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Abstract Within the sixth generation of mobile communication techno logy (6G), visible light communication (VLC)
holds potential due to its license-free spectral resources , providing high-speed data rates and widespread access in a bun-
dant special scenarios. In communication scenarios where v ehicles such as automobiles and ships change channels due

to movement, adaptive modulation schemes are more conduciv e to improving channel utilization than xed schemes.
Classic probabilistic amplitude shaping combined with the distribution matcher provides an approach to exible rates
However, the high complexity and unsuitability for concent ric ring constellations hinder its use in VLC. In this pa-

per, we propose a exible-rate strategy for the mid-long-di stance and dynamically changing VLC system utilizing the
proposed time-domain sub-constellation probabilistic sh aping (TDPCS) modulation. The proposed TDPCS modulation
generates coded constellation symbols with Maxwell-Boltz mann (MB) probabilistic distribution based on the designed
amplitude and phase-shift keying (APSK) sub-constellatio ns arranged in time-domain frames. When the signal-to-nois e
ratio (SNR) varies, the transmission rate could be adapted a s the sub-frame length changes. We design three orders

of TDPCS APSK signals, theoretically analyze and experimen tally evaluate their performance compared to the regu-

lar scheme with uniformly distributed APSK modulation in 10 0-m VLC transmission. Based on the obtained charac-
teristics in both linear and non-linear channels, we demons trate the feasibility of achieving exible-rate access in d y-
namic distances and its superiority in rate compared to the r egular modulation scheme. A net data rate (NDR) of
6.67 Gbit/s is achieved using TDPCS 32 APSK at 100 m, while a ND R of 8.1 Gbit/s is achieved at 10 m using the TDPCS

64 APSK. These rates represent a signi cant overall capacit y improvement of up to 23.5% compared to regular modulation
schemes. The results demonstrate the potential of TDPCS for VLC, especially in dynamically changing scenarios.
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1 Introduction

With the advent of the 6G era, establishing a large-scale integrateddcommunication network is expected to
encompass underwater, land, sky, and outer space, enabling midimensional and heterogeneous network
interconnections. This development will facilitate the interconnectivity of various devices and systems,
addressing speci ¢ connectivity limitations in rural areas, airspace and maritime environments, with
the aim of achieving seamless global coverage and imperceptible swiing between di erent network
domains [1]. Visible light communication (VLC) emerges as a novel techology capable of utilizing an
unlicensed frequency range of 400{800 THz and providing high-sgel data rate transmission. VLC o ers
the potential to expand the resources of the broadband spectrm while enabling a high degree of spatial
reuse and ensuring robust security [2]. VLC can not only achieve indor communication coverage [3], but
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Figure 1 (Color online) Application scenarios of VLC: (a) indoor VLC (short distance), (b) mobile vehicle VLC (mid-long
distance), (c) xed outdoor VLC (long distance), and (d) sat ellite VLC (ultra-long distance).

also play a valuable role in outdoor communication scenes such as velddights, underwater submarines,
satellites, and other special applications [4], providing an alternativeapproach to the construction of
next-generation communication networks. The application scenaos are shown in Figure 1. VLC can be
categorized primarily into two types: light-emitting diode (LED) [5] an d laser diode (LD) [6] systems. LD-
based VLC systems support ultrahigh-rate communication and exibit lower divergence angles, making
them suitable for speci ¢ applications. The application scenes of fre-space VLC can be approximately
divided into short-distance indoor VLC (several meters), mid-longdistance vehicle-to-everything (V2X)

VLC (tens of meters), long-distance outdoor VLC (hundreds of neters), and ultra-long-distance VLC

(hundreds of kilometers).

High-rate transmission has always been the focus of competition in R-based VLC, while nonlinearity
and signi cant fading at high frequencies restrict the developmentof high-rate VLC. The nonlinearity
may originate from the nonlinear response of the VLC channel [7], eldric ampli er with a saturation
nonlinear e ect in large power [8], and the nonlinear e ects in photoeletric conversion devices of trans-
mitter or receiver [9, 10]. Especially under high light intensity, the increase in light intensity leads to a
nonlinear increase in the photogenerated carrier generation ratevhere the generation rate may show sat-
uration behavior [9]. Meanwhile, under high carrier concentration, the recombination rate may increase
nonlinearly with the increase of carrier concentration [9]. The LD-based VLC experiments in recent years
are concluded in Table 1. Since 2015, research on high-rate VLC bad on LD has made great progress.
In 2015, Lee et al. [11] demonstrated a direct non-return-to-ze-on-o -keying (NRZ-OOK) modulation
system using a blue LD and achieved a data rate of 4 Gbit/s in a free spce of 0.15 m. In the same year,
Retamal et al. [12] proposed a 4 Gbhit/s VLC system adopting blue LD wth 16 quadrature amplitude
modulation (QAM) orthogonal frequency division multiplexing (OFDM) technology in a free space of
0.53 m. By 2017, Viola et al. [13] utilized bit-loading OFDM to modulate a gdlium nitride (GaN) blue
LD over 0.15 m free space to promote the data rate to 15 Gbit/s. With the improvement of VLC technolo-
gies, the utilization of wavelength division multiplexing (WDM) and polariz ation division multiplexing
(PDM) provides the possibility of multiplying the transmission rate of a n LD-based VLC system. A total
data rate can be multiplied to 20 or even 60 Gbit/s based on WDM threecolor red/green/blue (RGB) or
four-color red/green/blue/violet (RGBV) LDs in a free space of less than 10 m [14{22]. Color-shift-keying
(CSK) modulation, bit-loading discrete multi-tone (DMT) and OFDM mo dulation have been widely uti-
lized to maximize channel utilization and promote further improvemert in data rate. These researches
on VLC focus on high-rate but short-distance. Other research a LD-based VLC has explored various
aspects for practical applications, including using white LD [23], conglering foggy or cloudy environ-
ments [24], focusing on long-distance [25] or large eld-of-view (FOY [26]. This research on LD-based
VLC for practical applications is rare and valuable in the future.

The research on LD-based VLC, as indicated in Table 1 [11{26], mainly dcuses on achieving high
data rates over short distances. Adaptive-rate VLC has been ingstigated in approximately 10-m indoor
multiple-input single-output (MISO) or multiple-input multiple-output  (MIMO) systems [27, 28], 2-m
underwater systems [29], and approximately 100-m simulated vehidar MIMO systems [30]. However,
the achieving rates only range from a few to several hundred MbpsAdaptive-rate and high-rate solu-
tions for vehicle applications over medium and long distances are redred further in practical systems.
Currently, research on adaptive-rate VLC encompasses forwak error correction (FEC) coding, multi-
carrier modulation employing bit-power loading techniques, symbol ate adjustment, and probabilistic
shaping (PS) schemes. Adaptive net data rates (NDRs) can be adpted by switching FEC code rates [31]
and extra applying analog rate-less code (ARC) [32]. However, switing the FEC code rate imposes
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Table 1 Summary of the characteristics of achieved free-space lase r-based VLC in the recent ten years, including data rates, li nk
distances, employed modulation formats, and devices of the light source.
Year Data rate (Gbit/s) Distance (m) Modulation Transmitte r Characteristics Ref.
2015 4 0.15 NRZ-OOK Blue LD Single wavelength [11]
2015 4 0.53 16QAM-OFDM Blue LD No multiplexing [12]
2017 15 0.15 Bit-loading OFDM Blue LD <1im [13]
2019 8.3, 8.4, 10.1, 8.7 4 DCO-OFDM QAM RGBV LD [14]
2019 40 (RGB PDM) 2 Bit-power-loading OFDM RGB LD [15]
2020 40.7 (RGB PDM) 2 Bit-loading OFDM RGB LD [16]
2020 6.6, 6.4, 6.1, 7.0 2 Bit-loading OFDM RGBV LD PDM [17]
2020 18, 7.2, 9.6 0 QAM DMT RGV LD WDM [18]
2021 5.25, 6.15, 7.25 1.25 OFDM QAM RGB LD <10m [19]
2021 6 10 2 NRZ PDM WDM RGB LD [20]
2022 17.1, 14.6, 14.5 0.3 DMT QAM RGB LD [21]
2022 8.07, 6.62, 6.32 4 OFDM-NOMA RGB LD [22]
2020 6.96 1.5 Bit-loading OFDM White LD White LD [23]
2021 4 0.6 16-QAM-OFDM Blue LD Foggy channel [24]
2021 3 1 Bit-loading DMT White LD Large FOV [25]
2021 6 100 CAP 16 APSK Blue LD Long distance [26]
2023 8.10{6.75 10{100 CAP TDPCS 32 64 APSK Green LD Flexible r ate This work

greater demands on digital signal processing (DSP) hardware copatibility, while the nite set of discrete
code rates leads to reduced precision in adjustable-rate modulatio Bit-power loading techniques are
typically integrated with multi-carrier modulation formats [33{36] to accommodate varying qualities of
sub-channels. In practice, conventional constellation mapping famats with an integral number of bits
per symbol are employed for each sub-carrier. Essentially, this gpoach involves adjusting the modu-
lation order of the constellation to alter the transmission rate. However, if the principle of one-to-one
correspondence between sub-channels and users is adheredttos method still encounters challenges in
achieving su cient precision for rate adjustment on a per-user basis. The desired transmitted symbol
rates can be directly adjusted by modifying the up-sampling factorwhile realizing the time alignment of
waveforms [37].

Adaptive modulations primarily comprise multiple-carrier and single-carrier schemes, which techniques
of PDM and WDM can complement for enhanced exibility and performance. Multiple-carrier modula-
tion formats, such as OFDM and DMT, can be utilized with adaptive bit lo ading and power allocation
on their independent at narrowband orthogonal [33, 38] or non-orthogonal sub-carriers, also known as
NOMA. NOMA provides a power control method based on users' chanel gain information and a power
allocation scheme for serving multiple users. One or more of these & employ successive interfer-
ence cancellation (SIC) in their receivers. The application of NOMA in VLC and the comparison among
NOMA have been studied in prior studies [39]. These multiple-carrier malulation approaches enhance the
total data rate and o er high spectral e ciency. While they o er lo wer-cost implementations, the essence
of rate adjustment for each sub-channel or user still involves siiching between di erent modulation or-
ders with integral numbers, which can improve the adjustment graularity by introducing equivalent
non-integral modulation orders in each sub-carrier [33, 34]. Meanhile, adaptive multiple-carrier modu-
lation su ers from the drawback of a higher peak average power rao (PAPR) [40], leading to signi cant
non-linearity concerns, particularly in scenarios involving high powerand long-distance VLC. Adaptive-
rate research on single-carrier modulation, including switching FEC oding and symbol rate adjustment,
still encounters challenges in achieving su cient precision for rate ajustment [31,37].

Flexible rate-adaptation is essential to improve channel utilization in practical VLC transmission with
dynamic distance variation in comparison with the compromised and xed modulation scheme. Ca-
pacity dropping occurs when the signal-to-noise ratio (SNR) degrées to insu cient levels to support
the current modulation order for error-free transmission. To adlress this issue, researchers have fo-
cused on the PS technique, which optimizes the energy distribution bconstellation points to match
the Maxwell-Boltzmann (MB) distribution. PS technologies can maximize the mutual information be-
tween transmitted and received signals and improve capacity, spéial e ciency, and data rate at a given
SNR [41], showing adaptive-rate application prospects. The cruciahdvantage of PS lies in its ability to
achieve constellations equivalent to non-integer orders within a xel bandwidth, enabling more precise
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control over the exible transmission rate. In 2016, Schulte et al.[42] proposed the constant composition
distribution matcher (CCDM) to transform the uniformly distribute d bits into probabilistic symbols,
enabling the use of PS in communication systems. Recent advancemts have proposed methods that
do not rely on the distribution matcher (DM) and simplify the implement ation of PS systems. In 2018,
Shi et al. [43] demonstrated the use of pre-coding PAM7 modulatiorin a 2 1 MISO underwater VLC
system. Another approach to achieving PS constellations involves apping the outer constellation points
to the inner circle using extra labeling. Xu et al. [44] proposed a PS pasve optical network (PON) based
on mapping, symbol-level labeling, and rhombus-shaped modulationHowever, it is worth noting that
these methods may not shape constellations with the optimal MB distibution. Time-division hybrid
modulation (TDHM) provides a simpler structure and picks di erent o rders of uniform square QAM con-
stellations in a deterministic manner to achieve ne granularity of shaping rates [45]. However, a priori
knowledge of their temporal locations is needed to separate the ogtituent constellations. Amplitude and
phase-shift keying (APSK) modulation is considered the most suitale and resilient modulation scheme
for nonlinear transmission, primarily due to its ring structure [46]. Research on APSK VLC has been
demonstrated and compared with square QAM, depicting that APSK performs better in nonlinear and
peak-power limited VLC systems [47].

In this paper, we propose a exible-rate mid-long-distance VLC sysem utilizing time-domain sub-
constellation probabilistic shaping (TDPCS) modulation to improve channel utilization in scenes of
dynamic distance variation. The TDPCS modulation is based on the degn and mapping of sub-
constellations of APSK constellations, which are arranged in a xed tme-domain frame with variable-
length sub-frames. We experimentally evaluated the performancef the TDPCS scheme in comparison
to the regular scheme in the linear and non-linear VLC systems. The esults indicate that the TDPCS
scheme outperforms the regular scheme regarding the NDR and hieves continuously exible rates across
various SNRs. Finally, we demonstrate the feasibility of achieving exble-rate access in a distance range
of 10{100 m. A NDR of 6.67 Gbit/s is achieved using the TDPCS 32 APSK d 100 m, while a NDR of
8.1 Gbit/s is achieved at 10 m using the TDPCS 64 APSK, showing a signi @nt overall capacity im-
provement of up to 23.5% compared to regular modulation schemesThe results illustrate the promising
potential of TDPCS for VLC, particularly in dynamically changing and o utdoor scenarios.

2 Principle

In a coded modulation system, a code rate of FEC could support eor-free transmission if the bit error
rate (BER) is below the threshold. In the normal modulation system, when the SNR decreases, in order
to continue to meet the BER threshold for a code rate of FEC, normal modulation performs a reduction in
modulation order. The achievable capacity of a normal M-order modilation system is discrete, resulting
in limited exibility. PS technology has emerged as an e ective approad to enhance transmission capacity
and spectral e ciency. When SNR decreases and the BER is abovethie threshold, PS modulation achieves
continuous rates by increasing the shaping factor of the consteltion, instead of switching the modulation
order. Since there is a decreasing trend in the average power oférshaping signal, the minimum Euclidean
distance increases in the average-power-limited system. It provies shaping gains and increased exibility
for systems constrained by SNR. This exibility allows for adaptive and variable transmission rates with
a xed bandwidth, thereby maximizing the utilization of the channel r esources. Additionally, the reduced
probability of outer constellation symbols can potentially improve the system's resistance to non-linear
performance.

Considering a speci c code rate in data transmission, conventionatomplex constellation modulation
achieves a xed capacity when the SNR is su cient. We propose a noel TDPCS APSK scheme with a
exible and adjustable rate for the mid-long-distance VLC system to reduce the implementation complex-
ity of PS technology in VLC. The proposed scheme is designed to gerate constellation symbols with an
MB probabilistic distribution. In this section, we will discuss the princip le of the TDPCS transmission
system, including sub-constellations of APSK, symbol mapping fromthe original to sub-constellations,
probability distribution and arbitrary MB distribution approximation, time-domain sub-constellation
framing for probabilistic shaping, numerical calculation and simulation.
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M-APSK Constellation and sub-constellations Design
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Figure 2 (Color online) Proposed TDPCS modulation and transmission scheme. (a) M-APSK constellation and sub-constellations
design; (b) TDPCS transmission system; (c) time-domain sub -constellation framing for probabilistic shaping.

2.1 TDPCS transmission system

The proposed transmission system of the TDPCS modulation schemis illustrated in Figure 2(b). In the
scheme, sub-constellations are previously designed based on a speM-APSK constellation. During the
channel estimation process, the SNR is estimated by a carrierlessrplitude and phase (CAP) modulated
sequence of QPSK pilot signal, determining a speci ¢ shaping factov for TDPCS signal generation and

In the transmitter (Tx) process, information symbols are sent to the TDPCS module, which uses sub-
constellations and sub-frame lengths to generate TDPCS consteltaon signals. Subsequently, the TDPCS
constellation signals are CAP modulated. At the receiver (Rx), the sgnals are demodulated, and the
recovered constellation signals are sent to the inverse-TDPCS maue. This module performs the inverse
process to obtain the recovered symbols and then the bit data. Fially, the normalized generalized mutual
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information (NGMI) and transmission rate are calculated.

2.2 Sub-constellations of TDPCS APSK

An M-APSK constellation consists of K concentric rings, each containing PSK constellation points that
are uniformly spaced. The M-APSK constellation setX is given by

X = rexp | [i—ki+k 0 CidN ¢ 1 CKICK] 1)

where Ng;ry; and g denote the number of points, the radius, and the phase o set of lhe k-th ring,

on each ring and the radius of each ring, and the phase o set of e&cring. M is the modulation order,
m gives the number of bits per symbol, and we have

X
M = N =2™: (2)
k=1

APSK constellation, geometrically characterized by concentric ring, is distributed discretely in amplitude
with uniformly distributed phase (DAUIP), which can achieve the capacity of scalar additive Gaussian
channel with limited peak power [48]. By leveraging the concentric ring of APSK, a subset of these rings
can be extracted as sub-constellations and combined in a speci ¢ pportion to achieve an arbitrary MB
distribution. The sub-constellation is a subset of the original consellation, characterized by the number
of modulus, the number of points of each ring, the number of radii 6 each ring, and the ring probability.
To achieve an arbitrary MB distribution approximation, at least K sub-constellations are required for an
M-APSK constellation with K rings. The number of constellation points of thek-th sub-constellation is
M, and the number of bits per symbol of thek-th sub-constellation, that is the mapping base in the
TDPCS, is denoted asmy. The value of my is logpM. As shown in Figure 2(a), the 16, 32, and 64
APSK constellations, consisting of 2, 3, and 4 moduli, require 2, 3, ath4 sub-constellations, respectively.
For 64 APSK constellation Xg4, the set of 4 sub-constellations can be expressed as follows:

Xeapa = Ik €XP ] s—ki*' k 5 0O N; 1 CKIC4]

Xe4-32 = Ik €XP ] lfl_ki + ¢, 0O3N; 2 CKICE3] "
Xes-16 = Mk €XP ] ﬁl—ki‘* k  0CO3IN; 1 CKICEZ]

Xea-4 = rcexp j s—ki+ k  OLCEN; k=1:

The sub-constellation set Xg464, consisting of 64 points and 4 moduli, is the 64 APSK constellation
itself. Xg4-4, consisting of 4 points on a single ring, is QPSK constellation. There a 22 = 32 points on
modulus 2 and 3 of 64 APSK constellation, forming the sub-constellaon set Xg4.32. There are 2"2 = 16
points on modulus 1 and 2 of 64 APSK, forming the sub-constellation st Xgs.16. Together all the
required sub-constellations of 64 APSK are formed. For 32 APSKX3;, the set of 3 sub-constellations
can be expressed as

X32.32 = rgexp j fl—i+ k ; OLCENy; 1 CKIC3]

k

.2 .
X32.16 = rk €XP | N—|+ k ; OLCO3Ny; 1 CKICzZ] (4)

k

X3o 4=I'16ij li_ll-'- 1 ; O CIEN ¢
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Table 2 Con guration of the utilized 16, 32, and 64 APSK constellati ons: number of points, radius, and phase o set per ring.
APSK order Number of points of each ring Radius of each ring Ph ase o set of each ring
16 [4, 12] [1, 2.54] [ =4, =12]
32 [4, 12, 16] [1, 2.54, 4.33] [ =4, =12, 0]
64 [4, 12, 20, 28] [1, 2.73, 4.52, 6.31] [ m=4, =12, =20, T1=28]

Table 3 Parameters of the designed 16, 32, and 64 APSK sub-constella tions: modulus, probability of a single point, and number
of points.

Mod order Modulus  k Probability of a single point on each ring Number of points on each ring
12 [1/16, 1/16]
16 [4, 12]
1 [1/4, 0]
1{3 [1/32, 1/32, 1/32]
32 1&2 [1/16, 1/16, 0] [4, 12, 16]
1 [1/4, 0, 0]
1{4 [1/64, 1/64, 1/64, 1/64]
2{3 [0, 1/32, 1/32, 0]
64 [4, 12, 20, 28]
12 [1/32, 1/32, 0, 0]
1 [1/4, 0, 0, 0]

For 16 APSK Xjg, the set of 2 sub-constellations can be expressed as

X16-16 rkexpj li—ki+ K ;0 CIdE N ; 1 KA
(5)

rlexpj li_ll-'- 1 ; O CIEN ¢

X16-4

The sub-constellation setX3s.3, is the 32 APSK constellation itself, and X16.16 IS the 16 APSK constel-
lation itself. There are 2™2 =16 points on modulus 1 and 2 of 32 APSK, forming the sub-constellaibn set
X32.16. The sub-constellation setXs, 4 and Xi6.4 consist of 2"t = 4 points on modulus 1, corresponding
to a QPSK constellation.

The employed 16, 32, and 64 APSK constellation formats, including tle number of points, radius, and
phase o set of each ring are given in Table 2. Ultimately, a whole PS costellation with an MB probabilis-
tic distribution based on a radius function is generated by the supeposition of all the sub-constellations.
The probabilistic distribution of constellation changes as the propotion of sub-constellation changes,
instead of the geometric distribution of the constellation. The 16, 2, and 64 sub-constellation sets,
including their modulus included in the original constellation, probability of a single point on each ring,
number of points on each ring are meticulously designed to conformat the criteria mentioned above and
are detailed in Table 3.

2.3 Symbol mapping from the original to sub-constellations

After designing the sub-constellation set, speci ¢ mapping rules sbhuld be designed to map the original
constellation to all sub-constellations in the sub-constellation set.For an original constellation, its sub-
constellations have constellation points with di erent modulus distrib utions and di erent probabilistic
distributions. Due to the diering number of points between the original constellation and the sub-
constellations, the applicable mapping methods generally include ongs-multiple, one-to-one, or multiple-
to-one mappings, depending on the speci ¢ design requirements. 1i&-to-one and multiple-to-one X 1)
mapping is employed here.

For a speci c original constellation and one of its sub-constellations when multiple-to-one mapping
is employed, multiple uniformly distributed symbols are mapped to a sinde constellation point. The
process of multiple-to-one mapping from the original to the new coatellation can be expressed as

fxisi= b +1;:000 b+ 2bpg!f X5 j = b +15000 0+ g,
X1 X > X1 X
Xiji = nbh +1500 nbh ooxpj = b+l by

n=1 n=1 n=1 n=1

(6)
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where , 2 N*;n=1;2;:::; . , denotes the number of the original symbols mapping to a single
constellation point, with ; 6 ; wheni 6 j. b, represents the number of constellation points in the
X 1 mappings of di erent multiples. determines the number of distinct ,. In our scheme, is

determined to be 1, and , is thus uniquely determined and equal to the cardinality of the origind
constellation point set divided by the cardinality of the sub-constellation point set.

To di erentiate between symbols assigned to the same constellatiopoint, additional label symbols are
required in each sub-frame. During the TDPCS mapping process, tbse additional label symbols help
distinguish information symbols assigned to the same constellation got. In the TDPCS de-mapping
process, these label symbols are used to restore the informati@ymbols from the sub-constellation points
back to the original constellation points. For example, in the Tx, after many-to-one mapping from X3,
to X32-16, for constellation points still at the original positions, we let the label bit be 0, for constellation
points that are not at the same positions, we let the label bit be 1. The label bits are mapped to additional
constellation points and then transmitted in each sub-frame. Fourinformation constellation points in
X3z will produce 1 label constellation point in X32.36. In the Rx, the additional label symbols in each
sub-frame are used for one-to-many de-mapping fronxXs,.16 to X3o. Ultimately, one label constellation
point will determine the many-to-one de-mapping of 4 information canstellation points.

2.4 Probability distribution and arbitrary MB distribution

For a speci ¢ k-th sub-constellation, the probability of a single constellation point on the K rings of the k-

where ¢; denotes the probability of a single constellation point on thei-th ring of the k-th sub-
constellation. ()T represents transpose. The overall probability of constellation pots on each ring of the

and we havepx, = NT qx,, in which N =[Ny;N3;:::;Nk ] is the number of points on each ring, and
is the Hadamard product, pxi = N . Therefore, for a speci c k-th sub-constellation, the probability
distribution function of the radius can be expressed by the followingformula:

X X
Px (1= pq (r )= aiNi (r ri); ()

i=1 i=1
where py is the probability on the i-th ring of the k-th sub-constellation, N; and r; are the number
of points and the radius of the i-th ring, respectively. The overall probability distribution of K sub-
constellations can be expressed collectively by & K matrix P = [px,;:::;Px,;: iPxc ). The
number of points and radius values of each ring of used 16, 32, 64 AK sub-constellations are provided
in Table 2. The probability distributions of each sub-constellation are given in Figure 2(a).

For APSK constellations, the constellation set of PS signal and coresponding constellations maximize
the capacity based on a bit interleaving coded modulation (BICM) sygem if the probability distribution
function satis es the MB distribution. The probability of each ring ca n be expressed as the function of
radius P ,

K Yl Nk (r rk)

2
L€ VIEN

pws (1) = :-J’-‘eK ; ®)
k=

which is also represented by the vectopys = (%)T, where v is the shaping factor, controlling
the probability distribution or the shaping degree of the PS signal. The source entropy can be changed
continuously with the probability distribution thus making the NGMI imp end over the threshold. In the
light of selected sub-constellations and designed sub-frames, thEDPCS scheme converts a uniformly
distributed symbol sequence into a constellation sequence with a sgi ¢ probability distribution. The
sub-constellations in sub-frames are combined with di erent weighs to satisfy the desired MB distribu-

tion. Therefore, the shaping probability of the K sub-constellations can be expressed as

X XX
p(r) = Wi Px, (1) = WkGki Ni (r rq) = Ni (r ri)  WeGi; ()]
k=1 k=1 i=1 i=1 k=1

wherewy is the weight of the k-th sub-constellation. The weights of sub-constellations can be daulated

by
1

w=P Pwms ; (20)



Qin GJ, etal Sci China Inf Sci October 2025, Vol. 68, Iss. 10, 202302:9

Table 4 Comparison between CCDM-PS and proposed TDPCS.

Algorithm Addition Multiplication Comparator Memory
CCDM-PS 2m+(@2M +3)n Im+(2+ M)n M (m + n) am
TDPCS r 2r r 2M

be identied by Ix = wy L.
2.5 Time-domain sub-constellation framing for probabilistic shaping

As Figure 2(c) shows, TDPCS consists of a serial-in-parallel-out (3?0) module, K sub-constellation
mapping modules, and a parallel-in-serial-out (PISO) module. This praess is carried out in a time-
domain frame structure. The input data is fed into the TDPCS module, and distributed into sub-modules
for sub-constellation mapping, sub-frame ranging, and framing in he time domain. The serial symbol
sequence, denoted a$ = [S1;S,;:::;Si;::;S0 ]S 210;1;2;:::; M 1;Mgis processed by an SIPO
module, being converted toK parallel symbol sequences. The division of symbols entering th&-th
mapping module is determined by each sub-frame lengthy and the modulation order My of the k-th
sub-constellation. The k-th mapping module utilizes the designed sub-constellations to map th input
symbols to the sub-constellation points using the symbol mapping dteme in Subsection 2.3. Additional
label bits or symbols are required to distinguish symbols on the sameuk-constellation point in the
mapping and de-mapping process. The sub-constellation symbols ap’:\rranged in a time queue and
output in chronological order. The total length of a TDPCS frame L = sz1 Ik keeps a constant value.
Here, L = 1024. I is the length of the k-th sub-frame, which is the number ofk-th sub-constellation
symbols. The PISO module converts the parallel symbols probabilistiadistributed on K rings from K
mapping modules to a serial sequence in the time domain. Through TDES, the probability distribution
on K rings obtained from the K mapping modules is superimposed to generate a constellation with a
speci ¢ probability distribution. Finally, the probability on each ring of the APSK constellation with the
desired MB distribution can be expressed by

P« (r r-)P K P
p(r) = —1=Lp ket W (12)
k=1 lk
or represented by the column vectomp = lPK—'I, wherelk is arow vector with K ones andl = [I1;15;:::; 1k ]"

denotes the frame length of symbols of sub-constellations. It is reessary thatpx, (k =1;2;:::;K) satisfy
the condition of linear independence and the matrixP is inevitable. After time-domain sub-constellation
framing, the TDPCS constellation signals, with an MB probabilistic distr ibution, are CAP modulated
and normalized in an average-power-limited system.

2.6  Numerical calculation and simulation

The proposed TDPCS modulation introduces a novel method for geerating APSK constellation symbols
with a probabilistic distribution. CCDM has been proposed in [42] and implemented in the conventional
PS scheme, providing an approach to transform uniformly distributed bits to symbols with an arbitrary
probabilistic distribution. Considering the input bit count m and the output symbols count n for the
CCDM-PS method, along with the constellation order M and the number of rings r in the APSK
constellation, a comparison of computational complexity and memoy usage between CCDM and the
proposed TDPCS is presented in Table 4. TDPCS achieves lower complity compared to the CCDM-PS
approach.

The SNR of the VLC channel is estimated by calculating the error vetor magnitude (EVM) of the
received CAP-modulated QPSK signal. Considering the Gaussian noisenodel, the formula can be
simpli ed and expressed as the function of the in-phase and quadtare noise amplitudes [49]

SNR EVJI-\/IZ = Po : (12)
T i+ ngui

in which Py is the power of original constellation after normalization, n;; and ng is the in-phase and
quadrature noise att index, jn; j? + jnq:j? is the power of noise after normalization. Considering a
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bit-wise decoder employed at the receiver, known as a BICM receivg50], a bit-level interleaver was
included between the FEC encoder and mapper. Source bits are emded, interleaved, and grouped

prefabricated mapping scheme, usually gray labeling. For the bit-wie metric and assuming that bits B;
for 1 i T nlare independent and identically distributed, the generalized mutualinformation (GMI) can
be calculated by [51]

P . .
X 1 XX X2 X by el Yk xit=e Z)PX (X)
GMI Hp(P — lo p - _ ; 13
- b(Pe,) N Kol o1 9 wox € Y Xj2=2 2)Py (X) (13)
P m _ Pm
where |, Hy(Pg,) = «2x Px (x)logPx (x) for a PS signal and ,_; Hp(Pg,) = m for a regular

signal distributed uniformly, be; 2 f 0;1g denotes thei-th bit of the k-th transmitted symbol, and 2
is the variance of channel noise estimation. After normalization, te NGMI can precisely predict the
BER before the FEC. For regular signals with uniform distribution, th e NGMI is simply calculated by
normalization of GMI [52]

NGMI = GMI =m: 14)

For PS signals, it is calculated by
NGMI=1 [H GMI]=m; (15)

where m = log,M bit/symbol, H represents the source entropy of the PS signal with a probability
distribution. NGMI and overall rate required for LDPC with dierent code rates Rc concatenated with
a staircase code to achieve a BER of 10E15 after decoding has been studied and given in [53]. Among
these, code rates of 9/10 and 2/3 are considered in our results afysis, with only a code rate of 9/10
employed in our TDPCS scheme. To guarantee that BER after FEC deoding meets the requirement,
the NGMI of the received signal should be kept above the thresholdby either decreasing the code rate or
decreasing the modulation order when the SNR drops. Reliable tramaission can be achieved by a code
rate of 9/10 when the NGMI of the received signal remains higher tlan 0.92, and a smaller code rate of
2/3 needs to be employed when the NGMI of the received signal is alve 0.71. The proposed TDPCS
system could control the source entropy exibly to change the dda rate of the transmitted signal. The
NDR [54] can be calculated by

"X< # " #
NDR = B wimy (1 Rcm =B wcmg Rc; (16)
k=1 k=1

Wherg,B is the modulation bandwidth. For our TDPCS system, the actual souce entropy is decided by
H = E=1 wiMmg. Rc is the FEC code rate.

High-order modulation constellation with a smaller minimum Euclidean distance requires a higher
SNR in the AWGN channel since it is more susceptible to noise. In a norral modulation scheme, when
the SNR degrades, a specic FEC code rate may not support errofree transmission for high-order
modulation constellations. In such cases, a lower modulation orderroa lower code rate is required,
resulting in a sharp decrease in transmission capacity. This represés a trade-o between continuous
SNR and discrete modulation orders. However, our TDPCS schemean provide continuous rates as the
SNR varies, rather than experiencing sharp rate drops associatkewith discrete modulation orders. Based
on the previous discussion, TDPCS signals provide shaping gains by ineasing the shaping level and thus
adjusting the length of each sub-frame. Based on the designed 182, and 64 APSK sub-constellations,
we investigate the performance of TDPCS signals. Uniformly distribded (v = 0) and MB probability
distributed TDPCS signals with a speci ¢ value of v are selected to investigate the GMI and NGMI as a
function of SNR. Figure 3(a) shows the GMI and NGMI of TDPCS 64 APSK (v = 0, 0.08), 32 APSK
(v=0,0.1), 16 APSK (v = 0, 0.3) signals as a function of SNR, including. As the SNR decreaseshe
GMI of di erent TDPCS signals, the capacity of a signal to carry info rmation, drops to varying degrees.
Here, NGMI is a metric that can precisely predict the post-BER. Reliable transmission can be achieved
by a code rate of 9/10 when the NGMI of the received signal remaingiigher than 0.92. Otherwise, as
the NGMI decreases lower than 0.92, a smaller code rate of 2/3 nesedo be employed. It provides more
protection and correction against the error until the NGMI of the received signal is lower than 0.71. Two
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Figure 3 (Color online) Performance of uniformly and probably distr ibuted constellations in AWGN simulation channel. (a) The
GMI and NGMI of TDPCS signals with a speci c value of v as a function of SNR, including 64 APSK ( v = 0, 0.08), 32 APSK

(v =0,0.1), 16 APSK (v =0, 0.3). The shaping factor v, shape of received constellations, length of sub-frames, P APR, and spect
of TDPCS (b) 64 APSK, (c) 32 APSK, (d) 16 APSK signal.

NGMI thresholds are marked with a red dashed line. Considering the ®2 NGMI threshold, 64 APSK (v
= 0) signal fails to support error-free transmission at 20 dB SNR. However, 64 APSK { = 0.08) keeps
above the threshold until the SNR decreases to 16.3 dB, providingtte highest GMI of 4.7 bit/symbol
among all the considering TDPCS signals at 16.3 dB SNR. 32 APSK\ = 0) signal fails to support
error-free transmission at about 16.5 dB SNR. However, 32 APSK\ = 0.1) keeps above the threshold
until the SNR decreases to 14 dB, providing the highest GMI of 4.3 bitsymbol among all the considering
TDPCS signals at 14 dB SNR. 16 APSK shows a similar trend when the SNRlecreases. TDPCS signals
achieve a trade-o between the transmission capacity and anti-nése competence.

Next, we keep the NGMI of TDPCS 64, 32, and 16 APSK higher than 0.2 to investigate the ten-
dency of shaping and the ability of information capacity as a functionof SNR under successful error-free
transmission. Results are shown in Figures 3(b){(d). The value of he shaping factorv determines the
probabilistic distribution of the signal constellation. The larger the value ofv, the greater the probability
of the inner constellation points, and the smaller the probability of the outer constellation points. In our
TDPCS modulation scheme, the larger the value ofv, the larger the proportion of the time-domain frame
occupied by the sub-constellation with constellation points located inthe inner circle. Varying the value
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Figure 4 (Color online) (a) CCDF of QPSK-loading DMT signal, QPSK, 16 APSK, 32 APSK, 64 APSK, TDPCS 16 APSK ( v =
0.65), TDPCS 32 APSK signal (v = 0.15), TDPCS 64 APSK (v = 0.1) that the probability that PAPR exceeds a certain thres hold
value PAPRO. The NSE of bit-loading modulated signals and TD PCS signals as a function of SNR in (b) AWGN channel and

(c) nonlinear VLC channel.

of v results in a trade-o between noise margin and data rate. The shapg factor v increases from 0 as
the SNR decreases, while the distribution of constellations changesom uniform to higher probability in
the inner ring and lower probability in the outer ring, as the inset of constellation density gures shows.
Therefore, it provides stronger anti-noise capabilities, but at theexpense of some transmission rate. The
PAPR, another metric showing the shaping degree, increases as¢hSNR decreases. The lengths of each
sub-frame changed with the SNR and the shaping degrees are shovin di erent colors as a bar chart.
The modulation spectrum e ciency (SE), showing the capacity of the TDPCS signal and achieving by
di erent compositions of sub-frames, decreases continuously wvite the NGMI is kept above 0.92 under
successful transmission.

Then, we investigate the PAPR performance of TDPCS signals with a mrmally high value of shaping
factor v, which takes making the probability of the outermost circle of consellations close to 0.1 as the
criterion, compared to the QPSK-loading DMT signal. Figure 4(a) shavs the complementary cumulative
distribution function (CCDF) that the probability that PAPR exceed s a certain threshold value PAPRO
of QPSK-loading DMT signal, QPSK, 16 APSK, 32 APSK, 64 APSK, TDPCS 16 APSK (v = 0.65),
TDPCS 32 APSK signal (v = 0.15), TDPCS 64 APSK (v = 0.1). QPSK and 32 APSK have the lowest
and highest PAPR, respectively. For TDPCS signals, they are variedas the shaping parameter changes,
and their PAPRs eventually lie between those of QPSK and 32 APSK. Fothe DMT signal, although the
QPSK constellation is loaded onto each sub-carrier, its PAPR is still gute high. Since higher PAPR leads
to more severe nonlinear distortion in the average-power limited sytem, TDPCS signals may have better
principal performances in nonlinear channels. Therefore, we invéigate the transmission performance
of these TDPCS signals compared to bit-loading DMT signals in the linearchannel and nonlinear VLC
channel, respectively. We adopt a 9/10 FEC code rate and employ th net spectral e ciency (NSE)
in a coded modulation system as a measure of capacity. The nonlineathannel is constructed by a
cubic function of y = 1:541% + 0:016&? 0:5604x3. Its input-output amplitude response is shown
in the illustration. The VLC channel is modeled as a high-frequency eponential attenuation model.
Additionally, to enable a more explicit comparison, we impose an upper lint on the constellation order
for DMT modulated signals. Figure 4(b) shows the NSE of bit-loading DMT signals and TDPCS signals
as a function of SNR in the linear AWGN channel. In the linear channel, the transmission performance of
bit-loading DMT signals is always better than that of TDPCS signals since it carefully examines the SNR
di erences among sub-carriers within the frequency band to e etively allocate the modulation order.
However, in the nonlinear channel, as shown in Figure 4(c), the traemission performance of TDPCS 32
APSK can be able to approach or even surpass that of DMT signals witin certain SNR ranges. Among
all the TDPCS signals, TDPCS 32 APSK signals exhibit more pronouncedadvantages compared to the
bit-loading DMT signals with an upper modulation order limit. For 16 APSK , the constellation points in
the outer ring account for 3/4 of the total. For 64 APSK, as the shaping factor v increases, the average
power of constellations decreases, while the number of constellatiopoints with power greater than the
average power still increases. They may su er excessive nonlinealamage at high-power locations.

3 Experimental and results

In this section, experimental set-up and results will be discussedaimed to validate the e ectiveness
and enhancement of the TDPCS APSK modulation scheme based on thproposed framework compared
with regular APSK modulation on an LD-based VLC link in both linear and n onlinear channels. The
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Figure 5 (Color online) (a) Set-up of the laser-based VLC transmissi on system with a distance range of 10{100 m built by a single
re ection, including Tx and Rx o -line DSP (block), connect ion (gray arrow line), and experimental instruments; (b) ph otographs
of experimental instruments and platforms.

scenario simulation involves varying distances to mimic satellite VLC scearios. We conduct the exible
LD-based VLC experiments in the corridor of the laboratory and provide a series of detailed analyses
and comparisons of the proposed and regular framework based @axperimental results.

3.1 Experimental set-up

Figure 5(a) depicts the experimental setup of a green LD-based MC system with varying distances.
At the transmitter, pseudo random binary sequence (PRBS) datagenerated by MATLAB is sent to the
TDPCS system for conversion to TDPCS APSK signal with speci ed MB distribution or directly mapped
to a regular APSK signal with uniform distribution. After up-sampling 4 times, the APSK signal is
separated into real and imaginary components, convoluted by otiogonal in-phase and quadrature lters,
respectively, and added for CAP modulation to generate the CAP sigal. The rolling factor of CAP
orthogonal lters is set to the optimal value of 0.2. After optional pre-equalization compensated for
fading at high frequency, the digital signal is sent to an arbitrary waveform generator (AWG, Agilent,
M8190A) to generate an analog electric signal. A sampling rate of AWGof 6 GHz is employed. After
being ampli ed by a mini-circuits electrical ampli er (EA, Mini-circuits, Z HL-1042J+), attenuated by a
key-press attenuator (ATT), added to direct current (DC) by a bias tee (Bias-T, Mini-Circuits, ZFBT-
4R2GWH+), the electric signal drives a green LD to generate an optial signal, which will propagate in a
free-space channel with a distance variation of 10 to 100 m.

As shown in the photograph of the experimental device in Figure 5(b, a re ector with a re ectivity
of 90% is placed at the far end, while the transmitter (Tx) and receiver (Rx) are located at the near
end. The inclusion of the re ector enables us to extend the transmnssion distance within a constrained
experimental space [24,55]. The optical beam is re ected once fdacilitating the space utilization and
Tx/Rx o ine DSP processing on the same side and then passes throgh a large enough Fresnel lens to
focus the divergent beam on the photosensitive surface of the alanche photodetector (APD).

At the receiver, the optical beam is collected and detected by an AP with a 3 dB bandwidth of
1.5 GHz while the optical signal is converted to the electric signal, whib is sampled by an oscilloscope
(OSC, Keysight DS09254A) after passing through an ATT. The reeived signal is compensated for linear
and non-linear impairment by the least mean square (LMS) and Voltera equalization algorithm after
synchronization. After post-equalization, the real and imaginary parts of the CAP demodulated signal
are respectively recovered by two orthogonal matching Iters, axd then added and down-sampled to
obtain the constellation symbol. Finally, the constellation symbol is seit to the inv-TDPCS system or
directly de-mapped by a regular APSK scheme to recover the inforration data.

In adaptive modulation, prior knowledge is typically essential to undestand the channel quality, and
thus channel state information (CSI) is required and followed by rae adjustment [27,30, 33]. In our
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Figure 6 (Color online) (a) Performance comparison between regular scheme using uniform 32, 16 APSK and TDPCS 32 APSK
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including the shaping factor v and PAPR, NDR, and NGMI of TDPCS 16, 32, 64 APSK signals as the e stimated SNR changes,

considering only one code rate of 9/10.

TDPCS scheme, a priori knowledge of the time position of sub-fram& namely the shaping factorv, is

required through the distance measurement and the SNR estimatio. In the process of information per-

ception, the distance between Tx/Rx and the re ector mirror is measured by laser ranging and recorded.
The channel SNR and the NGMI of the received signal will be respedtely estimated, as a measurement
of channel noise based on EVM of the received signal and an indicat@f which FEC code rate to be

applied. After FEC decoding, the NDR is calculated by (16). The parameters, including modulation

order M and the shaping factorv, are related to the SNR. These relationships are determined throgh

actual channel transmission while keeping the NGMI above the thrshold and allowing for some margin.
Then the parameters of APSK modulation order M, shaping factor v, and FEC code rate Rc are ob-
tained by the above estimated values and passed to the block of FE€Coding and TDPCS mapping at

the transmitter.

3.2 Result and discussion

The VLC channel poses challenges due to its complex nature, includinlarge fading at high frequencies
and non-linear e ects, particularly when operating at high transmitted power levels required at long
distance. These factors can severely impact high-rate data trasmission in VLC systems. To compre-
hensively evaluate and compare the performance and tolerance tfie regular and TDPCS modulation
systems under both linear and nonlinear conditions, an in-depth stdy and analysis are warranted. This
assessment will provide valuable insights and serve as a referenaw fdetermining the TDPCS system
parameters and the saturated power in practical power-limited sptems.

In the linear channel, a comparison between the regular APSK modulgon with uniform distribution
and the TDPCS APSK modulation based on the TDPCS system is conduted to achieve exible NDRs,
achieved by keeping peak-to-peak voltage (Vpp) within the linear deninant region and adjusting the
attenuation at the transmitter to reduce the transmitted power . Figure 6(a) shows the shaping varia-
tion, NDR, and NGMI of uniform 16 and 32 APSK (U16 U32) with two FEC code rates of 9/10 and
2/3 as a function of the estimated SNR. Four schemes based on uwifm APSK are formed by com-
bining two APSK orders of 16 and 32 with two code rates of 9/10 and 23. The NDR of these four
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regular schemes exhibits a step-like behavior, decreasing at speciestimated SNR values. This decline
follows an envelope shape resembling four steps, resulting in four disete values of 6.75, 5.4, 5.04, and
4.05 Gbit/s as the estimated SNR varies. The U32 and U16 APSK signalsvith code rates of 9/10 and
2/3 respectively fail to achieve error-free transmission at SNR d#mations of 16.8, 14.4, 13.4, and 11.2 dB
from high to low. A higher-order constellation, corresponding to a snaller minimum Euclidean distance
under power limited system, su ers more severe inter-symbol inteference (ISI) in the presence of noise at
the same level. As the estimated SNR decreases, the quality of thel\C channel deteriorates, resulting
in the NGMI of a speci ¢ uniform APSK signal falling below the NGMI thre shold. Consequently, a lower
FEC code rate is required to enhance noise resistance.

In comparison with the above U16 U32 signals, the TDPCS modulation sheme is applied to 32 APSK
and only one FEC code rate of 9/10 is employed in the TDPCS system. Igure 6(a) illustrates the
shaping factorv and PAPR variation, NDR, and NGMI of TDPCS 32 APSK signals, as a function of the
estimated SNR. As the estimated SNR decreases, the shaping faxtof the TDPCS 32 APSK signal is
adjusted to increase, resulting in a higher probability of constellation points located near the center and
a higher PAPR. With the same average power, this rise in PAPR for TDPCS 32 APSK signals leads to
an increase in the minimum Euclidean distance. This trade-o improvesthe signal's resistance to noise
disturbance. The PAPR of TDPCS 32 APSK signals continues to increge from 9.9 dB at an estimated
SNR of 16.5 to 14.4 dB at an estimated SNR of 9.7 dB. An increase in thehsping factor causes a
reduction in the data transmission rate to adapt to the lower SNR ofthe channel. In contrast to the U16
and U32 APSK signals, which require multiple variations of code rates ad modulation orders to adapt
to di erent noise intensities, the NGMI of the TDPCS 32 APSK signals consistently remains above the
threshold of 0.92 for error-free transmission with a code rate of A0. Additionally, the triangular area
enclosed by the NDR of U16, U32 (blue lines) and TDPCS 32 APSK (purge lines) indicates that TDPCS
32 APSK signals compensate for the sharp drop in the NDR of about B5 and 1 Gbit/s at the estimated
SNR of 16.8 and 11.2 dB. Therefore, TDPCS 32 APSK achieves contimus and higher NDR variation
access at most SNR ranges compared to the regular APSK modulatioscheme.

Based on the previous research, TDPCS 32 APSK achieves exible ahhigh data rate variation access
at most SNR ranges. However, as the SNR decreases, the PAPRDBDPCS 32 APSK increases. Excessive
PAPR should be avoided to prevent limiting the system's saturated paver design. Therefore, additional
modulation constellation orders should be incorporated in our TDPCSscheme design and implementation
to avoid excessive PAPR and extend the capacity. We employ TDPCS 8, 32, and 64 APSK to extend the
available SNR range for exible variable rate access schemes and téusly their performance. Figure 6(b)
shows the NGMI, NDR, and PAPR of TDPCS 16, 32, 64 APSK signals as lhe estimated SNR changes,
considering only one code rate 9/10. Within an extensive SNR variatio range from 10 to 19 dB, the
NDR can be adjusted within a range of 4.85 Gbit/s, ranging from 3.25 b 8.1 Gbit/s while maintaining
an NGMI value above 0.92 to ensure error-free transmission afteFEC decoding. An NDR of 2.7 or
4.05 Gbit/s is achievable using uniform 8 APSK or QPSK when the estimaed SNR is below 11.4 dB or
insu cient. In conclusion, TDPCS 64 APSK signals achieve NDRs ranging from 6.75 to 8.1 Ghit/s when
the SNR is above 17.7 dB. TDPCS 32 APSK signals achieve NDRs rangingdm 5.4 to 6.75 Gbit/s as
the SNR changes from 14.1 to 17.7 dB. TDPCS 16 APSK signals achieveRs ranging from 4.05 to
5.4 Gbit/s as the SNR changes from 11.4 to 14.1 dB. An increase of upt1.35 Gbit/s between the regular
APSK modulations of adjacent orders is provided by TDPCS signals. e shaping gains are shown as
the shaded area, provided by TDPCS 64, 32, 16 APSK signals. Theiranstellations are shown in the
illustrations (i){(iii). Notably, in the SNR region below 14.1 dB, the rate dierence between the TDPCS
16 APSK and TDPCS 32 APSK signals gradually narrows as the estimatd SNR decreases. Within
this SNR range, TDPCS 16 APSK should be employed to achieve a highelNDR. Similarly, when the
SNR is located at 14.1 to 17.7 dB, TDPCS 32 APSK should be selected fa higher NDR. The NDR is
determined by both the modulation bits per symbol and the FEC coderate. The sub-constellation with
32 points requires a signi cant FEC overhead, leading to a substarial rate reduction, so the net e ciency
of a sub-constellation with 16 points becomes higher. This issue similyr arises when comparing sub-
constellation sets with 64 and 32 points. Meanwhile, a constellation gewith fewer points has a lower
PAPR with reduced complexity. Therefore, when the SNR decreasesigni cantly, a constellation set with
fewer points should be selected. The PAPR of the TDPCS APSK signalsemains in the range of 9 to
11.5 dB, thus well limiting the design of the saturation power of the paver ampli er.

In the above, the transmission performance of regular and TDPCSAPSK signals has been widely
studied and compared in a linear channel. However, in the scenario ofiid-long-distance VLC, high-power
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Figure 7 (Color online) Comparison between U32 and TDPCS 32 APSK sign als, including (a) the shaping factor and PAPR of
TDPCS 32 APSK signals, (b) NGMI, (c) estimated SNR, and (d) th e NDR as the function of Vpp while keeping the NGMI above
the threshold of 0.92; (e) comparison of the NDR of U32 and TDP CS 32 APSK as the function of estimated SNR in between linear
(solid lines) and nonlinear (dashed lines) channels by swit ching Vpp to the linear and nonlinear dominant region; (f) th e illustration
of (i) U32 APSK and (ii) TDPCS 32 APSK constellation at 500 mV V pp.

transmission may result in the nonlinear working region of the system introducing nonlinear e ects to

the received signal, particularly a ecting the outer constellation points and requiring complex Rx DSP
algorithms to handle the nonlinearity. Therefore, we need to invesigate the performance of regular and
TDPCS 32 APSK signals in a nonlinear 100 m VLC channel by increasing Vp to the nonlinear-dominant

region.

The SNR and NGMI of the received signal are estimated as a functiomf Vpp to assess the linear and
nonlinear VLC transmission performance of regular and TDPCS 32 AFRSK signals. The shaping degree
is varied as Figure 7(a) shows, and the results are illustrated in Figues 7(b) and (c). It is observed
that the estimated SNR initially increases to a maximum value of 19.2 dB & Vpp increases from 100 to
200 mV, where the quality of the received constellation signals is primaly a ected by noise disturbances.
However, as Vpp increases from 200 to 1000 mV, the estimated SNRarts to decrease continuously. The
nonlinear e ect of the VLC system becomes more prominent, refered to as the nonlinear dominant
region. The damaging e ect of this nonlinearity on the received signés is more obvious, particularly at
high Vpp. As Vpp increases in the nonlinear dominant region, the estinated SNR of the received signal
for uniform 32 APSK (U32 APSK) and TDPCS 32 APSK decreases, butthe former experiences a faster
reduction rate due to the more severe nonlinear e ects. Here, tw code rates, 9/10 and 2/3, are applied
in U32 APSK, while only one code rate of 9/10 is employed by TDPCS 32 ABK. The shaping factor
and PAPR variation of TDPCS 32 APSK, keeping the NGMI above the 0.92 threshold as Vpp varies,
are shown in Figure 7(a). As Figure 7(c) shows, the NGMI of the TDRCS 32 APSK signals remains
above the threshold of 0.92, while the NGMI of the U32 APSK signals dereases rapidly from 0.92 to 0.71
as Vpp increases from 300 to about 550 mV. The NGMI of the U32 APSK signal decreases to 0.92 at
300 mV Vpp, where the FEC decoding with a code rate of 9/10 fails to apport error-free transmission
and a smaller code rate of 2/3 needs to be employed. As the NGMI caimues to decrease to 0.71 at
550 mV Vpp, the FEC code of 2/3 can no longer support error-fredransmission, leading to a data rate
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of zero for the U32 APSK signal. As Figure 7(d) shows, the NDR of TOPCS 32 APSK decreases from
6.75 to 3.5 Ghit/s, exhibiting a gradual decline but still maintaining superior performance when facing
enlarged nonlinearity as Vpp increases from 300 to 1000 mV. In congsison, the NDR of U32 APSK
sharply decreases by 1.35 Gbit/s at a Vpp of 300 mV and drops from B4 Gbit/s to zero at a Vpp of
550 mV, which demonstrates the potential of TDPCS APSK modulation for higher nonlinear resistance
and transmission power. The two constellations of U32 APSK and TDRCS 32 APSK at 500 mV Vpp
are shown in Figure 7(f).

In Figure 7(e), we compare the NDR of U32 and TDPCS 32 APSK as a faction of the estimated SNR
in both linear and nonlinear channels by switching Vpp to the linear and ronlinear dominant region.
U32 APSK signals with the same NDR employ consistent FEC code rates TDPCS 32 APSK signals
with the same NDR employ consistent shaping constellations and TDPG parameters. With the Vpp
varied in the nonlinear dominant region, the estimated SNR is a comprhensive re ection of the e ects
of noise and nonlinearity. In conclusion, a higher estimated SNR is reagjred for U32 and TDPCS signal
transmission in the nonlinear channel, respectively. As the estimaté SNR drops to 14.5 dB, the NDR of
U32 APSK decreases to 0 since the code rate of 2/3 does not suppds error-free transmission after FEC.
Surprisingly, within the same NDR range of 6.6 to 6.25 Gbit/s, TDPCS 32 APSK signals enable the same
NDR to be achieved in a weak nonlinear condition with a lower estimated SIR of the received signal. As
the Vpp keeps increasing in the nonlinear region, the NDR of TDPCS 32APSK shows a decreasing trend.
In the region of high Vpp, nonlinear impairments dominate, leading to inferior SNR. Therefore, operating
in a highly nonlinear region is not recommended for a simple and exible sgtem design. However, a slight
increase in Vpp in the nonlinear dominant region contributes to bette transmission performance of the
TDPCS signal, achieving the optimal trade-o between the increasel power and the increased nonlinear
e ect.

We have conducted experiments on a exible adaptive rate VLC sysém for practical mid-and-long-
distance VLC scenarios at various distances ranging from 10 to 10én using the coordinate TDPCS
APSK scheme. We evaluate the optimal transmission performancefache TDPCS APSK scheme, which
considers an FEC code rate of 9/10, including SNR estimation and theNDR. Firstly, we estimate SNR
at various distances ranging from 10 to 100 m. As Figure 8(a) showghe highest SNR is about 19 dB at
a distance of 10 m, which is suitable for the transmission of constelladns of 64 APSK and below order.
As the distance increases from 10 to 100 m, the estimated SNR vaséetween 19.0 and 16.5 dB. TDPCS
32 and 64 APSK signals are applied within this SNR range. Figure 8(b) illugrates the experimental
results. The used TDPCS constellations are shown in Figure 8(c)(i){iv), corresponding to the four SNR
and distance variation ranges divided by dashed lines in Figures 8(a)rad (b). Overall, as the distance
increases, the SNR decreases, leading to a reduction in the moduiah constellation order employed by
TDPCS and an increase of the shaping factor for a speci ¢ modulatia constellation order. The achieved
NDR of the TDPCS APSK signal at 100 m is 6.67 Gbit/s, which represents a maximum overall capacity
improvement of 23.5% compared to the regular APSK signal. The gain bthe NDR with the TDPCS
32 APSK scheme approximately approaches the theoretical limit of B35 Gbit/s at both 100 and 10 m
distances. TDPCS 32 APSK { 6 0) can be applied at distances beyond 97 m, achieving NDRs of up to
6.6 Gbit/s. For distances between 76 and 97 m, TDPCS 32 APSKY = 0) achieves NDRs ranging from 7.5
to 6.6 Ghit/s. TDPCS 64 APSK (v 6 0) is applicable at distances between 11 and 76 m, providing NDRs
from 8.1 to 7.5 Ghit/s. For distances below 10 m, TDPCS 64 APSK { = 0) can achieve an NDR of
8.1 Gbhit/s. Compared to the regular modulation scheme where only uiformly distributed APSK is
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used, the proposed TDPCS scheme demonstrates signi cant advaements in exibility and continuous
variability of NDR while considering only one FEC code rate. This exibility allows for e cient adaptation
to practical mid-long-distance VLC systems.

4 Conclusion

In this paper, we propose a novel probabilistic constellation shapingnodulation method using the time-
domain sub-frames of APSK sub-constellations, whose lengths cabe uniquely realized and solved by
shaping factor v. Through sub-constellation design, one-to-one or multiple-to-oe mapping from the
original symbols to the sub-constellation points, the proposed TDRCS modulation scheme converts uni-
formly distributed data into a constellation sequence with a speci ¢ MB probabilistic distribution. We
experimentally evaluated the performance of the TDPCS scheme inamparison to the regular scheme in
the linear and non-linear VLC systems. The proposed scheme sucsfully achieves continuously exible
rates across various SNRs. The results indicate that the TDPCS dteme outperforms the regular scheme
in terms of the NDR under a speci ¢ SNR in both linear and nonlinear channels. Finally, we demonstrate
the feasibility of achieving exible-rate access in dynamic distances.A NDR of 6.67 Gbit/s is achieved
using the TDPCS 32 APSK scheme at 100 m, while a NDR of 8.1 Gbit/s is ackeved at 10 m using
the TDPCS 64 APSK scheme. These rates represent a signi cant a@rall capacity improvement of up to
23.5% compared to regular modulation schemes. Accordingly, the mitbng-distance VLC greater than
100 m can be realized by the TDPCS 16 APSK scheme, and the TDPCS keme can be extended to
other APSK constellations of di erent orders. The results underscore the promising potential of TDPCS
in VLC, especially in dynamically changing scenarios. This technology hidls signi cant value in practical
outdoor VLC applications.
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