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1. Introduction

Visible light communication (VLC), as a new type of commu-
nication technology, has the characteristics of no electromag-
netic radiation, being license-free, and high security compared
with traditional radio frequency (RF) communication!'~), It
is expected to become an important supplement to the current
wireless communication technology. In order to achieve a high-
speed VLC system, the high-performance optical transmitter
(Tx) is one of the most critical factors. Compared with the tradi-
tional light emitting diode (LED) device, GaN-based micro-
LEDs can further realize the advantages of high bandwidth
and low power consumption due to its micron-level sizel*.,
Therefore, the micro-LED has been widely used in the fields
of micro-display, free-space optical (FSO) communication,
underwater wireless optical communication (UWOC), and so
on"*~7), Especially for VLC application, the single-chip modula-
tion bandwidth of up to 1.5 GHz and a data rate of 11.74 Gbit/s
can be achieved by the non-polar blue micro-LED and series-
biased blue micro-LED, respectively!®*),

Compared with the widely reported blue micro-LED, the “green
gap” problem caused by the high In composition of multiple quan-
tum wells (MQWs) has always hindered the realization of high-
performance GaN-based green micro-LEDs!"?. In recent years,
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Visible light communication (VLC) based on the micro light emitting diode (micro-LED) has attracted increasing attention
owing to its high bandwidth, low power consumption, and high security. Compared with semi-polar or non-polar micro-LEDs,
the commercial polar micro-LED has the advantages of low cost and more mature epitaxy technique. In this study, green
micro-LEDs with different indium tin oxide (ITO) sizes are fabricated based on the commercial c-plane LED epitaxial wafer.
The transmission performance of 80,100, and 150 um devices has been studied in detail. A partial pre-equalization scheme is
utilized to increase data rates. Finally, the VLC system with a 100 um green micro-LED as the transmitter could achieve
a maximum data rate of 3.59 Gbit/s. Such a result will be beneficial to promote the further development of low-cost,
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semi-polar or non-polar green micro-LEDs have been gradually
investigated, which are expected to avoid the drawbacks caused
by conventional epitaxy growth on the c-plane substrate!'"'?,
Data rates beyond 5 Gbit/s have been achieved by parallel arrays
of semi-polar green micro-LEDs"*), However, although current
researches reveal the potential of semi-polar or non-polar green
devices in high-speed VLC, the shortcomings such as complex
epitaxy technique and high cost have not been resolved yet.
Therefore, if the high-performance VLC system can be realized
by commercial polar green micro-LEDs, the results will also be
undoubtedly valuable for the low-cost and high-speed VLC sys-
tems due to the more mature epitaxy technique.

In this work, we measured the performance of green micro-
LEDs with different sizes based on the commercial c-plane LED
epitaxial wafer in detail and analyzed the VLC performance of
such devices at different working conditions by combining the
bit loading discrete multi-tone (DMT) modulation format and
digital pre-equalization technology. Finally, a 100 pm micro-
LED was used to achieve a maximum data rate of 3.59 Gbit/s.
The realization of such a high-performance VLC system does
not require a complex epitaxial structure design. It is expected
that such devices can have broad application prospects in differ-
ent fields such as Internet of Things and smart lighting.
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2. Performance of Micro-LEDs

Figure 1 shows the structure of the green micro-LED, which
includes a sapphire substrate, a buffer layer, an n-type GaN
layer, a MQW layer, a p-type GaN layer, and a limited current
spreading layer (indium tin oxide, ITO). The fabrication process
has been reported in detail in our previous work!"*!. The overall
size of the single pixel is 300 pm X 300 pm. However, different
from the fabrication of traditional micro-LEDs, by limiting
the area of the ITO layer instead of the dry etching process,
the current of green micro-LEDs in our work can also be limited
to a specific area to achieve high current density, which will
ensure the small-scale emission area. What is more, the perfor-
mance degradation caused by sidewall defects introduced by the
etching process can be minimized. In addition to being a solid-
state source for lighting and display, such micro-LEDs also have
the potential for photodetection applications!*!. It can be seen
from Fig. 1 that unlike the limited current injection area when
used as a Tx, when the device is used as a photodetector, the
InGaN/GaN MQW as an optical absorption layer has a total
area of 300 pm X 300 pm, which can achieve high-sensitivity
detection for incident optical signals. Especially for VLC appli-
cation, this feature will improve the signal-to-noise ratio (SNR)
at the receiver (Rx), thereby ensuring the communication per-
formance of the whole system. Such a monolithic integrated
multifunctional micro-LED will help realize miniaturized
high-performance duplex VLC technology.

Figures 2(a) and 2(b) are the current-voltage (I-V) curves and
the light output power-current (P-I) curves of micro-LEDs with
different sizes (80, 100, and 150 pum, referring to the sizes of
ITO layers), respectively. In order to prevent irreversible damage
due to the excessively high operating current, the maximum
current was limited to the value where the light output power
of the device was saturated. It can be seen that as the sizes
increase, the maximum operating current and light output
power also increase simultaneously, which are 100, 160, 210 mA
and 0.848, 1.365, 2.120 mW, respectively. The corresponding
maximum current densities are 1562.5, 1600, 933.3 A/cm?.
Although 80 pm and 100 pm micro-LEDs are confined by the
electrical injection areas and their maximum light output
powers are less than that of the 150 pm device, they can also
achieve much higher injection current densities, which are
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Fig. 1. Schematic structure of multi-functional green micro-LED.
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Fig. 2. (a) /-Vcurves and (b) P-/ curves of multi-functional green micro-LEDs
with different sizes.

important for improving the electrical-to-optical modulation
bandwidths of such micro-LEDs.

In order to further explain the influence of current density on
the modulation bandwidth, the frequency response curves of
a 100 pm device at different current densities are shown in
Fig. 3(a). As the current density ranges from 100 A/cm? to
1500 A/cm?, the —3 dB bandwidth of the device increases sig-
nificantly (from 41.6 MHz to 139 MHz). This is mainly due
to the decrease in the differential carrier lifetime caused by
the increased carrier density. Figure 3(b) shows the current den-
sity versus modulation bandwidth curves of 80, 100, and 150 pm
devices, respectively. At the same current density, even if the
device sizes are different, the corresponding modulation band-
widths are still basically same. However, due to the difference in
effective injection area, the maximum current density of a large-
size device is much lower than that of a small-size device, which
will affect the maximum available bandwidth and limit the
performance of the VLC system. The maximum electrical-to-
optical modulation bandwidths of 80, 100, and 150 pm devices
are 131.20 MHz (1562.5 A/cm?), 147.33 MHz (1600 A /cm?),
and 97.1 MHz (933.3 A/cm?), respectively.

The electroluminescence (EL) spectra have also been tested in
detail. Figure 4(a) represents the EL spectra of the 100 pm device
at different currents. Figures 4(b) and 4(c) are the peak wave-
length and full width at half-maximum (FWHM) curves
extracted from the spectra as a function of current density. It
can be seen that for the 100 pm micro-LED, the peak wavelength
first changes from 523.1 nm (1 mA) to 513.6 nm (90 mA) and
then gradually increases to 515.4 nm (160 mA). The blue shift is
mainly due to the band filling effect and the suppression of the
quantum-confined Stark effect (QCSE) as the carrier density
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Fig. 3. (a) Frequency response curves of the 100 pm micro-LED at different
current densities. (b) Modulation bandwidth versus current density curves of
80, 100, and 150 um devices, respectively.
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Fig. & EL spectra characteristics of 100 pm micro-LED. (a) Spectra at differ-
ent currents. (b) Peak wavelength and (c) FWHM versus current curves.

increases'"”). The red shift can be attributed to the self-heating
effect of the micro-LED at high operating current!*®),

In addition to the change of the peak wavelength, the phe-
nomenon of spectrum broadening will also appear. When the
current is 5 mA, the FWHM of the 100 pm device is 33.3 nm.
For the maximum current (160 mA), the FWHM of the device
is broadened to 44.0 nm, an increase of 32.1%. The most obvious
impact of spectral change is the problem of color shift, which
is particularly critical in the display application. For the multi-
functional device that integrates lighting, display, duplex VLC,
and other functions, how to reduce the spectrum shift will be
studied in our future research.

3. Experimental Setup and Results

The experimental setup and photograph of the micro-LED-
based VLC system are shown in Fig. 5. The bit loading DMT
modulation format was utilized to raise spectral efficiency,
and it achieved a high data rate. Herein, 122 subcarriers were
modulated with DMT modulation. Firstly, the channel estima-
tion was done offline by sending a quadrature phase shift keying
(QPSK) training sequence. The channel frequency response
obtained from the channel estimation was used for further
pre-equalization. The SNR among different DMT subcarriers
for bit loading modulation was obtained by calculating the error
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Fig. 5. Experimental setup of the micro-LED-based VLC system. (a) Photo-
graph of the optical system showing the micro-LED, lens group, and APD.
Micrographs of three different sizes of micro-LEDs: (b) 80 um; (c) 100 pm;
(d) 150 pm.
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vector magnitude (EVM) of QPSK symbolsm]. Based on the
specific SNR table, the quadrature amplitude modulation
(QAM) order of bit allocation for different subcarriers was
determined. The SNR table corresponding to different modula-
tion levels is calculated at a target bit error rate (BER) of
3.8 X 107%. Then, after QAM mapping and DMT modulation,
the bit loading DMT signal was generated and sent to an arbi-
trary waveform generator (AWG, Tektronix, AWG710B).

To overcome the bandwidth limitation of the micro-LED,
digital pre-equalization was utilized before DMT modulation
at the Tx. Based on zero-forcing equalization!"®), the transmitted
signal was pre-emphasized as

X'(f)=X(HH()™, (1)

where X(f) was the original transmitted signal, H(f)™* repre-
sented the inverse of channel frequency response, and a was a
scaling factor of the pre-equalization. When a =1, the pre-
equalization fully compensated the channel response to flatten
the received spectrum, which was called full pre-equalization.
However, full pre-equalization resulted in the decrease of the
overall SNR when compensating for the high-frequency compo-
nents of the signal, thus degrading the system performance!'®).
It had been demonstrated that partial pre-equalization can
address this contradictory trade-off and achieve a better system
performance!®”. In the experiment, we changed the scaling fac-
tor a to adjust the ratio of partial pre-equalization. Specifically,
we set a as 0.5 and compare its performance with that of full
pre-equalization.

The signal output from the AWG was amplified by an elec-
trical amplifier (EA, Mini-Circuits, ZHL-2-8-S+) and DC-biased
with a bias-tee (Mini-Circuits, ZFBT-6GW+). Then, via a high-
speed probe, the biased signal was fed into the green micro-LED
to finish electro-optical conversion. Micrographs of three differ-
ent sizes of micro-LEDs are represented in Figs. 5(b)-5(d).
In this paper, the transmission performances of these micro-
LEDs will be discussed.

By applying a lens group, the optical signal from the micro-
LED was collimated and focused on the avalanche photon diode
module (APD, Hamamatsu, C5658). The APD was employed to
finish photoelectric conversion. The output signal of the APD
was captured by the oscilloscope (Agilent DSA-X 96204Q).
In offline digital signal processing (DSP), the signal was first
synchronized and then sent to DMT demodulation. After DMT
demodulation, the QAM symbol was used to calculate the BER.

The achievable data rates and light output powers are deter-
mined by the operating points of the LEDs*!). Without pre-
equalization, we search for the optimal operating points at a
signal bandwidth of 750 MHz to better compare the transmis-
sion performances of three types of micro-LEDs. Figure 6
describes the measured data rates for different driven current
and signal peak-to-peak voltage (V). At a fixed signal V,
of 0.8 V, the data rates of three types of micro-LEDs increase
firstly and then decrease with the increase of the driven current,
as shown in Fig. 6(a). It can be seen that the micro-LED with a
larger size may achieve a maximum data rate at a greater driven
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Fig. 6. Measured data rates for (a) different driven current with V,, = 0.8V,
(b) different signal V,, with optimal bias current (30 mA, 150 mA, and 180 mA
for 80, 100, and 150 pm devices, respectively).

current. The optimal driven currents for 80, 100, and 150 pm are
90, 150, and 180 mA, respectively. The transmission perfor-
mance of the 100 pm micro-LED is better than that of the
80 pm micro-LED due to the higher SNR from the higher light
output power. However, limited by the modulation bandwidth,
the 150 pm device achieves the lowest data rate though it has
the highest light output power. There is a tradeoff between the
modulation bandwidth and the SNR. It is expected that the
150 pm device may achieve a higher data rate in a long distance
between the Tx and Rx when the SNR is the dominant factor.
At the selected driven current, the optimal signal V,, of the
micro-LEDs is also found, as shown in Fig. 6(b). Similar trend
of data rates can be seen in Fig. 6(b). With a small V,,,, the signal
is in low SNR conditions. However, a too-large V,, induces sig-
nal clipping, which results in nonlinear impairments. These two
situations decrease the achievable data rates. The optimum
values of signal V,, are 0.8 V for the 80 and 100 pm devices
and 0.9 V for the 150 pm device. The 100 pm device has the
best transmission performance among the three types of
micro-LEDs.

Then, pre-equalization performance is tested using the
100 pm micro-LED as the Tx. The corresponding results are
represented in Fig. 7. Pre-equalization widens the effective
modulation bandwidth at the cost of the SNR loss. There is a
tradeoff between the widened modulation bandwidth and SNR
loss. Experimental results show that full pre-equalization over-
compensates the frequency response, thus severely degrading
the SNR, resulting in the decreasing of the data rate. Partial
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Fig. 7. Measured data rates of 100 pm micro-LED without pre-equalization,
with partial or full equalization for (a) different driven current and (b) different
signal Vpp.
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pre-equalization helps to raise the transmission data rate and
performs better with a larger signal V,,, where the modulation
bandwidth is the dominant factor. However, when the VLC sys-
tem is in SNR limitation (with a low signal V), partial pre-
equalization will also bring performance loss for the system
because pre-equalization improves the system performance at
the expense of SNR. The results with partial and no equalization
are very similar. Bit loading is an effective modulation method,
which takes the channel condition into consideration. Herein,
we use pre-equalization to further enhance the performance
of the system. Compared with full pre-equalization, partial
pre-equalization holds a balance between spectrum compensa-
tion and the SNR loss, and thus it achieves a higher data rate.

To better understand the performance of full and partial
pre-equalization, we measure the frequency spectra of the trans-
mitted signal and received signal, as shown in Fig. 8. Without
pre-equalization, the received spectrum will continuously
decrease as the signal bandwidth increases. Hence, the signal
at the high-frequency region is severely attenuated. A higher
data rate can be achieved by spectrum compensation. With full
pre-equalization, the low-frequency region of the transmitted
spectrum is greatly attenuated, and the high-frequency region
is enhanced according to the inverse of the channel frequency
response. As a result, the received spectrum is relatively flat
under the whole signal bandwidth, but the amplitude of the
spectrum is very low, which means that the allocated SNR for
each DMT subcarrier is not enough to realize high-order modu-
lation. As a comparison, partial pre-equalization holds a balance
between spectrum compensation and the SNR loss, thus achiev-
ing the best system performance.

Employing partial pre-equalization, the data rates for differ-
ent signal bandwidths of three types of micro-LEDs are mea-
sured at optimum current and V,,. The corresponding results
are represented in Fig. 9(a). The maximum data rates of 80 pm
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Fig. 9. (a) Measured data rates and (b) BERs for different signal bandwidths.
(c) SNR versus subcarrier index at the signal bandwidth of 750 MHz.
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and 100 pm micro-LEDs are achieved with the signal bandwidth
of 800 MHz, and that of 150 pm is obtained with 750 MHz
bandwidth. The 100 pm micro-LED obtains the highest data rate
of 3.59 Gbit/s. The highest data rates of the 80 pm and 150 pm
devices are 3.58 Gbit/s and 3.02 Gbit/s, respectively. It should be
noted that the data rates are achieved with the BER under 7%
forward error correction (FEC) threshold of 3.8 x 1073, as
Fig. 9(b) shows. Such a BER is measured with a constant power
since the current and V', are determined at the optimum oper-
ating point. The SNR versus the subcarrier index at the signal
bandwidth of 750 MHz is shown in Fig. 9(c). As a comparison,
the lowest SNR of the 150 pm device results in poor system
performance.

Figure 10(a) shows the QAM order and SNR versus subcarrier
index of 100 pm micro-LEDs at the highest data rate. The QAM
order follows the trend of the SNR, and the highest QAM order
can be up to six at the low-frequency region. The corresponding
constellation diagrams are shown in Fig. 10(b).

4. Conclusion

We designed and fabricated a new type of micro-LEDs with dif-
ferent sizes, which can integrate solid-state lighting (SSL),
micro-display, and duplex VLC functions. By testing the optical
and electrical characteristics of 80, 100, and 150 pm devices, the
maximum light output powers of 0.848, 1.365, and 2.120 mW
were obtained, respectively. For the micro-LED, the smaller
injection area will bring higher current density, thereby effec-
tively increasing the maximum modulation bandwidth. The
maximum modulation bandwidths of the 80, 100, and
150 pm devices are 131.20 MHz (1562.5 A /cm?), 147.33 MHz
(1600 A/cm?), and 97.1 MHz (933.3 A/cm?), respectively. In
addition, we also analyzed the potential impact of spectral
changes due to the operating current. On the basis of device
research, by combining bit loading DMT modulation and digital
pre-equalization technology, we tested the best operating points
of devices with different sizes and analyzed the impact of equali-
zation technology. Finally, by using a 100 pm micro-LED with
the best performance as the Tx, a data rate of 3.59 Gbit/s was
achieved. Such a high-speed VLC system proves the communi-
cation potential of multi-functional micro-LEDs, which will play
an important role in the future of ultra-high-speed duplex VLC
and further integrated intelligent optoelectronic systems.
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