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Review of Blue-Green Wavelength Division Multiplexing Technology (Invited)
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Abstract  Wavelength division multiplexing (WDM) technology has been shown to effectively increase the capacity of optical
communications with minimal channel crosstalk in the near-infrared light band. However, to date, WDM systems in the blue-
green band support a limited number of wavelength channels with coarse channel spacing. This is because no multi/demultiplexers
(MUX/DeMUX) exist that use fine wavelength spacing for visible light. To clarify this issue, this study reviews the development
of WDM in the visible band and discusses the recent development of dense blue-green WDM based on integrated optical phased

array DeMUX. Finally, the study summarizes and prospects the development trends of blue-green WDM.
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Fig. 1 Experimental setup for blue-green WDM
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Fig. 2 The experimental setup of the proposed RGB LDs-based WDM UWOC system'". (a) The transmitter module; (b) the receiver

module; (c) the water tank
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PAM4, four-level pulse amplitude modulation; LD, laser diode; PD, photodiode; TIA, trans-impedance amplifier;
PBS, polarization beam splitter; PBC, polarization beam combiner; ED, error detector; RTO, real-time oscilloscope
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Fig. 4 The configuration of illustrated VL.C system with a R/G/B five-wavelength polarization-multiplexing scheme"”
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Fig. 5 Schematic diagram of demultiplexing achieved through

filtering and polarization analysis"”
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Fig. 6

(a) Schematic diagram of a blue-green light phased array based on HCG aperture; (b) distribution of the effective refractive index

along the light propagation direction in the xz cross-section; (¢) microscope image of the device taken with auxiliary illumination

turned on; (d) microscope image of the device taken with auxiliary illumination turned off; (e) high-resolution photograph of the

device’s thin-film waveguide area and HCG aperture area
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Fig. 7

(a) Simulated far-field light spot of the HCG aperture; (b) experimentally measured far-field light spot of the HCG aperture;

(c) high-resolution photograph of the main lobe; (d) high-resolution photograph of the four main lobes excited simultaneously at

four wavelengths: 492 nm, 506 nm, 518 nm, and 522 nm; (e) the deflection angles and divergence angles of the main lobes

corresponding to the four wavelengths of 492 nm, 506 nm, 518 nm, and 522 nm'”
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Fig. 8 The experimental setup of blue-green light phased array with HCG as a demultiplexer in a proof-of-concept demonstration of
WDM system™
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Table 1 WDM channel parameters and performance’”
DC bias  Data rate / ROP P,/

Channel . BER

voltage /V  (Gbit/s) nW
492 nm 6.0 0.6 1.09X10°* 140
506 nm 5.9 2.0 2.00X10°* 712
518 nm 6.0 1.0 5.30Xx107° 316
522 nm 7.4 0.9 1.50X10 * 239
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Fig. 9 (a) Schematic diagram of a silicon nitride photonic chip with a phased array based on a fishbone-type antenna structure; (b) structural

diagram of a single fishbone-type antenna in the xy cross-section; (c) distribution of the TE mode electric field for a single

antenna in the yz cross-section; (d) distribution of the TM mode electric field for a single antenna in the yz cross-section”
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Fig. 10 (a) The microscopy images of the fabricated OPA chip

based on fishbone waveguide antenna; (b) near-field

field excited by the 520.5 nm laser captured by image

camera; (c) measured TE mode and TM mode far-field
patterns of the OPA excited by the 520. 5 nm laser™”

521. 7 nm B9 44~ LD W 32K 6 3E . 4K 2 OPA &
FeJR BT EROCRE M 12w . B 11(h) 2 U
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Fig. 11 (a) Experimental spectra of four LD with wavelengths of 494 nm, 508 nm, 520.5 nm, and 521.7 nm; (b) simulated,

experimental, and theoretical results for the deflection angles of the main lobes of the TE and TM modes excited by the

aforementioned four wavelengths; (c) simulated calculation results for the optical loss of the OPA chip; (d) simulated and

experimental results for the main lobe losses at the four wavelengths™’

@ e . Polarization Wavelength G iy
—————————————— . controller separation on OPA

™ ™

/ 7

{ /

20.5nm 508nm 521.7nm 494nm

12 (a) 2 f 5% U OP A 52 B A 85 42 5 S Ak 2 1 AR B0 R B8 /s 2R 46, 47 P D 5 KR 520. 5 nm A1 521 7 nm IR0 5 £ T ML ASE
A e B 5 (b) 92560 74 19 494 nm TE.508 nm TE.520.5 nm TE #1521. 7 nm TM 822 32 3 6 5 5 (¢) 5256 W0 15 1Y
494 nm TM,521. 7 nm TE 508 nm TM F1520. 5 nm TM = 1932 & e 5t
Fig. 12 (a) The proof-of-concept demonstration of dense blue-green wavelength division demultiplexing via polarization-sensitive
OPA, the inset is the measured far-field profile of TM modes at the wavelength of 520.5 nm and 521.7 nm; (b)(c) the
measured far field profile of 494 nm TE, 508 nm TE, 520.5nm TE, and 521. 7 nm TM modes and 494 nm TM, 521.7 nm
TE, 508 nm TM, and 520. 5 nm TM modes™’
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Fig. 13 (a)(b) BER for 4-channel WDM using OOK modulation before RLS adaptive equalization at various communication rates,
including two WDM combinations: 494 nm TE, 508 nm TE, 520.5 nm TE, and 521. 7 nm TM mode multiplexing; 494 nm
TM, 521.7 nm TE, 508 nm TM, and 520. 5 nm TM mode multiplexing; (c) (d) BER for 4-channel OOK-modulated WDM
after RLS adaptive equalization at various communication rates, with the same two WDM combinations as mentioned above;
(e) (f) amplitude distribution of the 520. 5 nm signal before and after RIS adaptive equalization at a 1 Gbit/s sampling rate;
(g)-(j) eye diagrams of communication signals for different modes after RLS equalization at a 1 Gbit/s communication rate:
520.5nm TE; 520. 5 nm TM; 521. 7 nm TE; 521. 7 nm TM™”
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Table 2 Channel performance before and after RLS equalization™

Channel DCV/V REV.V  ROP /uW Before RLS equalization After RLS equalization

Data rate /Gbps BER Data rate /Gbps BER
494 nm TE 6.6 3.0 0.8 0.5 3.8X107° 1.0 2.5x107°
508 nm TE 6.7 2.5 1.1 0.4 3.0x107° 1.0 2.3x107°
520.5nm TE 6.4 3.0 1.0 0.5 2.0X107° 1.0 1.8x10°"
521.7nm TM 6.6 3.0 0.9 0.3 3.8X107° 1.0 3.1x107°
494 nm TM 6.6 3.0 0.8 0.5 3.5X10°° 1.0 1.7x10°
521.7nm TE 6.6 3.0 0.9 0.4 3.8X10° 1.0 1.8X10°°
508 nm TM 6.7 2.5 1.1 0.5 1.8x10°° 1.0 2.5X10°
520.5nm TM 6.4 3.0 1.0 0.6 3.8X10° 1.0 1.0X10°°

5 PAT L A P A A 2 o T AR ARE R o T B — B AR R T,

Wik AR 53 FE L A RE 7 R Ok AT DL OB Jd 5 4T e B i AR
WA WS 5 S IBORAE A R R SR Pt 3070 RS By BT R LR TN B R 2 B B

WR 3R . RAEEIOC NI RAR R4Pm.

?ﬁ*%lﬁ‘]ﬁl‘:% {Elenl:Eﬁﬁi@%%ﬁﬁ%ﬂ%éﬂiﬂ@%ﬁl‘ﬂﬁ%,ﬁ

PR R AL GRS AT LR R % AL 6 B4R
f%um{ﬁlﬁ“,@Exfﬁﬁ?ﬂﬂﬁ‘ﬁﬁ%&ﬂ@i‘ﬁﬁﬂ%ﬁﬁﬁﬁ, TC 2 V6 15 H5 8 2 10 R AR I 4 P S0 7 R
H AT WDM i 15 8] bt K K 6G L WM 4 vh R AR . iEskE B HE AR

HET HCG A1 1D e MR 5] 1 85 WO 25 M M A 2 z»mxu:%m;-w%c@rmio H i 1 4% WDM 1y
S5 P /N D T I A R AR T LRGSR A I O L A R BT AR G

0706010-10



7H1/2024 £ 4 B/ SRBFEHE

8 42 ik

$F 6155

#£3 WA KL WDM H ARG B S 50

Table 3 WDM channel parameters and performance

Work MUX DeMUX Application Advantage Disadvantage
[14]  Free-space combiner Optical filter 10-m underwater Low loss Coarse channel spacing
[15] Pol.arizer ar'id Pol'arizer ar'ld 20-m free' Spa'ce and Moderate loss Coarse channel spacing
optical grating optical grating 3-m lighting
[16] P.olarizer and Pola‘rizer 'and 100-m free space and Low loss Coarse channel spacing
fiber coupler optical filer 10-m underwater
[32] Fiber coupler HCG VLC High loss Fine channel spacing
[33] Fiber coupler 1D grating array VLC High loss Fine channel spacing
R4 EHENZNRRBEARSHOLE
Table 4 Comparison with WDM systems in the blue-green band
Emitter Modulation Underwater distance Data rate /(Gbit/s) Channel count  Channel spacing Reference

LED OFDM 0 9.64 3 66 nm [10]

LD 32QAM 10 m 5.34 2 80 nm [14]

LD PAM4 0 200 4 70 nm [15]

LD PAM4 10 m 300 6 26 nm [16]

LD 8QAM 0 4.5 4 4 nm [32]

LD OOK 0 4 4 1.2 nm [33]
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