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In recent studies, visible light communication (VLC) has been predicted to be a prospective technique in the
future 6G communication systems. To suit the trend of exponentially growing connectivity, researchers have
intensively studied techniques that enable multiple access (MA) in VLC systems, such as the MIMO system based
on LED devices to support potential applications in the Internet of Things (IoT) or edge computing in the next-
generation access network. However, their transmission rate is limited due to the intrinsic bandwidth of LED.
Unfortunately, the majority of visible light laser communication (VLLC) research with beyond 10 Gb/s data rates
concentrates on point-to-point links, or using discrete photodetector (PD) devices instead of an integrated array
PD. In this paper, we demonstrated an integrated PD array device fabricated with a Si-substrated GaN/InGaN
multiple-quantum-well (MQW) structure, which has a 4 x 4 array of 50 pm x 50 pm micro-PD units with a
common cathode and anode. This single-integrated array successfully provides access for two different transmit-
ters simultaneously in the experiment, implementing a 2 x 2 MIMO-VLLC link at 405 nm. The highest data rate
achieved is 13.2 Gb/s, and the corresponding net data rate (NDR) achieved is 12.27 Gb/s after deducing the FEC
overhead, using 2.2 GHz bandwidth and superposed PAM signals. Furthermore, we assess the Huffman-coded
coding scheme, which brings a fine-grain adjustment in access capacity and enhances the overall data throughput
when the user signal power varies drastically due to distance, weather, or other challenges in the channel con-
dition. As far as we know, this is the first demonstration of multiple visible light laser source access based on a
single integrated GaN/InGaN receiver module. ~ © 2024 Chinese Laser Press
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1. INTRODUCTION

Visible light communication (VLC), predicted as a crucial part
of the 6G communication networks [1-3] around the 2030s,
features ultra-broad unlicensed bandwidth [2], low electromag-
netics leakage, and confidentiality in security communication
[1]. The global traffic volume in 2030 is estimated to be around
5000 EB/month [3]. Myriads of IoT devices and mobile users
require massive connectivity, lower latency, and high-speed ac-
cess in the access network. Meanwhile, the concept of multi-
access edge computing (MAE) emerges, aiming to save the data
traffic in the backhaul and core network and distribute the
data-centric computation to the proximity to the edge user
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applications [4,5]. Possible scenarios using multiple access are
illustrated in Fig. 1. For example, it is a typical task in ground-
satellite communication to perform edge-computing [6]. In
underwater networks, multi-access functions could improve the
working speed and area of a UAV group and the system reli-
ability [7], and it is becoming more important as the under-
water [oT (UloT) [8] concept emerges. In a terrestrial network,
multi-access would improve the spectral efficiency and ser-
vice multiple users with the same frequency, time, and code
resource [9].

Therefore, multiple access VLC systems have become
a heated research topic in recent studies. For example,
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Illustrations of the potential scenarios of superposed modulation in (a) satellite network VLLC, (b) underwater VLLC, (c) UAV and

MIMO-VLC systems based on indoor LED systems are inten-
sively studied [10-14]. Although such a system enables serving
multiple users simultaneously and has a desirable compatibility
with the indoor illumination system, they are restricted by
transmission speed. The highest data rate reported as we know
by writing this paper is 6.689 Gb/s [15]. The visible light laser
communication (VLLC) system utilizing laser modules features
a large channel capacity compared with its LED-based counter-
parts. A direct-modulated laser can easily produce over Gb/s
data rate [16-19], which could be further improved by intro-
ducing wavelength-division multiplexing (WDM) [20-22] or
coherent modulation. However, the majority of studies in
VLLC focus on point-to-point, single-channel transmission,
and few investigate the high capacity of laser-based MIMO-
VLC systems [20,23]. Besides, the integrated photodetector
(PD) array device is a blank area to explore. Compared with
discrete PD device arrays, the integrated device has smaller sizes
and consequently is more suitable to implement miniaturized
MIMO systems.

Photodetectors utilizing GaN-based materials have been
gaining popularity in recent research. One of their merits
includes, for example, wide (3.4 ¢V) and tunable bandgap,
high carrier mobility [2000 cm?/(V s)], and stronger robust-
ness against harsh environments [24]. Moreover, the desirable
responsivity in short-wavelength visible light signals, which in-
clude the blue-green transmission window [25] in underwater
channels, is far from the responsivity peak of conventional
commercialized PDs (Si-based: ~1100 nm, for example).
The existing research about GaN-based photodetectors now
is intensively studied. Researchers explored multiple structures
of such photodetectors, including metal-semiconductor-metal

(MSM) structures [26,27], 2D structures (MXene GaN/
InGaN) [28-30], and multple-quantum-wells (MQWs)
[16,31,32]. Among them, research on MQWs structure dem-
onstrates desirable data rate performance at the Gb/s level in
existing studies [16,32]. In our previous studies, high-speed
MQW devices have achieved over 10 Gb/s communication
rates [33,34], suggesting that they have the potential to chal-
lenge commercialized PDs in the short-wavelength visible light
spectrum, such as Si-based Thorlabs APD210 [35]. Compared
with recently reported microarray structure devices, such as
nano-hole [36], nano-wire [37,38], nano-tube [39], and planar
structure [40] arrays, its detector-level array is more suitable
to implement the multiple access function. And it has a durabil-
ity advantage over organic detectors [41]. Hence, it is worth
further investigation into its performance as a MIMO-VLC sys-
tem. We listed these relavant research in Table 1 to demon-
strate the highlight of the proposed device.

In this paper, we demonstrate a flexible 2 x 2 multiple access
visible light communication system based on an integrated
parallel micro-PD array, which can provide access for two in-
dependent transmitters at the same time. It has a desirable
dark current level and responsivity characteristics in the short-
wavelength visible light spectrum. It implements a 2 x 2 visible
light laser MIMO system using two photosensitive units and
two independently driven 405 nm lasers. The highest data rate
achieved with this multi-access system is 13.2 Gb/s, and the
corresponding net data rate (NDR) achieved is 12.27 Gb/s after
deducing the FEC overhead, using 2.2 GHz bandwidth and
superposed PAM signals, when the channel condition is well-
balanced. And the Huffman coding enables fine-grain, non-
integer modulation order in the superposed MIMO system,

Table 1. Relevant Research in lll-Nitride-Based PDs
Communication

Device Rise/Fall Time  Data Rate Detector Dimension Mode Ref.
GaN/InGaN MSM — — 93 x93 pm — [26]
GaN/InGaN MSM 23 ps — 2 um (Gap spacing) — (27]
MXene/InGaN 60/80 ps — 150 x 150 pm — (28]
MXene/GaN 7.55 ps/1.67 ms — 3 x 5 array, 2 mm? (total area) — [29]
MXene-GaN 60 ms/20 ms — ~2 x 2 pm — [30]
Semipolar InGaN/GaN MQWs — 540 Mb/s 2 x4 array, 30 x 30 um (single unit) Point to point (31]
InGaN/GaN MQWs — 3.2 Gb/s 80 x 80 pm Point to point (32]
Semipolar InGaN/GaN MQWs — 7.4 Gb/s 28.3 pm? Point to point [16]
InGaN/GaN MQWs — 10.8 Gb/s 4 x4 array, 50 x 50 pm (single unit) Point to point (33]
InGaN/GaN MQW's — 12.27 Gb/s 4 x 4 array, 50 x 50 pm (single unit) 2 x 2 MIMO This work
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Fig. 2. (a) SEM images of the proposed micro-PD array. (b) The detailed SEM images of two detectors. (c) The optical microscopic image of
the PD array chip. All cathodes on this chip are connected into the common cathode located at the center of the chip. (d) The intersection of a
single detector unit, showing its layer structure. (e) The exploded view of the micro-PD array. The common N-node and the conduction substrate

(the common anode) are illustrated.

and it significantly alleviates the decrease in the overall data
throughput when user signal powers are extremely imbalanced.
This experiment shows that this multi-access system can pro-
vide reliable high-speed access when the transmission distance,
weather, or other channel conditions vary drastically. As far as
we know, this is the first demonstration of multiple visible light
laser source access based on a single integrated GaN/InGaN
receiver module.

2. DEVICE CHARACTERISTICS AND
FABRICATION

The array device is shown in Fig. 2. Figures 2(a) and 2(b) show
the SEM image of the overall and detailed structure. The
microscopic picture is shown in Fig. 2(c), which demonstrates
the real appearance of the chip. The 16 detector units are
first grouped by 4 in one row, and all rows are finally connected
to the disk-shaped common cathode. The zoom-in image
presents a detailed view of a single unit. The size of the unit
is 50 pm x 50 pm. The edge area of the unit is the passivation
area that encloses the conductive materials in the center to re-
duce leakage current. The metal contact appears at the bottom
of the image, which connects the unit to the common cathode.
In Fig. 2(d), the layer structure of the chip is illustrated. The
active regions including the 8 periods of MQWs are protected
by the passivation shell. The layer nearest to the metal contact
is Si-doped N-type GaN. The following structure is the
Ing ; Gag 9N/GaN superlattice (SL) layer that helps to improve
the quality of the MQWs. The period of the SL layer is 26.
Besides, a layer of low-temperature (LUT) GaN is placed before
the MQWs to alleviate the strain in the material. The MQWs
(Ing 3Gag7N/GaN) are a crucial part of this device, whose band-
gap design dictates the responsivity along the spectrum. After the
Mg-doped P-type GaN, the last part of the vertical structure is
the silver layer that reflects the incident light backward. This is
a useful structure in LED design that improves light extraction

as the backward emission comes out from the front side. For the
same reason, the optical signal could be better utilized as the light
that arrives at the bottom of the detector would return to the
active layer. Figure 2(e) illustrates the exploded view of the micro-
PD array. It highlights the common cathode and anode structure
in this device, which means that all the 16 units are parallelly con-
nected and the output of this device is the sum of the photo-
generated current from all the detector units.

There are two main features of this design. First, the V-pit
structure within the MQWs has shown its enhancement to both
the transmitter and receiver [34,42,43] in the VLC system. It
facilitates carrier transportation, which increases the carrier re-
combination under forward bias voltage, and the extraction of
photo-generated carriers when the reverse bias is applied. Second,
the parallel connection collects the photocurrents from all the
photo-sensitive areas. Signals in orthogonal dimensions can be
simultaneously received and independently decoded. Therefore,
this structure naturally superposed the signal as Fig. 3 shows.

To demonstrate the device characteristics, we perform sev-
eral device-level experiments. In Fig. 4, we first demonstrate the
dark current measurement result. The measurement corre-
sponds to the sum of all the dark currents in every detector
unit of the array. According to Fig. 4(a), in the reversely biased
region, the dark current level is below 1 pA level in most cases,
and its current level falls dramatically beneath 1 nA when
the reverse bias is higher than -5 V. When the bias current
continues to increase, the device turns into an LED-like device,
and the current surges to 1 mA. The low dark current level
suggests a high signal quality as the dark current takes a neg-
ligible proportion when measuring the photocurrent. This ad-
vantage has already been studied in previous research [44—46].
In these studies, it is discovered that the V-pit structure sup-
presses the formation of dislocations [45,46] and hence re-
duces the current leakage level by orders of magnitude [44].
Meanwhile, it also shows decent control of current leakage
in the chip design and manufacturing process.
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Fig. 3. The 3D schematic diagram of the array device and how the independently received signals are superposed via the common cathode and

anode structure.

Next, the electroluminescence spectrum is shown to present
its spontaneous emission and bandgap design. The line chart
shows the normalized intensity along the spectrum from 400 to
800 nm. According to the MQW design in bandgap, the emis-
sion peak wavelength should be at around 550-600 nm.
Because a larger current bias means a higher applied voltage,
the energy band structure would be distorted and cause a “blue
shift” to the peak wavelength. The bandgap predicts the cutoff
wavelength in absorption in Fig. 4(c).

In the responsivity measurement, we randomly select two
units of the 16 available ones. The photocurrent is recorded
using a Keithley 2400 source meter. The light is from a Xe lamp
and a Cornerstone 260 UV-VIS monochromator. The optical

power is measured using a 2936-R optical power meter from
Newport. The result shows two almost identical lines represent-
ing the responsivity of the selected units. The peak responsivity
is located at 370 nm, as a modification to the device reported
[33]. The response in the short-wavelength visible light spec-
trum is also significant. This part reflects the photocurrent gen-
erated by the MQWs, which slowly decreases as the wavelength
rises from 400 to 550 nm. After 550 nm, the energy of the
photon is no longer larger than the bandgap in the MQWs,
and hence the response is cut off.

The photocurrents of the selected two units are shown
in Figs. 4(d) and 4(e). The two results are highly similar.

When the bias current for the laser increases, the maximum
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luminescence spectra measured using a spectroscope. (c) The normalized responsivities for two randomly selected units measured with a mono-
chromator and calibrated using an optical power meter Newport 2936-R. The responsivity performance is highly identical between the units.

(d), (e) The photocurrent measurement of the two selected units.
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Fig. 5. The experiment setup schematic for the VLLC communication system with superposition modulation. The signals for in-phase and
quadrature channels are independently generated from the same AWG and transmitted in two identical optical channels. The original scalar symbols

finally form a 2D vectorial symbol at the receiver side.

photocurrent significantly enlarges, especially when the reverse
bias is larger than -4 V. This suggests that higher reverse bias
not only means a higher dark current but also a higher effi-
ciency in converting the incident photon into free carriers,
which means higher quantum efficiency and responsivity.

3. PRINCIPLE AND EXPERIMENTAL SETUP

A. Experiment Setup
The setup used for this experiment is illustrated in Fig. 5. We
apply an M8190 Keithley arbitrary waveform generator (AWG)
to generate two independent data sequences using Mersenne
Twister code to avoid predictable patterns within the data
length. The two electric signals are later amplified by an elec-
trical amplifier (EA, ZFL-2500VH+, 2.5 GHz bandwidth,
20 dB Gain). An attenuator is used to adjust the signal power,
and its attenuation is fixed in the experiment. Next, the am-
plified signals are coupled with the DC component to bias the
laser using a bias-T" (Mini-Circuit AFBT-4R2GW-FT+). Two
405 nm lasers are used to produce the optical signal.

The optical path is designed to converge the two laser beams
and focus the beam onto two different units on the array device.
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The collimator on the laser, the convex lens, and the two sets of
reflective mirrors in each branch of the optical path form a col-
limating system to control the beam spot size and the direction
of the beam. The 20x objective lens is used to reduce the beam
width and reduce the power wasted on the non-photosensitive
area of the PD. The total light path is 65 cm, and the length
after the beam splitter is 24 c¢m long.

The PD is biased using a Keithley 2400 source meter, which
is also used to measure the DC component in the photocurrent.
It helps to tune the beam position by reading the photocurrent
until the photocurrent measurement is at its maximum. When
the two optical signals are received at the receiver, they simul-
taneously form a superposed signal. The superposed signal
contains no DC component; therefore, it is later amplified
by another ZFL-2500+ amplifier and finally received by the
oscilloscope (OSC, Agilent DSA90604A).

B. Superposition Modulation DSP

The DSP process is shown in Fig. 6. It is a 2 x 2 MIMO sys-
tem. First, the original uniformly distributed binary data se-
quences simulating the two users are converted into a set of
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Fig. 6. The DSP process for the communication system adopting superposition modulation enhanced by Huffman coding. By replacing conven-
tional, integral-ordered QAM modulation with probabilistically shaped symbols, this system presents stronger flexibility and shaping gain in power

utilization.
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probabilistically shaped, non-uniformly distributed PAM sig-
nals by a certain Huffman codebook. The symbols in each
channel follow a certain dyadic distribution (the probability
is 1/2, 1/4, 1/8 ...), which can be acquired by mapping a uni-
formly distributed binary sequence using a specific Huffman
codebook. In this experiment, we designed one Huffman-
coded PAM4 (SE = 1.75 bit/Hz) and two PAMS8 (SE = 2.75
and 2.875 bit/Hz). Note that not all Huffman codebooks have
a symmetric tree structure, and therefore the originally encoded
PAM signals may follow an asymmetry distribution with a non-
zero mean value. To solve this problem, interleaving two coded
PAM signals whose distribution is symmetrical to each other
would result in the zero-valued mean of the transmitted PAM
signal. And the signal distribution no longer follows dyadic dis-
tribution until the receiver deinterleaves the received symbols.
Figure 6 shows the case when the I channel uses PAMS and the
Q channel uses PAM4. The PAM signals are prepared for the
next SCM modulation step, including 4x upsampling, upcon-
version, and pulse-shaping filtering. The modulated time sam-
ple sequences are imported to the AWG, which generates two
output (the in-phase and quadrature) AC signals for the optical
channels.

After the VLLC channel, in the OSC the two PAM signals
are superposed orthogonally into a QAM symbol. However,
unlike traditional QAM, its in-phase and quadrature dimen-
sions can have different orders. The superposed signal exported
from the OSC next experiences the rest of the DSP processes.
The DSP process at the receiver side first synchronizes the sig-
nal waveform, and next, it applies waveform-level equalization
to mitigate channel effects such as ISI and nonlinearity.

™ B
o Research Article

Afterward, the program demodulates the waveform sample into
two recovered PAM symbol sets. The two sets experience
downsampling processes and symbol-level equalization to
further reduce the channel effects. Next, the inverse process
of Huffman encoding happens to decode the PAM result using
the identical Huffman codebook to what the TX side uses. The
results are used to calculate the BER performance separately.
Only when the BER levels of both users are lower than
0.0038, the threshold for 7% HD-FEC, would the transmis-

sion process be acknowledged as valid.

4. EXPERIMENTAL PERFORMANCE AND
DISCUSSION

A. Communication System Working Point
First, we measure the photocurrent when placing the PD in the
optical setup. The total photocurrent does not double the result
of a single unit, but it remains the same level. This phenome-
non is caused by the 50:50 beam splitter, which reduces the
total optical power by half, and thus the photocurrent by
two lasers is approximately the same as operating with one laser
without the beam splitter. The maximum photocurrent appears
when both the lasers are biased by 95 mA current. Cases with
currents larger than 95 mA are not tested, as the laser might be
damaged by large bias current. The gradient of the contour dia-
gram in Fig. 7(a) suggests that the linearity around the maxi-
mum photocurrent is ideal, which indicates less nonlinearity in
the superposed signal.

Next, in Figs. 7(b) and 7(c) we measure the BER perfor-
mance when only one of the lasers is transmitting optical
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(a) Photocurrent measurments in the communication system. Notice that the beam splitter in Fig. 5 causes a loss of half the photocurrent.

(b), (¢) The measured BER performance when only the in-phase or quadrature channel laser is turned on. (d) The system access information rate
(AIR) performance when the peak-to-peak voltage (Vpp) is fixed when both lasers are turned on. (¢) The AIR performance when the bias current of

the laser is fixed while the Vpp is changing.
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(b) The BER and AIR per symbol versus reverse voltage bias in channel 2. (c)
of channels 1 and 2.

The device dark current and the average measured -10 dB bandwidth

signals. The bandwidth is 2.2 GHz, and the signal is modulated
using PAMS format. The results of the two lasers mainly differ
in the best bias current due to the difference in laser package.
The first unit operates at the best level when the bias current is
95 mA and the peak-to-peak voltage (Vpp) is at 700 mV. The
BRE performance drastically decreases when the bias current
for the laser reduces. The instantaneous power might damage
the laser given that there are AC signals. The second laser works
at approximately the same Vpp level, but the best bias current is
5 mA lower than that of the first laser. When opening the two
lasers simultaneously, we test the best working point again in
Figs. 7(d) and 7(e). When testing the influence of the bias
current, we fix the Vpp at 700 mV. In general, the system per-
formance is the best when both lasers are working at 95 mA bias
current. Next, we vary the Vpp configuration when setting the
bias currents at 95 mA for both lasers. It shows that the best
Vpp does not change for both lasers. Therefore, we conclude
that the best working point for the transmitters in the experi-
ment system is 95/95 mA—700/700 mV.

B. Huffman Coding Effect in Single Channel

Following the investigation of the transmitter operating condi-
tion optimization, the next experiment compares the system
performance when adjusting the reverse bias voltage, the mag-
nitude of which is tuned from 0 V to 16 V. The line charts
directly represent the communication performance measured
using BER and mutual information (MI) to demonstrate the
achievable information rate. The system performance generally
improves as the amplitude of voltage bias is elevated. The
reducing BER and rising MI suggest that the system is gaining
larger channel capacity. The insets in the middle of Fig. 8 are
the received PAMS8 symbol distribution corresponding to each
of the reverse biases. The histograms show that, at lower bias
voltage, the 8 symbols are not distinctively divided into inde-
pendent peaks, which means severe symbol error rates. But at
higher bias voltages, the 8 peaks are separated. This phenome-
non is attributed to the varying signal-to-noise ratio (SNR)
under different bias voltages. The insets at the right part of
Fig. 8 also support the conclusion that the spectra at lower bias
voltages present a larger slope, causing a substantial power loss
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Fig. 9. System performance when Huffman coding is applied. (a) and (b) are the measured BER for channel 1. (c) and (d) show the BER for
channel 2. (a) and (c) plot the BER in the low Vpp case using attenuators. (b) and (d) extend the Vpp to 1400 mV. The insets on the right side

provide the histogram of the received symbols.

at higher frequencies. By contrast, the high-frequency spectra at
larger bias voltages gain significant elevation, which helps in-
crease the received signal power and reduces the signal distor-
tion in frequency simultaneously. Although the rising bias also
increases the dark current from sub-nA to pA level, it is worth
trading the noise for a substantially improved -10 dB band-
width from less than 600 MHz to 1200 MHz. The improved
high-frequency response results in an increased signal power
and overcomes the increment in noise. As a counter-
intuitive result, the BER decreases when the noise level rises.
Raising the bias further may continue this exponentially
increased dark current and may start to exacerbate the BER
performance. However, this may also cause permanent damage
to this device. For safety concerns, we did not test bias voltages
larger than 16 V and kept the bias at 16 V for the following
experiment to ensure the best communication result.

The next part of the experiment is the comparison between
Huffman coding and a regular, uniformly distributed PAM sig-
nal in each one of the two channels. By controlling the peak-to-
peak voltage, the received signal power changes from low to
high. At low Vpp, the signal amplitude is too small, and the
channel impairment is mainly the background noise. In high
Vpp cases, the signal amplitude is too high and thus causes a
nonlinear response in the system, which replaces the noise as
the major factor of the negative channel effect. The result is
shown in Fig. 9.

First, we measured the BER performance of each coding
scheme in the “noise-dominated” region. The highest BER ap-
pears in regular PAMS8 format, which is closely followed by

the first and second dyadic PAMS8 coding (SE = 2.875 and
2.75 bit/Hz). However, the three modulation formats utilizing
the PAMS constellation fail to meet the BER threshold when
the Vpp is lower than 200 mV. PAM4 could work at 200 mV,
and the Huffman coding scheme utilizing the same constella-
tion could work at 141 mV Vpp. The symbol distribution in-
sets in the two shaded A areas in Fig. 9 column A explain the
reason that, due to channel noise, the PAMS8 constellation does
not have enough distance between the symbols like PAM4. The
probabilistic shaping gain in PAM4 results in more distinctive
peaks. When the Vpp is elevated, the signal power is increased
to overcome the noise. However, when Vpp continues to rise,
the BER performances of all the modulation formats gradually
exacerbate. Different from noise, this impairment resulting
from nonlinearity mainly affects the high-power symbol.
The symbols located at the sides have larger signal power
and hence are more vulnerable to nonlinear channel response.
Comparing the insets corresponding to the shaded areas B and
C, the first and the last peaks in C are spread wider, and
the peaks become asymmetric, whose symbols are more distrib-
uted in areas closer to the center. In this case, Huffman-coded
constellations demonstrate another advantage over regular
PAM, that it has fewer high-power symbols susceptible to
nonlinear channel effects. In the line chart, the dyadic distrib-
uted PAM again outperforms conventional PAM. The first and
second dyadic PAMS continue to work under the BER thresh-
old until 1000 and 1400 mV Vpp, but conventional PAM8
fails to work between 1000 and 1100 mV.
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C. Huffman Coding Effect in MIMO Channel

In the final communication experiment, we turned on both
channels, whose performances are recorded. We applied two
strategies in modulation: one only utilizes traditional PAM
with integer modulation order, and the other can use dyadic
PAM. The highest modulation order that satisfies the BER
requirement is recorded and plotted in Fig. 9.

The first channel is set at constant signal power to simulate a
stable channel. At the same time, the second channel has a vary-
ing Vpp to resemble a channel with strong power fluctuation.
For the first channel, its performance remains steady when the
Vpp for channel 2 is lower than 800 mV. However, when
the second channel gains larger power, the first channel is sig-
nificantly influenced due to the interference from channel 2.
The maximum usable modulation order, if not applying dyadic
modulation and Huffman coding, would drop to 2 and even 1.
By contrast, by Huffman coding, the usable maximum modu-
lation order could decrease more slowly, able to operate at 2.85
and 2.75 bit/Hz before falling to 2 bit/Hz and 1.75 bit/Hz
before finally using 1 bit/Hz. This could be attributed to
the shaping gain and higher efficiency utilizing the SNR
in Huffman coding and dyadic distribution. The condition
in the second channel is different from the channel 1 case.
It suffers from insufficient signal-to-noise level when channel
2 Vpp is low. But it also faces the challenge of channel non-
linearity when channel 2 Vpp is larger than 800 mV. Similarly,
the maximum modulation order is improved in the low Vpp
area because Huffman coding can utilize the SNR with higher
efficiency, and the performance in the high-power area is also
significantly elevated. This phenomenon is attributed to its ro-
bustness to nonlinearity as shown and discussed in the previous
single-channel experiment.

Combining the first and second diagrams in Fig. 10, the
third diagram shows the total net data rate (NDR). The insets
at the right side of the figure are the constellations correspond-
ing to Fig. 1(c), whose color represents the distribution density.
The superposed constellations vary from QAMS8 to QAMO64,
and some demonstrate a probabilistic shaping effect, especially
when the NDR slumps in regular PAM cases. The system per-
forms the best when the channel 2 signal power is 73.5% to
131% of that in channel 1. The maximum rate is 13.2 Gb/s
(6 bit/Hz, 2.2 GHz bandwidth). After deducting the overhead
in 7% FEC, its NDR is 12.27 Gb/s. Either too small or too
large of a signal in channel 2 would cause severely imbalanced
channel conditions and exacerbate the total NDR perfor-
mance significantly. But Huffman coding successfully im-
proves the system performance in both noise-dominated and
nonlinearity-dominated regions. Huffman coding mainly en-
hances the data rate of channel 1 in the noise-dominated re-
gion below 700 mV, improving the NDR by 1.53 Gb/s at
300 mV and 1.73 Gb/s at 550 mV Vpp. The system enters
the nonlinearity-dominated region when channel 2 Vpp is
above 700 mW, and the excess signal power affects both chan-
nels. When channel 2 increases its Vpp to 900 mV, using regu-
lar PAM formats loses 1/3 of the NDR, but by applying
Huffman coding, the shaping gain increases the NDR by
3.48 Gb/s. The enhanced NDR means that Huffman coding
can better resist the negative effect of the extremely unbalanced
user signal power on the overall data throughput. To translate
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Fig. 10. Control of the Vpp of channel 1 at 700 mV. The com-
parison between the system performance with or without Huffman
coding and variation of the Vpp of channel 2. (a) The net data rate
after deducting the FEC overhead (NDR) of channel 1. (b) The NDR
of channel 2. (c) The total NDR and the constellation diagrams
corresponding to each Vpp. (d) The equivalent power gain of Vpp.
(¢) Comparing the Vpp working range in mV versus NDR when using
regular PAM or Huffman-coded PAM.

this result into the performance under varying received power,
we measure the equivalent power gain corresponding to the
Vpp at the transmitter in Fig. 10(d). It shows the real gain in
signal power when tuning the Vpp. Combining Figs. 10(a)—
10(c), we plot the working range of the system at each NDR.
It demonstrates the advantage of Huffman-coded PAM over
regular PAM in its robustness. The working range of Huffman-
coded PAM leads regular PAM by 34.4% when the NDR is set
at 12 Gb/s. The biggest gap appears at PAM = 11 Gb/s,
where Huffman coding increases the working range by 157%.
However, in extreme cases, the advantage of Huffman-coded
PAM reduces to 16.4%. This result suggests that the system
with Huffman-coded PAM can provide more reliable transmis-
sion, alleviating the rate loss caused by the received power varia-
tion, which may be caused by changes in communication
distance, weather, or turbulences in the channel.

5. CONCLUSION

In this paper, we demonstrate an integrated parallel micro-PD
array device that can support two different users transmitting
independent signals simultaneously. It has a desirable dark cur-
rent level and responsivity characteristics in the short-wave-
length visible light spectrum. It implements a 2 x 2 visible
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light laser MIMO system using two photosensitive units and
two independently driven 405 nm lasers. Using 2.2 GHz band-
width, the maximum rate achieved is 13.2 Gb/s, and its cor-
responding net data rate (NDR) is 12.27 Gb/s, after deducting
the FEC overhead. And the Huffman coding enables fine-grain,
non-integer modulation order in the superposed MIMO sys-
tem, and it significantly alleviates the decrease in the overall
data throughput when user signal powers are extremely imbal-
anced. This experiment shows that this multi-access system can
provide reliable high-speed access when the transmission dis-
tance, weather, or other channel conditions vary drastically.
As far as we know, this is the first demonstration of multiple
visible light laser source access based on a single integrated
GaN/InGaN receiver module.
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