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Fig. 1 Schematic of multiplane light conversion
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Table 1 Simulation parameters of input and output spots

Parameter Content
Signal LGy, LGy,
Wavelength /nm 1550
Plane count 4

Signal diameter /pm 360
LO diameter /pm 500
Output spot diameter /pm 120
Output spot distance /pum 255
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Fig. 3 Schematic of mode demultiplexing mixing input-

output port of sinusoidal LG mode
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Fig. 4 Intensity distribution diagrams of mode demultiplexing hybrid. (a) Intensity distribution after passing through the

first phase plate; (b) intensity distribution after passing through the second phase plate; (c) intensity distribution

after passing through the third phase plate; (d) intensity distribution after passing through the fourth phase plate
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Fig. 5 Phase mask. (a) Phase mask of the first phase plate; (b) phase mask of the second phase plate; (c¢) phase mask

of the third phase plate; (d) phase mask of the fourth phase plate

0906002-4



S 49% £ 9H/2022 F£5 A/REEN

Normalized intensity

_ 50 _ _ 50
<] <] <]
.E 100 'é 'E 100
£ 150 g £ 150
g 200 € g 200
i B St
2 250 = T 250
< ©
£ 300 2 £ 300
£ 350 2 2 350
400 400
100 200 300 400 100 200 300 400

Horlzontal dlrectlon /p1xel Horizontal direction /pixel Horizontal direction /pixel
Bl 6 15 St RIA L AR . (D LGy, BIIGHRAA s (D) LG, KGRI 5 (O LO 1G5 43 A
Fig. 6 Light intensity distributions at the input end of signal light and local oscillator light. (a) Light intensity

distribution of LGy, ; (b) light intensity distribution of LLG,,; (c¢) light intensity distribution of LLO
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Fig. 7 Light intensity distributions at the output end of signal light and local oscillator light. (a) Light intensity
distribution of LG,, output terminal; (b) light intensity distribution of LG,, output terminal; (c) light intensity

distribution of LO output terminal
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Fig. 8 Amplitude distributions of light spots at the output end of signal light and local oscillator light. (a) Amplitude

distributions of light spots at the output end of LG, and LO (first column); (b) amplitude distributions of light

spots at the output end of LG,, and LO (second column)
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Fig. 9 Phase distributions of light spots at the output end of signal light and local oscillator light. (a) Phase distribution of

light spots at the output end of LG, and LO (first column); (b) phase distribution of light spots at the output end

of LG,, and LO (second column)
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Table 2 Phase difference between simulation and ideal results of signal light and local oscillator light output terminals

Output end AGy /() A, /() Ay /() £G4/ ()
Port 1 4.2748 1.6215 3.1197 3. 2488
Port 2 4.2591 —10. 0284 2.7872 4.0659
Port 3 3.6252 2. 7794 3.0096 3.2708
Port 4 —3.4394 9.2533 5.1587 —1.2643
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Fig. 10 Coupling matrix of normalized ideal field and

output field
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Fig. 11 Relationship curve between insertion loss (IL) or mode dependent loss (MDL) and the number of phase plates.

(a) Relationship curve between I and the number of phase plates; (b) relationship curve between MDL and the

number of phase plates
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Fig. 12 Variations of coupling coefficient, AL,, IL, MDL with wavelength.

(a) Relationship curve between coupling

coefficient and wavelength; (b) relationship curve between AL; and wavelength; (c) relationship curve between IL

and wavelength; (d) relationship curve between MDL and wavelength

#* 3

1500~1600 nm K Bl N AS& R B0 AL A A 5FE FIBE AR S B FE (1 0 Lb

Table 3 A comparison of coupling coefficient, AL;, 1L, and MDL in the wavelength range of 1500—1600 nm

Lpt

Parameter

L.G(this paper)

Coupling coefficient

0.8960-0. 9025 (L.G,,)
0.9247-0. 9033 (LGy,)

0.9077-0. 9138 (LO)

1.5237-1. 6430 (LGyy)

1.25—1.75 (signal)

AL,/dB 1.0673-1.1512 (LGy,)
2.3-3 (LO)Y
2.0597-2. 2224 (LO)
IL /dB —2-—1 —0.7137 ——0. 6664
MDL /dB —2-—1 —3.2643——3.2098

0.1466 dB, HE AR T F 5 5 6 FUAS 3R 6 A 4
B R BB AR R W B Km0/ i A B FERE B R R
RN N SN SRR e N Y S =R
TR a5 i PR R AR 22
MEAALIE B AE 3. 2~19. 2 pm R KL
P9 3T LP A 0 A A2 FH TR A 15 5 0 R AR Bk Ok

1) AL, ZEALTE B AN 1. 25 dB, M3 F 1E 7% LG
PR AR 52 PR A 28 15 5 OB AR IR L i AL, 84k
JE I /NF 0. 35 dB, ARk BB /. 3 Ud B 3L F
1E5% LG A i 2 FHTR 028 i As e e A T 56 F
LP B A 2 PR s . IR 4 T DL BT
LPA5E () A58 A 52 FH TR A1 4 1) A5 A SC 0 #8722 Ak 3 B
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Fig. 13 Variation of coupling coefficient, AL;, IL, and MDL with pixel size. (a) Relationship curves between coupling
coefficient and pixel size; (b) relationship curves between AL, and pixel size; (c) relationship curve between IL. and
pixel size; (d) relationship curve between MDL and pixel size
F 4 O(E3.2~19.2 pm BRI E ARG REC AL, A BUFE AR SCHFE 13T L
Table 4 A comparison of coupling coefficient, AL;,IL., and MDL for a pixel range of 3.2-19.2 pm

Parameter Lpt!

L.G(this paper)

Coupling coefficient

0.8979-0. 8834 (LGy,)
0.9113-0. 9033 (LGy,)
0.9264-0.9114 (LO)

0. 75-2 (signal)

2.0638-2. 4121 (LG,

AL,/dB 1. 20231, 0820 (LGy)
2.3-3 (LO)
2.4121-2. 0638 (LO)
IL /dB —2——1 —0.8097——0. 7020
MDL /dB —1.75- —1 —3.2353-—3. 0906

R 0. 75 dB, T HE T 0F 3% LG B 5B it 55 TR A9 2% 1Y
P A AR AE fL T Bl R 0. 1447 dB. X B, 3%
FIE5% LG R A A 52 FH R0 25 1) A5 =2 AH G 1 FE R
SETERE, A T LP A0 R 52 TR AR s 1
WABREAE —2~—1 dB Z A1 28 4k, 5 R A fa e , i
BT IE 5% LG R0 B A 52 FH TR AR 2% 14 3 A 45 RE 7E
—0.8097~—0.7020 dB Z A28 fk ., BHERER K,

BT IESZ LG B A5 fige 2 R A0 4 1 1P e 2 25, HL
BATEE/NT 0. 2 dB, AR b L3 T LP A 1L
52 TR % AR .
3.3 OAMENEMRERRIMGTEERS W

LG o 2 2 1 7 2% 7 B A6 5% Bl 3 LT 1Y
BRI B 22 I IR 0 AR, LG el — A
PN AT =, 40 0 O TE 5% LG LA FIIR e LG Ot
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DI IR TR LG O o B A 5 A 43 IE 5% LG e R Z
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B L R IRTE LG OGRS OAM JEIR,

OAM #5511 15 i 52 FH TR 000 i A% b o 11 7 3K
PN 14 frzs AR 48 TE 5% LG R fig 52 TR Al 1)
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Fig. 14 Schematic of mode demultiplexing mixing
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input-output port of OAM mode
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Table 5 Simulation parameters of input and output spots

Parameter Content
Signal OAM,, OAM,
Wavelength /nm 1550
Plane count 4

Signal diameter /pm 360
LO diameter /pm 500
Output spot diameter /pm 120
Output spot distance /pm 255

FEF R SR LG BB 5 B A 45 2 T 0
Kl 15~18 Fros By 07 45 R . TR M #2543 A 40
B 15 ffas AL HERS AN 16 Frs . axX B AR fi
FHIR A 25 AT DL 38 23 p6 1 0% FH 07 5 % 52 iR i 52 TR
WL [FIRE S S T IEAL RGBT AR R TR
FE I A5 5 E AR 6 i A 09 658 40 A5, DL R 5
A 4 O i i OGS AR A, AN 17 V18 TR

Normalized intensity

1
I

0
= I

15 i S IR AR GR B AT . (o) 3R 55 — HOAH O AR S5 Y 658 43 A s (b) 38 2k 58 — HOME AL AR S 190658 31 s (o Tl 58 =
AR AR 1) 658 410 5 ()3 2 55 DU SR AR 7 A5 19 9658 4 A
Fig. 15 Intensity distributions of mode demultiplexing hybrid. (a) Light intensity distribution after passing through the

first phase plate; (b) light intensity distribution after passing through the second phase plate; (c) light intensity

distribution after passing through the third phase plate; (d) light intensity distribution after passing through the

fourth phase plate

Phase /rad

w
[\
—_

-1 -2 -3
@ &
& 7

|

%

£
£ L)

B 16 AN . (a) 25 —H AR AR B AR AL RS 5 (b) 55 — B Al 7 A 9 AR 2 HE 5 5 (o) 2 = HeAR S0 AR 19 A 2 A 5 (D 55 I
AR A A B9 A AL
Fig. 16 Phase mask diagrams. (a) Phase mask of the first phase plate; (b) phase mask of the second phase plate;

(¢) phase mask of the third phase plate; (d) phase mask of the fourth phase plate
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Fig. 17 Light intensity distributions of signal light and local oscillator light input terminals. (a) Light intensity
distribution of OAM, ; (b) light intensity distribution of OAM, ; (c¢) light intensity distribution of LLO
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Fig. 18 Light intensity distributions of signal light and local oscillator light output terminals. (a) Light intensity
distributions of OAM, output terminal; (b) light intensity distribution of OAM, output terminal; (c) light
intensity distribution of LO output terminal
X R W] OEER A AT A BOUE BB R R Bt TS 6 i R AR IR ' S 4 IR i 20 A,
S8R 3 AR AT 5 BEE OG5 23 A1, D' B A1 B 19 fi . Hod: OAM, i il 5 LO %y i I (5
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i 5 LO i i3 G 30 B4R iR 4 A
Fig. 19 Amplitude distributions of signal light and local oscillator light output terminals. (a) Amplitude distributions of
OAM, and LO (first column) output terminals; (b) amplitude distributions of OAM, and LO (second column)

output terminals
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Fig. 20 Phase distributions of signal light and local oscillator light output terminals. (a) Phase distributions of OAM,
and LO (first column) output terminals; (b) phase distributions of OAM, and LO (second column) output terminals
6 A5 T OGAA IR G i 0 R AL 22

Table 6 Phase difference between signal light and local oscillator light output terminals

Output A0y /) INVAG) A0y /() A0 /()
Port 1 5.1525 —0.3341 —0.8072 5. 8899
Port 2 4.1862 1. 5663 0.7415 2.6961
Port 3 4. 8456 0.5369 —1.0668 6. 3869
Port 4 0.3510 8.9746 1. 0106 2.1095

6 P EZE T E 5 O RS IR 0 g 1 AH 7
22, 0T LA OAM, B o 4 A I H 8 A A7 22
| A0y [ 1E 0.3510°~5.1525° 2 [a] , LO i ) 3t (55 —
Fi) 4 A R AL 2 | A0, | E 0. 3341°~ 8. 9746°
Z I, LGy, fi o 4 A 3 00 A 22 [ A0, | 1E
0.7415°~1.0668°2Z 8] , LO (25 — %) i i ¥ 4 4> Ui
ELARRL 25 | A, | 7E 2. 6961°~6. 3869° 2 [A] , 4% i
IR R 22 ¥ R 1t 8. 9746° , MIAL B IR B fa e

oS PEAR AR 2 AR DL BE A A . AR R (D A
7 IH L HAE Y 5 R G R R L A 21
N MR SO RA RO AR & REG OAM,
MIHE & R BN 0. 8854, OAM, IFE& R B A
0.8908, LOMHI A REKO. 8983 M5 T L A A IR

o o2
;o =

o o
W

Coupling coefficient

o o
— DO

K21 A A 5 i i S R
Fig. 21 Coupling matrix of normalized ideal field and

output field
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JEMFEA R R T 0. 8. WA Rk . JE
X2 AR A WA O S i R L, b OAM, Al
OAM, HJH LN 0. 0127, OAM, H1 LO K H# N
0.0072,0AM, 1 OAM, BB 0. 0091, OAM,
HLO B PN 0.0076,LO F1 OAM, B F N
0.0006,LO 5 OAM, &tk 0. 0006, AU, &
YL /NF 0. 013, R LA /. B R AR A BFE K
—0.9995 dB, #E XA R FE N —0. 1504 dB.

M 7 PR, 52 % 3CHk20-21 JAH H, LP ALY
R 2 FR I 25 5 E AR R & R B F 341
0,887, HG By 1A 52 FH IR A 25 15 5 6 A 4
A BB EA/NT 0. 76, 1E5% LG B
fif 52 RTS8 5 5 E AR IROE AR & RBCFIIE N

0.9117, OAM & i B2 fif &2 HIR A0 2% 17 5 O A Ik
JeAR A R BT EE N 0. 8915, T LG B
it 52 PR A& AR & RECIET LP B F HG B 1Y
B A 52 PR AR . LP A5 1) A5 gk 52 VR 00 2% 11 de R
AR 0,05, OAM B 15 fiff 52 FH TR 400 1) e K 3
PN 0,013, AW, OAM B F 465 A 52 1R 991 2%
MR R PR /N . LP B A 5 A 52 TR B 1 47 A
BAEN —1. 08 dB, HG 5 ) B fife 53 TR A3 4% 114 4 A
BAEN — 2. 3 dB, LG 5 1 B fige 52 TR 400 48 1) 4 A
BAEH/NT —1 dB. LP #R HG B 1 A 52 TR
AR BB UM AR AR K F — 1. 25 dB, OAM #%
V1o A5 ik 52 FH YR AT #4145 20 DG B AE S 0. 1504 dB,
R PERR BT

TG RBCEK PR A AR AR M DG HURE X E

Table 7 A comparison of coupling coefficient, maximum crosstalk, IL. and MDL

Mode Lptd HGHV LG [this paper] OAM [ this paper]
0.874 (LPy) 0.8983 (LG,,) 0.8854 (OAM,)
0. 889 (LPy,)
Coupling coefficient 0. 869 (LP..) =0.76 0.9269 (LG,) 0.8908 (OAM,)
. e
0.916 (LO) 0.9098 (LO) 0.8983 (LO)
Maximum crosstalk 0. 05 0.1908 0.0127
1L/dB —1.08 —2.3 —0.702 0. 9995
MDL/dB —1.25 —1.7 —3.2352 0. 1504
. T OAM Je o R i 52 IR A0t i 5 B {0 B0 75 2]
4 =5 7
A (o)

ARSI TR T MPLC 89 LG B #5 ¢ 2 H
TRATEE 5 R F 4 B A7 A [ B 52 30T 19 A A 2 A6
it S PR 90YR A . 3 it HH p7 B AR B T TR X
LG B R fige 52 VR AT 1 M BB R L 7 45 SRR A
FSOLAIASROE RS R B KT 0. 89, 4% i H AH
L2 /T 100 17, B 25 B T Ak 2 TR A0 24 119
i A B FE S — 0. 7020 dB. 85 G HLUEE K
—3.2352 dB, FEMER L -SSR T ZRESH
X TR AT #5 PR RE A S I, (B ZE SR R B 1) Bl A 2
M B30 ) B A2 AR5 S R G A AN AE I SR E T
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Abstract

Objective The traditional laser communication system uses a single-mode fibre communication medium, which
cannot meet the rapidly increasing demand for communication capacity because the capacity of single-mode fibre is
close to the nonlinear Shannon limit. To solve this problem, space division multiplexing technology was recently
proposed. Space division multiplexing technology overcomes the nonlinear effect of optical fibres and doubles their
transmission capacity using the spatial dimension as a new degree of freedom. Mode division multiplexing technology
is a type of space division multiplexing technology, which uses different spatial modes of light as independent
channels to carry signals and realises a large transmission capacity, high transmission rate and long transmission
distance. To meet the growing demand for communication capacity, space division multiplexing technology has
rapidly developed recently. Among them, mode multiplexing and demultiplexing using multiplane light conversion has
become a research hotspot because of many compatible modes and low insertion loss. To simplify the receiver of
coherent communication, we propose a Laguerre Gaussian mode demultiplexer mixer using a multi-plane light
conversion, which functions as mode demultiplexing and 90° hybrid simultaneously. The mode demultiplexing hybrid
based on Laguerre Gaussian mode achieves mode demultiplexing and beam hybrid, and can be used for mode division
multiplexing wireless laser coherent communication reception, to meet the real-time data transmission with the high
rate, large capacity and long-distance. Moreover, the hybrid using the Laguerre Gaussian mode has the advantages of
simple structure and low loss. It can be used for mode division multiplexing and coherent detection. Therefore, it
can be used for high-speed data transmissions, such as the real-time transmission of massive data between satellites,
short-range ultrahigh-speed data interconnection and other potential application scenarios.

Methods First, the design principle and parameter definition of the Laguerre Gaussian mode demultiplexing hybrid
were given. Then, we established the mode demultiplexing hybrid model using the wave-front matching algorithm.
Next, we used the angular spectrum method for calculating the spatial beam field, thereby improving the calculation
accuracy and simplifying the calculation. Finally, we completed the simulation of the sinusoidal Laguerre Gaussian
mode demultiplexer mixer using the model and further designed the mode demultiplexer mixer of orbital angular
momentum beam for the sinusoidal Laguerre Gaussian mode.

Results and Discussions We proposed Laguerre Gaussian modes demultiplexing hybrid using multiplane light
conversion. Four phase plates were used to realise mode demultiplexing and 90° hybrid of two modes simultaneously.
The performance index of the mode demultiplexing hybrid using the sinusoidal Laguerre Gaussian mode was analysed
by numerical simulation. The simulation results showed that the coupling coefficient of signal light and local oscillator
light was greater than 0.89, and the phase difference of each port was less than 10.1°. Finally, the insertion and
mode-dependent losses are —0.7020 and — 3.2352 dB. Following this, we further explored the influence of system
parameters on hybrid performance. The simulation results showed that 1) with an increase in the number of phases,
neglecting the external loss such as reflection, the insertion and mode-dependent losses decreased and tended to be
stable (=8); 2) in the wavelength range of 1550 + 50 nm, the coupling coefficient, port uniformity, insertion loss,
and mode-dependent loss were stable as a whole, indicating that the mode demultiplexer mixer has good wavelength
characteristics; 3) the pixel size ranged from 3.2 to 19.2 pm, the port uniformity and mode related loss were
relatively stable as a whole, and the coupling coefficient and the insertion loss deteriorated with an increase in the
number of pixels. Therefore, if the pixels are large, the performance of the mode demultiplexing hybrid will
deteriorate. Finally, from the mode demultiplexing hybrid using sinusoidal Laguerre Gaussian mode, the mode
demultiplexing hybrid of orbital angular momentum beam was further designed. Furthermore, we numerically
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simulated and analysed the relevant parameters, such as mode coupling efficiency, spot amplitude and phase
difference of each port. The simulation results showed that the coupling coefficient of signal light and local oscillator
light was greater than 0.8, the crosstalk between various modes was less than 0.013, and the phase difference was
less than 8. 98°. The insertion loss of mode demultiplexing hybrid and mode-dependent loss —0.9995 and
—0.1504 dB, respectively. The mode demultiplexing hybrid has more stable performance and a certain application
value in space division multiplexing technology.

Conclusions The proposed Laguerre Gaussian mode and orbital angular momentum beam demultiplexing hybrid
using multiplane light conversion simultaneously achieved mode demultiplexing and 90° hybrid , with good
performance and wavelength characteristics. The designed and implemented Laguerre Gaussian mode demultiplexing
hybrid using multiplane light conversion achieved good performance and a feasible scheme, thereby providing a
technical reference for designing mode multiplexing and demultiplexing in space division multiplexing technology.

Key words optical communications; coherent communication; multiplane light conversion; mode demultiplexing
hybrid; Laguerre Gaussian mode; orbital angular momentum
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