5 XX B XX ) w|ofE % W Vol XX No.XX
XXXX EXX H Journal on Communications XX XXXX

RS CNNRVHIEN =4 2 EMRBR SHE T I tRERS

Rk REKE, X etdh, AL
(P T K5 R TRk, B iz 710021

FHEE: X E N WoGEE ORI R SR KR I 2 BBE S RSIEN . =N 2R DL AE
B 2 e e ) o) 40 A A T S 5 R AR R, B R T v o I R R LS 5 2 P 4 SRR R R T
RS IR 2. R I S E A = G T R R R, PR RCNRRIREE S, IRE A s FP
SN2 B B AR e R AR R T R, S AR S S s Rk, RSB
P X 45 i USRI B BE B 1 AR 2R MR ICIZ R AE , 456 LT UHAS B BRI N BRI B4k B seilah4&
{518 A N AR TR T (0 3R Eh A0 . SEIR BT, R CIR H I AlG CNN 1) [ 3E I = 4t 2 RN 2R T AL
AR SR AR, R T HIR AR, A AR R A I T AR LRk 51 R B A SRR . B RO R T S
SWG X R ZEF R . REEHEFHRIE I IR F, B sImuE 7 RIRAE T BN ER IR 5 X
HERE. W NENZAEIRE IR I & Al G R4 T 6 M i1z

XHEIE: ATWORIEME; S4EEEE; MEERRIY; [FiEAhTh e mss

FESHES: TN929.1

XEAFRERD: A

CNN-Fused Adaptive 3D Constellation Probabilistic Shaping for
Multicarrier Visible Light Communication Systems

ZhangFeng , ZhangYizhuo , LiuYenan , ZhaoLi

School of Electronic Information Engineering, Xi’an Technological University, Xi’an 710021, China

Abstract: To address the joint constraints of LED nonlinearity, multicarrier fluctuations, indoor multipath effects, and
channel time-variability on reliability and efficiency, an adaptive joint constellation shaping scheme fused with CNN
sensing was proposed. Firstly, 3D cubic constellations were constructed via T-F reorganization to expand MED and deci-
sion margin; simultaneously, Discrete Fourier tranform spread-based precoding was introduced to smooth the envelope
by reshaping temporal correlation. Secondly, nonlinear memory features were implicitly extracted by CNN and com-
bined with a GMI-maximized LUT to implement the closed-loop optimization of the shaping factor under dynamic con-
ditions. Experimental results showed that the CNN-fused 3D-PS reduced clipping distortion by concentrating weights to-
ward the center, which, together with CNN's correction of constellation offsets, effectively eliminated error floors in
modulation regions. Significant SNR and GMI gains were achieved compared with uniform mapping while low PAPR
was maintained. In summary, this mechanism provides an effective solution for high-efficiency VLC in indoor multipath
environments.

Key words: visible light communication, 3D constellation, probabilistic shaping, channel estimation, neural network

WHRBH: XXXX-XX-XX: fEEIAHE: XXXX-XX-XX

WBIE1EE: ke, 1693407605@qq.com

E&WB: EE AR HES(12004292), 56 #5400 5070408 K hoo F B35 H (ZT-2510702006)

Foundation Items: The National Natural Science Foundation of China (No. 12004292), The Theme Case Project of China Aca-
demic Degrees and Graduate Education Development Center (No. ZT-2510702006)



.2.

5

hallis

{18 XX

B

0 5l

fE T —AGEAE P, AT WOBELE (visible light
communication, VLC) & ¢ & AF 52 AU 1S 52 I
FRA A R SR AU 5 SR A0 v Ty _ D, AR
IE H/ B A M) (intensity modulation / direct detec-
tion,IM/DD) 484y T, I1EZZHi4r M (orthogonal
frequency division multiplexing, OFDM)  [X| AT 57 1
EIIE 2% ol /W WA IR P 2 A 25 L P (| T3 e
% (light emitting diode, LED) [ 45 fJ AR LR AR 24
PE A PRI St TAEX TR, 5545 =Byl s B o~ B
H g ¥ Ih K L (peak to average power ratio,
PAPR) HE ] OFDM 5 5 5 5 A AR R T 22
TP B T () A8 AR A PR AR TE S IR
PE, BN 4 VLC & St e & A% (energy effi-
ciency, EE) 5%y ] S 1 1) 1 B0 .

TR, FARFE X VLC R G RE &8RN
WSARLMAMETT R T REM TT . S0 4 A2 REpk
SR BR T2 1 R BT, SCHR[4] 92 ) = 4E
(three-dimensional,3D) i il $ A, 38 ik B 4 %% Y4
THZH R Y B A R R R A = B S ], )
¥ K& /DR K EE & (Minimum Euclidean Dis-
tance, MED) [1)77 I s Pi e E e . SCHR[S-6]01)53k
— B UE B T e 4R AR D) F 2 FREA S R I B e SR
Pkt . HREIE, EFXF 2 80 h T m g )
RILFHIE, FEHES 58 H LED Z&MEahaaH,
SCHR[71%F bE 2 B T DFT T4 B4 78 40 145 5 0 45 0%
FZ M PTAT M, UEE IR i o S A AL e
IR MR H .

SR, H HT ) 3D B 5T K 2 30 FH SR 2R 40
. BT 5) 50 A0 (A UE I T2 SE IS 1 25
HIGEIEL, RGEER PRI, AL
NFEB LTI, R GuHHE DU fd Je B A AR R B, SCilk
(91241 5] AMEREEH (probabilistic shaping,PS) 1
BT omLLEL AR, Higp SR e 5
MRS AR (1) e MRS B R 15, MELLE AT LED MR 2R
PERUN, S A5 TE I ARRE I . ek, B I U IR
&15 B (channel state information,CSD) U, 4T
W AR AL Z ARG T, T ek
e /NI T 15 22 (R 2 VA T SRR D T R B A A R R
SHIEZERREFZMR . ETERE N %
(convolutional neural network, CNN) 7E JF 2k 14: 5 ={
WS 55 e YRR SR IO TR AL 3, SCHR[11-121UE ]

TURFE S S BB B R RAME B R R
TR, XONBN AR R AR AL T HE AR AL 1R
PEAT . SUHR[13]TRUE 12 A58 2 JK R o i ey A 1 T
TP, (HE AT R FE R E T R — BRI
b, Rz —FEERG AR R Eg R JEL
PRGBS AR AL 1 228

L5 Loy, WRSCHR H — R T B U AR
¥ B (discrete Fourier tranform spread, DFT-s) %244
() =4k HE RIRA AT % %07 E 4 3D-DFT-
s K BUAE ik vty I 1 B 28 0 B, R AR PR 22 X 2%
SEI SRR RS R L, (R s MR BT R 1 1247 )
Sith. BEERAE NLIT XEHAFE (gener-
alized mutual information,GMD) 5 1% % f2 %€ P i) T
i, WX EETAESH ST

(WA EE T DFT-s 47 & (1) = 4 B2 JRR AL Han 22 44 o
AR YRR R, RSN YRG5 A s
&, [AIFH DET Bign f5 IR 715 5 28 B R e,
M i ) B T v A i Ak I B IS PAPR K
W, 22 fif LED 342 14 ity Sk R 0 F 8 el 97 1 7

(2) B Ut 2 T i 3] B B 55T ) CNIN {3 8 R &n . |
FH 28 W 2% [P JE 2R P AL L RE 77, 48 IR K LED
55 RIS IR ZE o X PR BT X 4% BE N B2 A
B v B sh S m A A, IR SR S
EARES, A RUER TG TR T R
7]

(3) %2 37. LA GMI Ay #E ) 1 o S AR AR AL ] o e
Tk E ) 4 JR R ) 2 4 A T AR AU I DT C 1250 2 SRS 7
# K (look-up table, LUT), #hZ I iA 1 &2k iy =
o B ) BE TR Lo

1 REiRE

1.1 ZHEREME

EIM/DD R4, #1QAE S 45 Vi,
TVt 5 R 1) o 5 M) T v, B R U R ) 3G N 3 3K
P TR B ) e T PR 5 32 e A 55 e o i T LT A A e
M {3 B A% O R o /MR IR B8 o = 4 2 [|] A E:
A% P, 5 P TE] R BR B S 5E S :

dij:/\/(xi_xj)z+(yi_yj)2+(zi_zj)2 (1)
{ild. FRMED, R
d_. = rn$1n {di/} g =12,..M 2)

min

RN IR d,, TR IRSE T R GRS L



XX

5 GMI S ERR . 72Tk i e A 36 8, &
GBI IRIG R P, % d,, KNS 7810 H BLRH )
W SACRFAE,  FCPEREW 2 00T e R DT R «

N d>.
P, ~ meQ( ﬁ 3)

Arf, N OB S MIEEL o N R AT
Ry m = log, M Jy 5N Hil 47 5 B AR B0 LEA 5L
O (YN ARIRZE R HACARIEHN:

0 2
0(0) = exp(-5 ) )

1
V2r

KF, w AR AR, FoR T IRMRHEIE
BOAABEHLEEERE. BXG)F, d,, BN
TETHRIX IR DTRAR &, 98 T RGN L2 A2
LA RS B i P SR Uk ) 4 R

VB SO Y = 4 S7 07 M S G5 A A A5 5 R
M. O =4E RN G S R EN:

T

Py = [xk’yk’zk} Q)

M RUTE = AN IEAS Bl B350 Ao Wl 1 fr

AN, WEEGIANZEE B, REHTH T E T A

fJRBRE, HORERIBEREFIIERT, AT RT
&5 (Al A 3 A] B

SR e b

K1 K@Bﬂikzéﬁﬁ‘;@z@: |

N T AEA RIS R T 5 =48 QAM J7 £/ EE
XA ENL T IAERE, AT BOE RG-S B
BE AL HEEAL R AR

IM 2 2 2
=— Tty tzi)=
RS TPICRSRER (©6)

R ULE T H—AA R T PET Z AL 6
B ECr 1 d W . B R, BEE MRS,
YRR I B R a5 . DLM = 64 Rl
AR TR SZ PR, RS ] B D R 0.3086, M i
SRR = 4R R 090.5164,

FRUAE S Al £ CNN B I 7 = 2k 2 S LA I 22 ST DI S R St 3
*1 AEEHIFR T MED
BriMm YRR Yy T
16 0.7559 0.6325 19.5% 1
32 0.6030 0.4472 34.8% 1
64 0.5164 0.3086 67.3% 1
128 0.3592 0.2209 62.6% 1

FERL A B oA ARINESR S, BT T X
EEKEA . RGN CEAS BRI T KB
CSE

log, M

GMI=H(S)- > E[log,(1+ e #hdmyy7)
i=1

1

Horb, LONEURTFE R B FE d L, B ECRR T £ o
Rit. NHEM, FHEMBEAEEY R R, §E
] R R VRS SR VRS VR, SEILEAR R D) 2
T BE VLC R 1Y) GMI B 18 i K fH

1.2 =4S FERRG

TERASE T LT i =4 B kg i, B =4
LY/BEES = o7 L) | 2 RS AR B W Sl 1 = R = 4
W, 2 SEE A BE B AR % LB R0 Rtk i
T —Fh B TR AT R E 4 (T-F Resource Reorgani-
zation) FFIIZARMLHLE], &2 iR,

W2, K JE AT 2 B bl R B 2H R ]
DIR#E —4Em ERAS . RGP MHOLR) = 4E
JE Py (3912 ) B P, (35,05,2,) FTAEL ) 6 4N 122
s AHAT RS, FERT LR B =A% 5 OFDM &
BT T B SRS A B . B8 5 i 2
TR AR

S, X, tjy
Sz = xZ +j : )’2 (8)
S5 zytjz

TS SIS A B R 1R 2 TU SRR R 3K

ORI RIS A (S, 5,5
754 IM/DD B 60 56 25 5 OB R OB IS,
B RS AERR 5 R R AL, AT 4O 2
SRR R 1 MR S (5 . 5 AT R
BT VORI, B0 T 76 S, SR 7 A B
T AR B AR X T, R 2 B R B
AR T HG R, 76T R s B
BT T RGO R



s SO N
<4 o XX B
W ESZEENE () BiEGE [OF 0% 1 (4) RS R
LASES
1010 ,‘ o X (KB D) K
+ | —! S §i =2+ jn 8|8 $i
, A -H‘ o =t it
.y B 1 l/" { ¢ (RA P,) [ [ il 5 5
A . | sl | T s
] EmES AR | g AL iE %% B
py Palzpnzn) —) 1 Si=ntin ® 505 Bt e e
£ ———r—n (kB Py) — = S | )
4 ) e sam | | | L ! IE
P W .
i v ot B ¢ (OFDMAFH) 0 1 2w o e Ll
%8P, Py) [ S+ AP By HR OFDMIFS RS 1
|« mspRBR: PP, EROLI R i O s kAP oy ol — —
|» SALHWE 4 A x4 =64 MRE | | BIKR (P Conversion) W 5 RAPLPH AR ! SHEER PN Uk
|o SHER: (z.0,5) €R S = Re(S} + jlm{S} [ 2. *umws KH=M(E S OFDM AR
WA RS LU MR TR
WEBH  AtEsnrp P —> SHNK P —> SHRMAFEE —> @it (k)R Si=nt+ip, Si=ntin, S=utin
#6471 M 8K, 5,5 RN GER FEMR OFDM K4 S = Re{S) + jlm(S}
e N
2 =4 i A e 2 B YR S i

1.3 DFT-s-OFDM RS &8 R& I

NN 2 B AE 5 7R AE 2R % VLC {5 18 i
U 35 Th 3 LE Bk R, 18 50K F DFT-S-OFDM 1% % 2
P o B (A% 0o 38 SR T 308 T AT T G R S A
RIEAE T A B R R DS, T 2R AR A
S BT I LED AR 2 45 1 il 28 3E 28 M X R 1
MR . BRRE,  EOR 1.2 7w A )
BRI T FH SHiAT o Pehb 28, S MAFF
Fo JFHIZH M S DFT 3 RS 7 M8 4 42 450
5, HFREXN:

B B . 2mnk
‘Y(k>—~;ﬁ§>2%sxn)exp(y v

)k =0,1,..M- 1

©)

ER, X (k) NGRS JE U REE, S (n)

Fon o n N EI S, 1/ M T 4R AR

JERERSE, B TR SN BT LR N4k

PG, XS AL SEIL 715 5 Re AL 4 AT

T WIS A, BE RS T A R R B
L8P H) . WP 3 N DFT-s-OFDM & 5 i 45 44

BE e, TS fE AT T 51 X (k) B it 2 4

B NS T80 B B R A, o N> 2M,

Ay A2 T U0 R T A S S A A B LR, AR
B HIX (1) TR ERFF LI R . X (k) 2
X (1) i B AR Bt 56 2l R 2 -

0, 1=0Y

X(-1), 1<I<M
XUF:O e N (10)

’ 2

ﬁmhn,g<KN-1

A0 F, K M s TG S X (k) £ rp kg
FIESH T E, FRAE OB I LT R X (N -
N=X"(I), HRDEX(0). BEHRH LSRG
MTHRBEEE. bE, SHREREE 5@ VA
U0 AR L A R SR PR S A S

2Zﬂxn=ath-1

x(n)::\;A,ﬁii)?(l>exp<j

(11)

x (n) fRFA I BB T 51, X (1) Fms

Ao 7 B R S 2 JE KR o PR A B 5 1S RS
o H1T IDFT 784 22 1 55 2801 X I 46 84T 5

7 (ie?

| cupsmssEs DFT-5-0FDM 18351
O e
I N . N |
= L X | '
HETAERE AR A SR T RN Je£3 N Add || | LED ||
i T e e [ s [ e [t [ e [ e [ PO ||
L U (M=60) (N=128) | i i \
I | i P il
| | [ | |

&3 DFT-s-OFDM ] £ %¢ % 5 it 45 44



XX

GRS il CNIN HY 58 I = 2k 2 JRE A< B0 22 B8 mT DIl S R 4t 5.

HEAT INFEDE S, A x (n) RERS £RAIE PAPR Ak T 4%
I . i RR = N W] WG 2 AL R 51 K 175 = 8]+
# (inter-symbol interference,ISI) , 7t i 35 f5F 5 Bt
AT St 48 AN BE N N BT 4% CP, KK EEFR K
TR E R K Z AR AE

FER] WOGEREE VRS T, R RAF 5 L 20 2 AR
PESTMEL R . Al FRGUAE I HI FT S 51N HL A 48
Kl n 5 B & 1, 48780 1 H Tah &R E 5
A JuE LAULEC LED M4t TAEX ), [A i B
i B A XU A 5 8RR T 2R P . A
BB BN B AE 5 PR R A

s(n)=mnx(n)+Ipc (12)

1ZA5 T KB LED 47 OGR4, il 0 4%
T W BT T 6 P 2 1 1 ) S B A B 2 e 0 .
XA R S B m R K P RIRLE], RGEAH L
W7 = 4E3D AR T AR, ol s E e,
B8R T 2G0T LED JELR M idAZ 4543 11 e

2 ET CNNHWBIERN 3D 2 EHRER

2.1 (EEEERIEL NS

EENAILEAEF, BHE (Line-of-Sight,
LoS) i FERLURE R, ZARM IS & 572 W A X ik
85, FRGTERE S B 7S AL 3 9 S K i LED #%
) R R i M AR 2R M 20 B O I T . L BRI B
H(0) [T BAA%R ST (Lambertian radiation) &7
Eiiipu Y I
H(0)=

(m+1)A4

2nd?
0,
(13)

b, A RIS A AR AR, d ik
R ) TR ES s o 5 ¢ 4 MmN A -5 50 5
s m ABMERS Y2, LED B D)3 M J0E
T(y) 5 g(y) WLFEIEBEIM G SR HRIEE: P,
AR5 A0 37 4

TESRbRE N, B0E 5 th B R BRERS
YIS Ja B AE B B AR L RIM . 18 S 2 45
T A DL B AL N I Y R ARAE, WO h(tr) Nt
I ZI45 T8 XT ¢ B ZE Ry )87, D0 B B 2 AR B R
BN

cos"(¢)Ts(w)g(w)cos (y),0 sy <V,
>,

h(tg) = > p(1)(t-1,(1)) (14)
I=1

K, LA EE, p 5 () R E ]
FERAT I G SRR L . 2R BAEAUR M & iE
Jl R AR R PR VRSV, , = 2 A R e WL L
RAEME TR

FER S v, YRR 5 s (n) 4 B LED #4L
NIRRT RGN . 2 LED P H 45 HUZR RN R
It AR B 2 25 (AR LML IZ R . BEE LED
AR T g (), KAHE S B4 HZRT
TRV, SRRV, 8RR 2 X,
i HH Zh AR AN -

P, (n)=g(s(n))=g(xx(n)+1I,) (15)

IEINE SR R 2 TAEX I, LED 2>
FHRHIE A . N EELR S, WRllEE (photo-
detector,PD) #4126 T FF 38 Ji A IR . AE AR I
B, AUERRNUE S Y () IR &R -

Y(kt)=H(kt)X (k) + Dy, (k)+ W(k) (16)
b, H (k) ACRIFASAI R, W (k) J9m bk e i
HWEF . Dy, (k) TERAE 1 SR 2 IR LM 51 K
(e AR IR 7S e, RS A T R SR B B 5N
SHABER R Zh A B, FEH (k) 2 H AP
(IR BNRFAE o 3X Foft B} AR AR P AN AE B 38077 A= B AL AR
WAL, WAESUENRE 7RI R R . MRS
VELE RO IHE 2 F A7 A% 56T ) AH B e 2 Bl 3 51 & 1Y
A B PRI, IR R S T A T 2
W, ST A I R 4 P Sh Al PR RE ) 15 T8 IR A
B, Je SEIUAE SR A% B 55 T 0 e i A2 R VA A
H A

HH T LED 28 {4 19 26 4% K 3 [X 8] 52 fR T FF 5 H
JE SN, SR I WA U5 3 o A 8 L A A
EPEBATE ], TS R AEL I AE, Wil 4 fg
7~ 1 LED JEZR M55 5 I 458 5 Ak i 1 R 52 i

WME 4P, IRENE 5 B iR IR 51 K
MR HIB, B FE T RN e B . i AR
U 2 AU ) R I A kB, EH P 4(b)rT L, S2 AR
5T AR B2 AR AR T AT, XTI
TATAMTP, S DRI B 1A ) IR A PR T K
LIBT3 (inter-carrier interference, ICD . HH AT
W, A RO HME 5 Ve U 3l 2 DR B A% i 15 2 1 2
fittie  JET I NSRRI 2 BEAT AELRPEAME



¥k

XX %

I FE

15

0 20 30 40 0 w0 0
R IR ARE 252
(b) LED AR 51 R MMk 7 4 5 1tk 3%

20

T of

R R

8 HARK

= -20 [

B ol , .\\ ’Fﬁ&l‘?ﬁﬁ

M 60 b . "3 e . s ~

R Pt AW Bl Sso
kT = = R A S~

-(;.2 -0"1 0 OTI 0;2 0T3 Oj4 0.5
R {LBE (/)

-05  -04 -03

4 LED ARENEX 5 5 I35 Mg 1 () 2 73

22 BETHEMLHIEL M EERIT

7 3D-DFT-s-OFDM 2 %t fift i 5 i v, SR UG
B AE B RSE B e RF m 4R (5 5 WU SR T 1%
Do B LED 23 PF I M e 75 D, (k) K FLid
TCRFLRNL, HeT Lotk B B i /s e BEVE
DRI ASE 20 2 FEL 1T HE 304 11 2 R0, s T A A
2 28 1E i B i FE L MRS BUZ TR 35, 83
P — P T 2 4ERRAE 51 V51 25 R 6 DX 28ty 1A%
B, B AE A T < S e WA PR WA A B EU I
HHESLEEm Ny 8. WESs, Mg s

SEEMHHEE

Re(H,s)

(RADEE: TRAHHERED

BT
Im(H LS) é
Re(Hus) LSt ERESEE

Im(Hys) LsfhitiEreEEn

WA 28 {538 A T4 A P

% FE& B TR FE 1 22 I 24 S o SR B 1 38 T
T AEAE (RS 03, 9S00 S W GA 15 1 il -
AT IEAS A RB0 7, e N =128 AT 8RR,
FHASEAG TR ST mig . RS0 L AR R
AL E M A EELEE M, HHEYEEN
Ny, x 1 x 3HSEEMAKE X,

X, =[Re (H,g),Im (H,o),M Je R™"1"% (17)

W SR T SR KA B 0 $h 45
¥, HEMHZ ZER IR, I E 3
LA B I 01 28 0k D9 A% 1) S0 38 4 SR IR Y
2R RIS R BEE AL 64 4LRHE 1 B (AT EA IR EBUR
K FH 3% 3 {4 B x i N 7k B AT R AL,
SR B SN I ST o [ ARRAE 2 460 2 0 e
ZHERBHURE R, SARPEREER. i
H—1b . 28 M B9 BB 20 (Rectified Linear Unit,
ReLU) [aEZ 1 B2 4 -

0,=a (BN (WO, , + B))) (18)

Ef, w5 B R E S EBRZ 0
WK, MERENESmENE. O REHI
AN R B S AR TR R B R
3 3o Y B T A N P B TR S SR AT R B
B, BERAEE RS RN . BN () At
BIH—ZE, HAE T8 W4 0] 2 BRI S 45—
VAT AR R M EE A, AT I 2R A2 o
PRI FBE 2 25k 1) L, s A 70 f e A 8

EARLE M BB, WO RS o () AL
BRI, BT U

BB (Conv2D, 3X3)
B segwa— oo
HIERH (ReLV)
(HRRGESE: EREHERRED

IR e A L S P e e EAt A



XX

GRS il CNIN HY 58 I = 2k 2 JRE A< B0 22 B8 mT DIl S R 4t

~

o(x)=max (0,x) (19)

HEST T H2FEHEE LED ¥ B M 2 18] 1) 5%
Ko ReLU iR U7E TE [X 1] 1) 2 1 38 KR 1 f 0% A5 4L
LED 7£ H 2 MR X 1 B G447y T HAE 47 X
) B 2 T 1, 5 DK B LR AR T LED JF
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