LED: light emitting diode

PCB: printed circuit board

PD: photodetector ~ PDMS: polydimethylsiloxane

Figure 1. (a) Schematic diagram of the sensor; (b) microphotographs of the physical encapsulation: three kinds of packaged PDMS structures with a
thickness of (c) 2.04 mm, (d) 3.59 mm and (e) 4.76 mm, respectively; (f) optical images of the device; (g) LED with biased current at 10 mA;
(h) diagram of the experimental setup
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injection currents of LED; (c) Photocurrent response of PD under different currents of LED; (d) RS spectra of PD and the electroluminescence

transceiver chip and moves continu-
ously relative to it. Fig. 3a shows the
photocurrent response of the on-chip PD
when the distance between the Al film
and the transceiver changes from 0 to 12
mm with a step of 2 mm. From the given
photocurrent response, it resembles a
step-like response curve and exhibits a
distinguished detection ability over a
wide range, especially at the distance
within 2.4 mm. These results suggest
that the distance should be optimized
around 2 mm to achieve a good sensitiv-
ity. Subsequently, the photocurrent re-
sponse at a spacing distance of 2 mm
and a step of 200 wm is studied, as plot-
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Figure 3. Photocurrent response measured under Al foil moving from (a) 0 to 12 mm, and (b) 0 to 2 mm

In addition to the proximity measurements, a communica-

ted in Fig. 3b, showing a significant change in photocurrent tion performance test of the MQW diode is also carried out to

at each step.
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verify the PD’ s ability to detect transient signal change. The



pseudo-random binary sequence (PRBS) data applied to the
external light source are generated with a Keysight 33600A se-
ries waveform generator. The measured voltages of the PD with
a 1 MQ oscilloscope under incident PRBS data of 100 bit/s,
200 bit/s, 500 bit/s, and 1 000 bit/s are presented in Figs. 4a -
4d, respectively. The received response rate can easily reach
1 000 bit/s without serious signal distortion. The measured
fast response rate indicates that the PD can guarantee suffi-
cient resolution for detecting the instantaneous impact signal.

The photocurrent responses of PDMS samples with varying
thicknesses under different forces are tested, as illustrated in
Fig. 5. The green, blue and red curves represent PDMS with
thicknesses of 2.04 mm, 3.59 mm and 4.76 mm, defined as
Samples #1, #2, and #3. For Sample #1, it can respond to
impact forces in the range of 0 — 11 N, and the instantaneous
photocurrent responses at 3.8 N, 7.3 N and 11 N are re-
corded and plotted. From the given response curves, a better
signal-to-noise ratio (SNR) of the photocurrent response is
observed at a larger impact force. At a small force of 3.8 N, a
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jitter of the baseline is observed, which is caused by the lim-
ited PDMS deformation, leading to a small varying photocur-
rent and a small SNR. When the external force increases to
7.3 N and 11 N, as shown in Figs. 5b and 5S¢, a smooth photo-
current baseline appears and a better photocurrent response
can be seen. Similarly, for Sample #2, as depicted in Figs.
5d, Se, and 5f, the detectable impact force is larger than that
of Sample #1, ranging from 12.5 N to 20.5 N, as the sample
thickness increases. Sample #3 has a maximum detection
ability of 35 N. However, the detection sensitivity is limited
due to the relatively thick PDMS.

The stability test for Sample #1 under an 11 N impact force
is shown in Fig. 6a. It shows a consistent photocurrent change
of approximately 250 nA over 2 000 s, with the photocurrent
profile remaining stable throughout the cycle. Fig. 6b depicts
the relative photocurrent response to the impact force and the
corresponding data for these three samples. The relative photo-
current is defined as Al/l, where I is the initial photocurrent
and Al is the varying photocurrent caused by the impact.
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Figure 4. Measured voltages of the PD under incident PRBS data rates of (a) 100 bit/s, (b) 200 bit/s, (c) 500 bit/s, and (d) 1 000 bit/s
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Figure 5. Photocurrent response for Sample #1 under impact forces of (a) 3.8 N, (b) 7.3 N, and (c) 11 N; for Sample #2 under impact forces of
(d) 12.5N, (e) 17 N, and (f) 20.5 N; for Sample #3 under impact forces of (g) 23 N, (h) 32 N, and (i) 35 N

Sample 2 exhibits a medium sensitiv-

ity with a slope of 2.576 3 per newton,
while Sample 3, the thickest one, has
the lowest sensitivity with a slope of
1.488 3 per newton. Despite the differ-
ence in sample thicknesses, the dis-

Photocurrent/p.A

tance between the Al reflector and the

chip is set to the same spacing, result-

500 1 000 1500 2 000
Time/s Pressure/N

(a) (b)

ing in the maximum relative photocur-
rents for all three samples keeping
around 20%. The above results reveal
Figure 6. (a) Long-time photocurrent monitor of the sensor with Sample #1; (b) relative that the detection range for impact
photocurrent response of the sensors as functions of impact forces force can be arbitrarily tailored by se-

lecting PDMS membranes of different

From the data fitting, Sample #1, the thinnest one, has the thicknesses. In addition, as the thickness of the film in-
highest sensitivity with a slope of 2.968 3% per newton. creases, the ability to detect the magnitude of the force in-
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Table 1. Performance comparison with other force sensors

Method Linear Range Sensitivity Structure Size
4X4 sensor arra
L 5161 _ y
Piezoelectric 02-14N 1.2 VIN (each one: 6x6 mm?)
Capacitive!”! 0.1-IN 0.42 V/N 122x70 mm?
Capacitive'®! 05-2N N/A 3%0.6x20 mm®
Capacitive' 0-9N 2.8% per newton 22x22x2 mm’
Fabry-P
FabryPerot o154 pN 0221 pmi/pN 20 - 40 mm
interferometer
Optoelectronic®' 0 - 40 kPa 0.2 kPa™ 50%50 mm?
Current work 0-35N 2.96% per newton  2.7x1.8x0.2 mm*

creases, but the sensitivity decreases. The performance com-
parisons with other force sensors are summarized in Table 1.
The detection range and sensitivity of our current method are
comparable to those of piezoelectric and capacitive-based sen-
sors. Notably, the monolithic integration design of our pro-
posed force sensor not only reduces its size to the millimeter
scale but also offers advantages in large-scale production and
high-density deployment.

4 Conclusions

In summary, a miniature GaN-based impact force sensor is
proposed and demonstrated. With a piece of Al attached
PDMS film as the force-sensitive unit, deformation of the
PDMS induced by the external impact is transformed into the
photocurrent changes produced by the transceiver chip. Three
PDMS films with different thicknesses are packaged with the
transceiver chip to construct impact sensors, and their sensing
performances are thoroughly studied. The thickness of PDMS
greatly influences the force sensitivity and measurable range.
A thin PDMS film is ideal for a low-force and high-sensitivity
testing requirement, while a thicker one is better suited for a
larger force measurement.
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1 Introduction

he 6G mobile communication system!"

will introduce
new application scenarios including immersive cloud ex-
tended reality (XR), holographic communication, sensory
interconnection, etc. As a result, extremely high trans-
mission metrics have been proposed, including Terabit per sec-
ond level throughput, microsecond level time delay, 107 per
square kilometer connection density, and 99.999 9% block error
rates (BLERs). The increased number of devices in the network
presents a series of challenges for a smaller coverage area of a
single base station operated at higher frequency bands. Interfer-
ence at cell boundaries and frequent switching can result in poor
service quality and high deployment costs. Fortunately, cell-free
architecture can serve as a potential solution to these problems.
Fig. 1 shows a typical cell-free architecture™, which consists
of a central processing unit (CPU) and a large number of distrib-
uted access points (APs) that serve a small amount of user equip-
ment (UE). Each AP is connected to the CPU through a fron-
thaul link and sends the data received from the users in the up-

link to the CPU. The CPU transmits the downlink data and

This work was supported in part by National Natural Science Foundation
of China under Grant No. 62171474.

power control parameters to the APs. Due to the short distance
between AP and UE, the system can achieve high spatial macro-
diversity gain and reduce the path loss.

In the early studies’® " on cell-free networks, the concept of

(D)

-7 AP

AP AP

AP: access point
CPU: central processing unit

UE: user equipment

Figure 1. Architecture of cell-free multiple-input multiple-output
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max-min fairness was emphasized, and it was assumed that all
APs would provide almost uniform high-quality services to all
UE, which would inevitably increase the CPU signal processing
complexity and fronthaul overhead. To address this issue, the au-
thors of Ref. [8] proposed a user-centric virtual cell approach to
cell-free massive multiple-input multiple-output (MIMO), where
each user is served by a limited number of APs, but using a
complex approach. In a user-centric cell-free system, how to as-
sign APs to each user, that is AP clustering, and simultaneously
perform the beamforming task is the key to improving network
performance. A new distributed and scalable algorithm® for a
user-centric approach in cell-free large-scale MIMO systems is
proposed, which jointly addresses initial access, pilot assign-
ment, cooperation cluster formation, precoding, and combining
issues. Better results were obtained compared with regularized
zero-forcing (RZF), but the issues were individually considered.
The authors of Ref. [10] proposed an AP selection algorithm that
combines initial access and pilot selection with a complex algo-
rithm. In Ref. [11], a new framework was proposed for the struc-
tured massive access in cell-free massive MIMO systems, which
comprises one initial access algorithm, a partial large-scale fad-
ing decoding (P-LSFD) strategy, two pilot assignment schemes,
and one fractional power control policy. New closed-form spec-
tral efficiency (SE) expressions with maximum ratio (MR) were
also obtained. The authors of Ref. [12] proposed a joint power al-
location and AP selection algorithm, which selected AP through
continuous convex optimization. The simulation results showed
that the algorithm had significant energy savings, but at the cost
of high computational complexity.

Recently, graph neural networks (GNNs) have also been ap-
plied in wireless networks'™™. The authors of Ref. [14] proposed
an AP selection algorithm based on GNN, which can predict the
connection between UE and APs. However, when the number of
APs is large, the prediction accuracy decreases. Ref. [15] con-
sidered the joint user scheduling and beamforming optimization
algorithm based on the GNN algorithm, but it was limited to the
downlink system.

Under the premise of considering the maximum linked APs
for a single user device, this paper studies and solves the prob-
lem of joint optimization of cell-free uplink AP clustering and
combining based on historical data and GNN. The main contri-
butions are summarized as follows:

* Aiming to maximize the system rate while considering the
maximum active AP number for a user device, this paper con-
structs a joint optimization model of cell-free uplink AP cluster-
ing and combining;

* An intelligent optimization algorithm based on GNN, in-
cluding problem transformation, two loops of iterative process,
etc., is designed to solve the above joint optimization problems;

* Experiment results show that the proposed algorithm
has competitive advantages in performance and computa-
tional efficiency compared with the traditional clustering
optimization ideas.

-|O4 ZTE COMMUNICATIONS
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2 System Model

We consider an uplink cell-free system with B APs and K us-
ers, where each AP is equipped with /N, antennas, while each
user has a single antenna. The K users are randomly distributed,
and the channel coefficient vector between the b-th AP and the
k-th user is denoted as
h,, e c" ' bell,--,B},ke{l,-K). w,, € CV" is the
corresponding combining beam vector. The transmitting power
of the k-th user is p,e C'"'. The stacked combining beam vector
and channel coefficient vector of the k-th user could be respec-

.
. [T ... BN,*1 _
tively denoted as w, = [wli,{, ,wB.,(:| e C™, ” w, ” =1 and

T J k . * .
h, = |:h]T’,~_,---, h,T-,,’k:| e C"™"'. Assuming that x, € C'"" is the up-
link transmitting signal of the [-th user, the received signal
could be denoted as follows.

K
y= zplh’lxl tn (1),
=

where n e C*™*' is the complex additive white Gaussian
noise with zero mean value and variance o>. For convenience,
let h, = h,/o (channel estimation is another topic in wireless
networks!').

As shown in Fig. 2, several AP clusters are formed in an up-
link cell-free network, in which each user is served by various
APs, and one AP may link various users. Here, an auxiliary vari-
able u,, € {0,1} is introduced to represent the link status be-
tween the b-th AP and the k-th user. u,, = 1 means that the b-th

AP serves the k-th user, otherwise not. Then, we have

X, = i}fy (2),

where

O Cluster @ User

---» Signal from AP to CPU

—> Uplink from UE to AP

AP: access point

UE: user equipment
CPU: central processing unit

Figure 2. Joint AP clustering and beamforming for uplink cell-free networks
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ﬁ)k = kak (3)7
wipdy oy, oo 0
Q,= : : (4).
0 uB,kI/\*lxN,

Thus, the signal-to-noise-ratio (SINR) of the k-th user is for-
mulated as follows:

R
INR, = —*
SINR, I, +1 )
B _ 2
where R, =p, zull,k’kahb,k‘ and I, =
B < L b :21
z Uy z Pt‘ wb,khb,l‘
b=1 =TIk

In this work, the joint optimization problem of uplink cluster-
ing and combining design is considered, which is formulated as :

P1: max 2

U e (12,0.K )

st.Cl: > w, <NVYke{l- K}
b={T-B) (6).

€2 w |, = LYk < {1.+-K)
C3:u,, €{0,1}).Ybef{l,.--.B} . ke{l,.K)

log(1 + SINR,)

In the above problem, constraint C1 assumes that the maxi-
mum number of linked APs for each user is N, where N < B.
Constraint €3 specifies that there are only two states between
the user and each AP, i.e., linked and non-linked. Constraint C2
ensures that the beam vectors are normalized. It is noted that P1
is a non-convex integer programming problem, which is difficult
to solve directly. Inspired by the experimental result that GNN
outperforms convolutional neural networks in handling wireless
network topology information in Ref. [15], we adopt GNN to ac-
complish the above task in the following section.

3 Optimization Method

3.1 Problem Transformation
To simplify the integer programming problem, constraint C3
is first equivalently transformed into the following form:

C4:0<u,, <1,¥be{l, B} ke{lK) 7).

C5: 2 (ub.k - ub’kz) <0 (8).

bell-B}kell- K}

Introducing the nonconvex constraint C5 into the objective
function of P1 using a Lagrange multiplier u, the original prob-
lem P1 is transformed into the following max-min problem P2.

P2: max min -

Mo Uy Wy

log (1 + SINR,) +

kelizK)
> 2
MX ¢ z (ub,k T U ) ©),
befl, B} ke{l- K}

s.t. C1,02,C4

where x7.(a) = max(@,0) is a penalty function to measure the
violation degree of constraint C5, which adopts an element-wise
operation form. In Problem P2, constraints C1 and C4 are con-
vex, and objective function is nonconvex with a complex form.
To solve this problem, a two-loop iterative approach is designed.
In the outer loop, u,, and w, are fixed, and we update p using
the formula:

K=+ e X (ub,k - ub,kz) (10),

befl, B} ke{l-K)

where &, represents the step size. In the inner loop, w is fixed,

and we aim at obtaining u,, and w, by solving the following

problem.
P3:vA min( - z log (1 + SINR,) +
Hea 0k ke{l2 K}
(11),
MX ¢ z (ub,k - ub.k2))
be{l,-,B}ke(l- K}

s.t. C1,C2,C4

To solve Problem P3, w, could be estimated with the mini-
mum mean square error (MMSE) approach as follows.

-1
(1 . zp,;;,;;,ff) 3
w*k — leK (12)7

-1
(I+ > pihyh, ) h,

ek

=

where i:Lk = Q,h,. Then, given w,, we solve Problem P2 using

GNN to obtain u,.

3.2 Intelligent Optimization Framework

In this section, an intelligent optimization framework using
GNN is proposed to solve Problem P2. As shown in Fig. 3, the
framework consists of inner and outer loops. In the outer loop,
u,, and w, are fixed, and we update p using Eq. (10). In the in-
ner loop, u,, is first fixed and we obtain w, using Eq. (12). Then,
w, is fixed and a GNN based approach is designed to obtain u,,
in the inner loop. Four parts comprise the inner loop. Specifi-
cally, the graph representation layer builds a graph that can be
applied for subsequent processing; the graph convolution neural
network (GCN) layer extracts features from the constructed
graph, and outputs optimal u,;; the projection layer projects the
output results into the feasible region to meet constraints C1 and
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v

Graph representation

I Gruph convolution

’ Projection layer ‘ ’ Solve w ‘ ’Updatey,‘

Figure 3. Intelligent iterative optimization framework

C4; the loss function layer calculates the loss of the network.
These parts are discussed in detail in the following sections.

3.3 Knowledge Graph Representation

The foundation for using GNNs in wireless communication
networks is to model the network as a graph, where nodes and
edges are assigned feature information. This graph can then
be processed by GCN"® "I, The key step in constructing a
knowledge graph representation is to define the triples in wire-
less networks, which consist of head entities, tail entities, and
their relationships.

The knowledge graph can be denoted as G = (V,E), where
V is the set of nodes and E is the set of edges. In the paper,
the communication links between APs and users are re-
garded as nodes, while the interference links between users
are regarded as edges. The features of nodes and edges are
characterized by channel vectors and other state information,
as shown in Fig. 4. Specifically, for the i-th node v, € V, its
node feature is defined as «, =

(|B | [ Bl h |) € €10 and

Jove,
the edge feature of e; = (vi,vj) ek is

defined as e;; = ‘Ef{ﬁj‘ eC™,jeN,

3.4 Structure of GCN

Fig. 5 shows the structure of GCN, which comprises mes-
sage generation, message aggregation, and node updating. In-
spired by Ref. [18], we update the rule of the i-th node in
layer [ as follows.

g = (;({M;”(B](.l' Ve ). /\/})

(13).
g = T‘g”(ﬁ(il' D x, Fnorm(xi,gf”)),i eV

In Eq. (13), M‘(,Z) (+) is a message generation function, T((,l) is an
updating function, and they are realized using different deep
neural networks. G(-) is a message aggregation function and it is
information of nodes.

applied to aggregate

B A [u:_i,pi} e R®"! represents the input vector of the i-th
node in the I-th layer GCN. F () is applied to normalized g'"

with the following form:

0
Fro#08?) = | %, ||2”j;)”,i e V. (14).
tolla

~
LR

y »
.
’ ,’ UE T
g v Y
i N Y
e, ,=e ’ N N
1271 . _
' -~ N 61,3700
i CO
st ~
’ .
\
/' ‘

%,

€37,

UE: user equipment

Figure 4. Knowledge graph representation of uplink transmission

where (vi,v/) € E means the edges of N @ » Layerl > Lager2 > Pr()[];;:;on
nodes v, and v, and NV, is the set of ad- —
jacent nodes of v From the definition, e e N
— Ll .
we can see that a node represents the e e
communication link between a user i . ey,
) P i e e e i S A1y
and an AP, while an edge represents o I
p-v Message Message |
the interference link between users. In _:" generation aggregation Node update |
> ~
the inner iteration process, we initial- G(V.E) | < > < > |
’ oo AGG() 7 () :

ize the constructed graph G and the ob-
jective solution u,,, and then use them
as the input to GNN.
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Figure 5. Structure of the proposed graph neural network
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3.5 Projection Layer

GNN could obtain u,, from optimizing P3 in the above sub-
sections, without considering the convex constraint C1 or C4. In
this section, an individual projection layer is considered for post-
processing u,, to satisfy constraints C1 and C4. A projection op-
erator is designed as shown in Eq. (15). It can be easily found
that u,, takes values in the interval [0, 1] (Constraint C4), and
its summation value is less than N (Constraint C1).

. N
0,85, = w,,' (15),

!
max z w,, N

b={1,-.B}

where u, " = min(max {1,,,0} ,1).

4 Experiment

4.1 Parameter Settings

This section reports simulated experimental results using the
proposed algorithm. In the experiment, users are randomly dis-
tributed and they share the same noise variance, namely, o; =
o* Yk e{l1,--K). The radius of the cell is 300 m, and the
minimum distance between the user and AP is 200 m. The

signal-to-noise ratio (SNR) of the AP is designed as SNR =
P

10log(—; ) dB. Updating the step size of &, is 1 X 107°. The
o

maximum iteration epoch is 200, and the iteration stopping
threshold is 1 X 107, An Adam optimizer is adopted, and the
learning rate is 1 X 107*. The Monte Carlo method is used and
the average sum rate is the final value. Besides the proposed al-
gorithm, two approaches are also applied as the baselines. In
Baseline 1, for each user, N APs with the optimal channels will
be chosen as a cluster. In Baseline 2, all APs will be applied to
serve all users.

4.2 Experiment Results

1) Experiment 1: small-scale experiment results

In the small-scale experiment, experiment simulation param-
eters are shown in Table 1.

In Tables 2 and 3, Baseline 2 applies all seven APs to serve
users, thus obtaining the optimal results. In contrast, Baseline 1
selects the four APs with the best channel condition for one
user, resulting in a performance loss of less than 2% while re-
ducing linked APs. Moreover, fewer APs are linked using the
proposed algorithm, with a performance loss of less than 7%
compared with Baseline 1.

2) Experiment 2: large-scale experiment results

In the large-scale experiment, AP number B is 21, user num-
ber K is 10, and the maximum linked AP number N is 2. Other
simulation parameters are the same as in Table 1.

In the large-scale experiment, all 21 APs are applied to serve

Table 1. Default experiment simulation parameters

Default System Parameter Value
AP number, B 7
Antenna number of AP, N, 4
User number, K 3
Antenna number of user 1

SNR/dB 0, 10,20
Transmitting power of UE, p, 1w

Training number 20 000

Testing number 2 000
Maximum link AP number of UE, N 4
Noise variance, o 1

AP: access point  SNR: signal-to-noise ratio  UE: use equipment

Table 2. Average sum rate in Experiment 1

SRER TR Gt i)
N=4 0 42799 45853 4.6137
10 20.344 5 21.088 6 21.398 4
20 40.108 5 41.1822 412563

SNR: signal-to-noise ratio

Table 3. Average linked access point number in Experiment 1

SNR/dB Proposed Baseline 1 Baseline 2
0 3.039 4 7
N=4
10 3.055 4 7
20 3.045 4 7

SNR: signal-to-noise ratio

10 users for Baseline 2, which brings the best sum rate perfor-
mance. Baseline 1 chooses 2 APs for each user device, and it ob-
tains about 5% performance loss when SNR is 20 dB, but the
performance loss increases if SNR is O dB. The proposed
method tends to apply fewer APs to serve UE, but at the cost of
about 5% performance loss compared with Baseline 1.

4.3 Computational Complexity

In Tables 4 and 5, the average sum rate and average linked
access point are respectively listed. The computational com-
plexity of the proposed algorithm, and Baselines 1 and 2 are
shown in Table 6. The results show that the proposed method
has competitive computational complexity compared with
Baselines 1 and 2. In small-scale networks, the computational
complexity of the proposed method is about 80% and 72% of
Baselines 1 and 2, respectively. The advantage increases in
large-scale networks, and the ratios are about 52% and 42%.

S Conclusions

This paper proposes an intelligent optimization algorithm
based on GNNs to solve the joint optimization problem of AP
clustering and beamforming in uplink massive cell-free net-
works. We first construct an optimization model with the goal of
maximizing the system’ s sum rate, and solve it under the con-
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Table 4. Average sum rate in Experiment 2

Proposed/ Baseline 1/ Baseline 2/

SNR/dB

(bit*s™+Hz™")  (bit*s'+Hz')  (bit*s'+Hz ")
N=2 0 5.065 7 55356 7.1167
10 40.438 0 42.8323 47.3540
20 99.548 2 105.068 7 110.738 1

SNR: signal-to-noise ratio

Table 5. Average linked access point number in Experiment 2

SNR/dB Proposed Baseline 1 Baseline 2
0 1.428 2 21
N=2
10 1.241 2 21
20 1.225 2 21
SNR: signal-to-noise ratio
Table 6. Comparison of computational complexity
Algorithms Experiments Proposed  Baseline I  Baseline 2
Experiment 1 76 512 95 296 106 624
Computational complexity
Experiment 2 1249600 2404736 2935296

straint of considering the maximum number of APs linked with a
single user. This paper transforms the wireless network resource
optimization problem into a graph optimization problem and le-
verages GNN to solve it. Simulation experiments show that the
proposed algorithm allocates fewer APs to serve a single user
than traditional methods at the cost of a small performance loss.
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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
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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.

-l -IO ZTE COMMUNICATIONS
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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

Blue LED -------- > APD
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WLC
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DUVC
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Green LED - > APD
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APD: avalanche photodiode

BLC: blue light communication

DUV: deep ultraviolet

DUVC: deep ultraviolet communication

LC: laser communication
LED: light-emitting diode

WLC: white light illumination communication

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-

Ethernet
ES transceiver RS encoder Modulation Tx control M(.)SFET/
(RJ45) Bias tee

Transmitter processing flow

DC power sup-
ply

Ethernet
transceiver

(RJ45)

ak

Receiver processing flow

APD: avalanche photodiode
DC: direct current
ES: Ethernet switch

LD: laser diode
LED: light-emitting diode

H Demodulation H RS decoder H Rx control F Receic\;iirig cir-
) N

MOSFET: metal-oxide-semiconductor field-effect transistor

arrowband |

High voltage filter

RS: Reed-Solomon
Rx: receiver

Tx: transmitter

Figure 6. Transmission and reception principles of full-duplex optical communication systems

ZTE COMMUNICATIONS
June 2025 Vol. 23 No. 2

12 |



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

turned to the FPGA for decoding and de-

Research Papers

LIANG Yingze, WANG Linning, Ql Zigian, LIU Pengzhan, WANG Yongjin

N

modulation. Subsequently, the processed
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signal is displayed on an external monitor

PRBS 20 Mbit/s

Transmit signal

Wm0 T i

through an RJ45 interface or transmitted to
a Wi-Fi module for sharing.
As shown in Fig. 7a, a 20 Mbit/s pseudo-

—_

Voltage/V

Voo, . 7“‘

TIA signal

ML N SR

random binary sequence (PRBS) signal gen- 3.3

erated by an arbitrary waveform generator

Receive signal e “

s

(AWG) replaces the FPGA signal at the TX 2

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
ception and effectively reduced signal at- & | N1|1.05[31.1/612{66.5|73.3| & |NI| 0 | 1 |243.9|54| o NI| 1|6 |10|11 |14
. . . . . . =1 S =1
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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

ZTE COMMUNICATIONS
June 2025 Vol. 23 No. 2

| 113



Research Papers

LIANG Yingze, WANG Linning, Ql Zigian, LIU Pengzhan, WANG Yongjin

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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