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Abstract: Data communication based on white light generated using a near-ultraviolet 
(NUV) laser diode (LD) pumping red-, green-, and blue-emitting (RGB) phosphors was 
demonstrated for the first time. A III-nitride laser diode (LD) on a semipolar (2021)  substrate 
emitting at 410 nm was used for the transmitter. The measured modulation bandwidth of the 
LD was 1 GHz, which was limited by the avalanche photodetector. The emission from the 
NUV LD and the RGB phosphor combination measured a color rendering index (CRI) of 79 
and correlated color temperature (CCT) of 4050 K, indicating promise of this approach for 
creating high quality white lighting. Using this configuration, data was successfully 
transmitted at a rate of more than 1 Gbps. This NUV laser-based system is expected to have 
lower background noise from sunlight at the LD emission wavelength than a system that uses 
a blue LD due to the rapid fall off in intensity of the solar spectrum in the NUV spectral 
region. 
© 2017 Optical Society of America 
OCIS codes: (060.2605) Free-space optical communication; (060.4080) Modulation; (140.7300) Visible lasers; 
(250.0250) Optoelectronics; (250.5960) Semiconductor lasers. 
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1. Introduction
Visible light communication (VLC) has gained momentum in recent years due to concerns 
about bandwidth limitations for radio frequency (RF) based communication systems. Many 
studies have shown significant progress in VLC by using III-nitride based light emitting 
diodes (LEDs) as a transmitter [1–7]. LEDs have led the solid-state lighting revolution due to 
their advantages compared to other lighting technologies, including high wall-plug efficiency, 
long lifetimes, and compactness [8–12]. For VLC applications, however, conventional LEDs 
have intrinsic bandwidth limitations on the order of hundreds of MHz due to carrier lifetimes 
on the order of a nanosecond, as well as significant parasitic RC effects [1,13,14]. 

More recently, III-nitride laser diodes (LDs) have been considered as a promising 
alternative to address the bandwidth limitations in LEDs, with VLC systems using LDs 
demonstrating multi Gigabit data rates [15–19]. Since the dynamics of LDs are dominated by 
the photon lifetime rather than the carrier lifetime, LDs have much higher modulation 
bandwidths (> 5 GHz) than LEDs [20]. In addition to high-speed performance, LDs also show 
promise for solid-state lighting applications because they operate at higher current densities 
and have higher output powers per unit wafer area than LEDs [21,22]. The feature of coherent 
and collimated light can also be suitable for point-to-point data transmission as well as other 
point source applications. By leveraging the advantages mentioned above, laser-based white 
light communication is likely to outperform LED VLC [23–26]. Hence, LDs can be utilized 
for light fidelity (LiFi) networks, underwater wireless optical communications (UWOC), and 
plastic optical fiber (POF) communications [27,28]. 

Compared to white light generated using blue-emitting LDs pumping YAG:Ce phosphors, 
white light generated with a near ultraviolet (NUV) LDs pumping red-, green-, and blue-
emitting (RGB) phosphors shows expected improvements in both color rendering index (CRI) 
and correlated color temperature (CCT) [29]. Additionally, the spectral intensity of sunlight is 
lower in the NUV and violet spectral range than in the blue spectral range that is typically 
used for III-nitride emitters in solid-state lighting systems. As a result, NUV LDs enable VLC 
systems that can be robust in the presence of high intensities of sunlight, for example, in a 
room with many windows. Thus, NUV laser-based VLC is a potentially attractive approach to 
achieve high performance white lighting and VLC functionalities. 

In this paper, we demonstrate the first NUV laser-based white light VLC system by 
pumping red-, green-, and blue-emitting phosphors. A semipolar III-nitride laser diode 
emitting at 410 nm was used for the transmitter. A CRI of 79 and a CCT of 4050 K were 
measured from the phosphorescent white light. Clear open eye diagrams and forward error 
correction (FEC) compatible bit error rates (BERs) were measured at a data rate of greater 
than 1 Gbps. 

2. Experimental setup
The white light emitting free-space communication system consisted of a 410 nm LD exciting 
RGB phosphors mixed in silicone, as shown in Fig. 1. The NUV LD was grown on a 
semipolar (2021)  freestanding GaN substrate and had a 4 μm ridge waveguide and a 1200 
μm cavity with uncoated facets. Further details of the structure are reported elsewhere [20]. 
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Fig. 1. (a) Schematic of the NUV laser-based white light communication system with RGB 
phosphors for color conversion, a diffuser to improve the uniformity of the phosphor emission, 
transmitter (Tx) and receiver (Rx) lenses to collimate the light, and a 1 GHz avalanche 
photodetector (APD) to collect the transmitted light. (b) Photograph of the setup. 

The LD chip was mounted on a microwave probe station with a ground signal (GS) probe, 
a heat sink, and a thermoelectric cooler (TEC), as shown in Fig. 1(a). The phosphor mixture 
was placed 1–2 cm in front of the LD and was followed by polyethylene terephthalate (PET) 
diffuser to provide uniform white emission. The transmitter (Tx) and receiver (Rx) lenses 
were properly aligned to collimate the emitted beam as shown in the photograph in Fig. 1(b). 
At the receiver end, a 1 GHz Menlo System APD 210 silicon avalanche photodetector (APD) 
was placed approximately 15 cm from the Tx lens. An NUV bandpass filter does not 
necessarily need to be used in conjunction with the APD because the relatively slow phosphor 
response time does not interfere with the performance of the laser-based VLC system [24]. 
For DC characterization, the LD was tested using a Keithley 2520 diode laser test system with 
a half-moon integrating sphere and a calibrated Si photodetector. Excitation and emission 
spectra of the individual phosphors were measured using a fluorometer (Horiba) with a 15 cm 
integrating sphere (Quanta-φ) attachment for quantum yield measurements. The spectra of 
white emission from the laser-based VLC system were measured using an Ocean Optics HR 
4000 spectrometer. 
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3. Results and discussion

Fig. 2. (a) L-I-V characteristics of the LD under CW operation at 15 °C. (b) Small signal 
response of the LD with increasing driving current from 360 mA to 600 mA. 

The light-current-voltage (L-I-V) characteristics of the 4 μm × 1200 μm ridge waveguide LD 
are shown in Fig. 2(a). The threshold current (Ith), threshold current density (Jth), and 
threshold voltage (Vth) of the LD were 320 mA, 6.67 kA/cm2, and 5.5 V, respectively, under 
continuous wave (CW) operation at 15°C. The LD exhibited a slope efficiency of 0.36 W/A 
from a single facet. The modulation response for the LD operating between 360 mA and 600 
mA is shown in Fig. 2(b). The frequency response shows that the –3 dB bandwidth is limited 
to approximately 1 GHz after 400 mA bias point. Although the LD is expected to have a 
higher bandwidth of more than 5 GHz [20], the measured bandwidth of approximately 1 GHz 
is limited by the bandwidth of the APD. The choice of the 1 GHz APD is an alternative 
method to detect the lowered signal level due to scattering in the phosphor conversion 
process. Higher modulation bandwidths are expected under the drive current of 400 mA to 
600 mA for similar laser-based VLC systems with the eventual development of higher 
bandwidth Si APDs. 

Fig. 3. Plots of excitation (dotted lines) and emission (solid lines) for (a) blue-, (b) green-, and 
(c) red-emitting phosphors used in this work, with (d) overlapping spectra of the three
phosphors shown. (e) CIE diagram showing the chromaticity coordinates of the three
phosphors and the LD-VLC RGB mixture. The chromaticity coordinates for the phosphors
create a large triangle within the CIE diagram of potential colors that can be achieved from
mixing the phosphors. The CIE coordinates of the LD-VLC RGB mixture for different laser
currents lies just beneath the Planckian locus and shifts red (decreasing coordinated color
temperature) to warmer white light as the laser current increases.
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The optical excitation and emission properties of the RGB phosphors used are shown in 
Fig. 3. The red-, green-, and blue-emitting phosphors are CaAlSiN3:Eu2+, 
(Ba,Ca,Sr,Mg)2SiO4:Eu2+, and BaMgAl10O17:Eu2+, respectively. The phosphors were mixed in 
silicone at a ratio of 1:1.5:3 to achieve white light [30]. The quantum yields of the phosphor 
materials were measured to be (excited at 410 nm) 74%, 78%, and 78%, respectively. The 
corresponding Commission Internationale de l’Eclairage (CIE) chromaticity coordinates for 
the phosphor emission excited using a 410 nm LD were (0.65, 0.36), (0.27, 0.64), and (0.14, 
0.08), respectively (Fig. 3(e)). The CCT and CIE coordinates obtained by the LD (410 nm 
NUV LD exciting RGB phosphor mixture) ranged from 4700 K to 4050 K with increasing 
current from 100 mA to 600 mA, where the CCT finally saturated. A maximum CRI value of 
79 was obtained between 500 mA and 600 mA, which is a significant improvement compared 
to the previously reported value of 58 for the white light generated using blue LD and yellow 
YAG:Ce phosphor [22,24]. 

Fig. 4. Spectra of the laser-based white emission using the RGB phosphor mixture for 
increasing currents from 100 mA to 500 mA are shown. The ASTM G173-03 AM1.5G solar 
spectrum is also shown for comparison. 

The spectral characteristics of white light emission are shown in Fig. 4. The peak of the 
LD emission appears at 410 nm with only a 1 nm wavelength shift above the lasing threshold 
(> 300 mA) due to comparatively flat quantum wells (QWs) on the (2021)  semipolar 
orientation LD. The green- and red-phosphor emission peaks are at 520 nm and 650 nm, 
respectively. Blue phosphor emission was weak due to low absorption at 410 nm excitation. 
Increasing blue emission could be accomplished via higher blue phosphor loading, higher 
quantum yield blue emission, and/or using the LD with a shorter emission wavelength. The 
ASTM G173-03 AM1.5G solar spectrum is also shown in Fig. 4 for comparison. Sunlight has 
a reduced spectral intensity in the NUV region of the spectrum relative to the rest of the 
visible region of the spectrum. Thus, if an NUV optical bandpass filter were used at the 
receiver, NUV laser-based VLC system would be expected to have a lower signal-to-noise 
ratio (SNR) than a blue emitter-based VLC system, and would therefore be more appropriate 
for use in environments with high background intensities of sunlight (e.g. in rooms with many 
windows). 
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Fig. 5. (a) Dependence of BER on received optical power characteristics of the laser-based 
white light communication link at different data rates with the FEC criteria shown as a grey 
dashed line. (b) The eye diagram of the laser-based white emission. 

Data communication characteristics using a non-return-to-zero (NRZ) OOK modulation 
scheme were measured to evaluate the presented NUV laser-based white light communication 
system. A 210 − 1 pseudo-random binary sequences (PRBS) data stream from the bit error rate 
tester (Agilent N4903B J-BERT) was used to investigate bit error rates (BERs) and eye 
diagrams by using a digital communications analyzer (Agilent 86100). The BER of the laser-
based phosphorescent VLC link at different attenuated received optical powers is shown in 
Fig. 5(a). The modulation of the white emission passed the forward error correction (FEC) 
criteria of 3.8 × 10−3 at 1.5 Gbps with a BER of 1.8 × 10−3. Figure 5(b) shows a clear open 
eye diagram of data transmission at 1.25 Gbps under the drive current of 570 mA. Since the 
APD limits the system bandwidth to 1 GHz, it is expected that the actual data rate is greater 
than 1.5 Gbps. 

Many studies have reported systems for both lighting and data communication 
applications over the last several years. Table 1 summarizes the configuration and 
performance of various white light communication systems that use a combination of LDs 
and phosphors. As indicated by the table, the presently reported VLC system with RGB 
phosphors has a higher CRI and a lower CCT than previously reported systems that use 
yellow-emitting YAG:Ce phosphors. Dursun et al. demonstrated higher CRI and lower CCT, 
but the poor stability of Br-based perovskite materials and the toxicity of lead are critical 
limitations for commercial use. An NUV LD pumping RGB phosphors should also have a 
higher signal-to-noise ratio when bandpass filters are used, as discussed above. Hence, the 
VLC system in this work satisfies both lighting quality and communication data rate 
requirements. Moving forward, it is expected that the use of advanced modulation schemes, 
such as quadrature amplitude modulated orthogonal frequency division multiplexing (QAM 
OFDM), and higher speed photodetector (> 5 GHz) will significantly increase data rate in 
laser-based VLC systems. 
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Table 1. Summary of reported laser-based white light communication using phosphors 

References Transmitt
er Color converter CRI CCT 

(K) 
Modulation 

scheme 
Data rate 
(Gbps) 

Lee et al. [24] Blue LD YAG:Ce 58 4740 OOK 2 

Retamal et al. [25] Blue LD YAG:Ce - 6409 16 QAM 4 

Chi et al. [23] Blue LD YAG:Ce - 5217 16 QAM 5.2 

Dursun et al. [31] Blue LD Perovskite 89 3236 OOK 2 

Chun et al. [26] Blue LD CL840 R45-XT [32] - 7092 64 QAM 6.52 

This work Violet LD RGB mixture 79 4050 OOK 1.25 

4. Conclusion
NUV laser-based phosphorescent white light communication was demonstrated using RGB 
phosphors. A semipolar LD with a modulation bandwidth of several GHz [20] was used as a 
transmitter to achieve a data rate of greater than 1 Gbps. The system produced white light 
with a high CRI of 79 and a low CCT of 4050 K, which is a significant improvement over 
previously reported systems that used blue LDs and YAG:Ce phosphors. The system is 
expected to have a lower signal-to-noise ratio than a blue laser-based VLC system due to the 
reduced overlap with the solar spectrum. A 1.25 Gbps data rate with a clear open eye diagram 
was measured using NRZ OOK modulation. These results demonstrate that NUV laser-based 
VLC systems can satisfy both high quality lighting and high speed low noise communication 
requirements. 
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