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Abstract— Visible light communication (VLC) has drawn
significant attention in recent years. Though high-speed visiblelight sources have seen significant advances, commercially
available photodetectors have low wavelength selectivity and
modulation bandwidth in the near-violet-blue wavelengths,
making them a bottleneck in VLC links. Here we show a record
7.4-Gbit/s visible-light communication link using a wavelengthselective, (2021)-oriented, semipolar InGaN/GaN multiplequantum-well micro-photodetector (µPD) on GaN substrate. This
is achieved by leveraging on the unique photodetection properties
of semipolar µPDs, combined with an optimized communication
system utilizing bit- and power-loading schemes in orthogonal
frequency-division multiplexing (OFDM) modulation over a
2-GHz bandwidth. We used a 405-nm violet laser diode transmitter as the responsivity of the µPD was highest within the responsivity range of 360 - 420 nm. The investigation fully demonstrated
the feasibility and favorable choice of semipolar InGaN/GaN
µPDs for multi-Gbit/s optical wireless communication.
Index Terms— Optical wireless communication, InGaN/GaN
photodetectors.

I. I NTRODUCTION

W

ITH the increasing demand for high-speed wireless
communication, the integration of optical wireless
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communication (OWC) technologies in communication networks became inevitable. The optical band of the electromagnetic spectrum, including infrared, visible, and ultraviolet
(UV) light, provides a wide unlicensed spectrum. In particular,
visible-light communication (VLC) has garnered significant
attention in recent years for its applications in simultaneous
lighting and communication as well as in underwater wireless
optical communication (UWOC) [1], [2].
Despite the development of high-speed visible-light sources,
especially laser diodes (LDs), and superluminescent diodes
(SLDs), the bandwidth limitation of polar (c-plane) multiple
quantum-well (MQW) PD lowers the modulation bandwidth of
a communication link. The use of semipolar devices is potentially advantageous in achieving a broader modulation bandwidth due to the increased overlap between the electron-hole
wavefunctions, i.e. a reduced quantum-confined stark effect
(QCSE) [3], leading to an increased tunneling probability [4],
and improved carrier transit time in semipolar and nonpolar
photovoltaic devices [5]. However, the focus on photodetectors
is largely overlooked despite its obvious importance.
Most commercially available photodetectors (PDs) are
based on silicon, which has a peak responsivity in the nearinfrared-light regime, and the broad-wavelength responsivity
makes them susceptible to background light. PDs with high
wavelength selectivity are therefore desirable for better immunity to background noise, which can be potentially used in the
design of wavelength-division multiplexing (WDM) systems
utilizing narrow linewidth LDs as transmitters with minimal
cross talk among channels. To this end, GaN PDs based on
metal-semiconductor-metal (MSM) structures [6]–[8], as well
as p-i-n structures [7], [9], [10], have been demonstrated
to offer high speeds up to 3.5 GHz [7]. These detectors
feature visible-blind responsivity, making them suitable
for UV-based communication. Also, compositionally tunable
InGaN/GaN MQW PDs can be tailored for visible-wavelengthselective applications which is imperative in light-fidelity
(Li-Fi) applications and in UWOC, due to its low attenuation
in water [11]–[13]. Nevertheless, their full potential in meeting
the demand for towards-10-Gbit/s high-speed wireless
communication is lacking [14]. Recently, a 350-Mbit/s
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TABLE I
C OMPARISON OF THE R EPORTED P ERFORMANCE OF III-N ITRIDE PD S

Fig. 1.
The current-voltage (I-V) plot of the PD. The insets show the
responsivity and a representative TEM image showing the InGaN/GaN MQWs
with a zoomed-in filtered image showing the semipolar orientation.

multiple-input and multiple-output (MIMO) system was
demonstrated using two 56.8-MHz InGaN/GaN-based
MQW µPDs using on-off keying (OOK) [15]. A 230-MHz
waveguide PD was also demonstrated based on a semipolar
device [16]. Furthermore, by developing a 347-MHz, (2021)
InGaN/GaN-µPD, a 1.6-Gbit/s link was established simply by
implementing OOK. This is due to the improved modulation
bandwidth of semipolar devices, not achievable with an
equivalent c-plane µPD [17]. We previously showed a
3.2 Gbit/s link using InGaN/GaN c-plane MQW PD by
16-quadrature amplitude modulation (16-QAM) with
orthogonal frequency-division multiplexing (OFDM) [18],
despite a limited modulation bandwidth (71.5 MHz). To date,
further development of a c-plane-oriented µPD towards
10-Gbit/s has yet to be realized due to the technical
bottleneck in the usable bandwidth.
In this work, we exploit the full potential of the semipolar (2021) InGaN/GaN µPD by establishing an OFDM
link with adaptive bit-loading and power-loading. A significantly higher data rate of 7.4 Gbit/s with a bit error
ratio (BER) of 3.4 × 10−3 was successfully demonstrated,
thus achieving a record data rate in similar wavelengthselective device implementation, as shown in Table I. This
was enabled by the broader bandwidth provided by the
semipolar orientation and the increased signal-to-noise ratio
(SNR) offered by the high wavelength selectivity of the
InGaN/GaN µPD with a responsivity of 0.11 A/W at 400 nm,
−8 V. The improved SNR, which is critical for OFDM
links, allowed for QAM orders up to 32. Compared to the
previous OFDM data rate of ∼3 Gbit/s, the significantly
higher data rate fully demonstrated, for the first time, the true
potential of InGaN/GaN µPDs in ultrahigh-speed VLC and
UWOC links closing towards 10-Gbit/s, by leveraging on
semipolar PD.

II. D EVICE C HARACTERIZATION
The semipolar µPD was grown using metal-organic chemical vapor deposition (MOCVD) on a (2021) GaN substrate, and was fabricated using standard cleanroom processes,
as reported previously with the device characterization [17].
Raman spectroscopy of the device using a 473-nm excitation
laser was conducted in y(xx)-y geometry, where y is the
incident direction perpendicular to the (2021) plane and x
is parallel to the sample surface. The signature E2 (high)
peak for polar c-plane InGaN/GaN materials was observed
along with mixed transverse-optic (TO) mode consisting
of the A1 (TO) and the E1 (TO) modes at ∼532.7 and
∼558.6 cm−1 , respectively, which identifies the semipolar
orientation [19], [20]. The active region has five pairs of
In0.15Ga0.85 N/GaN quantum wells/barriers. The transmission
electron microscopy (TEM) images of Fig. 1 shows the MQWs
and the semipolar orientation of a representative sample. The
dark current of the device at −10 V is ∼16 pA (see Fig. 1),
corresponding to a dark current density of 5.66 ×10−7 A/cm2 ,
while the responsivity spectrum (at −8 V) shows a maximum
responsivity of 0.11 A/W at a wavelength of 400 nm. The
narrow spectrum demonstrates the high wavelength selectivity
compared to polar devices, whose high degree of polarization
leads to the presence of localized states and Urbach tail energy,
and a broader absorption edge of polar devices [21]. This
affects the carrier collection efficiency [5] and the wavelengthselectivity. However, such effects are less profound in
non-c-plane devices, rendering them more promising for
high-speed optical communication links.
The established communication link consists of a
405-nm laser (SaNoor, SN-LDM-T-405), a 1-m-long free
space channel, and a 60-µm, semipolar (2021) InGaN/GaN
µPD. The wavelength of the LD closely matches the peak
responsivity of the µPD at 400 nm. The transmission distance
is at least as long as previous studies with which the results
are compared. The electronics used are based on the following
off-the-shelf components. The direct current (DC) bias for the
LD is combined with the alternating current (AC) signal using
a bias-tee (Mini-Circuits, ZFBT-4R2GW), and a similar unit
is used to provide the reverse bias to the µPD and extract the
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Fig. 2.
The bandwidth of the device and the system. The inset is the
normalized frequency response of the device at different reverse voltages.

Fig. 3. The BER at different data rates using OOK and uniform bit-loadingQAM-OFDM with the corresponding constellation diagrams.

received AC signal, which is picked up by a ground-signal
(GS) probe. On each end, a 30-dB amplifier (Mini-Circuits,
ZHL-42W+) is used. An attenuator adjusts the transmitted
signal’s amplitude.
A network analyzer (Agilent, E8361C) was calibrated and
used to measure the frequency response of the communication
link. The normalized magnitudes of the spectra are shown
in Fig. 2. The frequency response improved as the reverse
bias voltage increased from 0 to 8 V, and beyond which there
is no significant improvement. The -3-dB bandwidth of the
link at −8 V was ∼300 MHz. However, frequency-division
multiplexing (FDM) techniques can take advantage of the
slow decay of the magnitude spectrum. For each individual
subcarrier, the frequency response over its bandwidth can be
approximately flat. For all subsequent tests reported herein,
−8 V was used for the PD and +4.2 V was applied to the LD.

Fourier transform (FFT), NFFT , was set to 1,024. Two empty
subcarriers are inserted before the 123 subcarriers to avoid
the low frequency region, which suffers from the baseline
drift of electronic components [23]. The total signal consists
of 150 OFDM symbols and their cyclic prefixes (cyclic prefix
size, NCP , of 10). We tested three different signals with
different QAM orders, M. The overall data rate of the signal,
D, is calculated using:

III. C OMMUNICATION P ERFORMANCE
The link was first tested by sending OOK signals with
different data rates and measuring the BER using a BER tester
(Agilent, J-BERT, N4903B), which sends a pseudorandom
binary sequence (PRBS) using nonreturn-to-zero (NRZ) OOK.
Given the high signal voltage (1.8 Vp−p ), the transmitter’s
amplifier and the attenuator were not used in this test. A data
rate of 1.8 Gbit/s was achieved (slightly higher than that of the
similar PD in [17]) with a BER= 5 × 10−4 , which is below
the forward-error correction (FEC) 3.8 × 10−3 BER limit recommended by the Telecommunication Standardization Sector
of the International Telecommunication Union (ITU) [22], and
used in previous similar studies for fair comparisons. The BER
values versus different data rates are shown in Fig. 3.
Because the high-SNR requirement of OFDM is met by the
µPD, due to its low dark current and high wavelength selectivity and responsivity, we further employed QAM-OFDM
signals to improve the spectral efficiency of the system. The
500-mVp−p signal was generated using an arbitrary waveform
generator (AWG, Tektronix, AWG70002A) with a sampling
frequency, f AWG , of 12.5 GSample/s. The attenuation after
the amplifier was set to 22 dB, and the 1.5-GHz signal
was sent over 123 different subcarriers. The size of the fast

D=

NS f AWG
NSC log2 (M) ,
NS (NFFT + NCP )

(1)

where NSC and NS are the number of the subcarriers and the
number of OFDM symbols, respectively. The received signal
was recorded using an oscilloscope (Tektronix, DPO 72004C)
with a sampling rate of 50 GSample/s. The QAM orders tested
where 4, 8, and 16, corresponding to data rates of 3.0, 4.5, and
5.9 Gbit/s, respectively, with BER values below the FEC limit,
as shown in Fig. 3. 4% of the signal was enough for effective
synchronization, channel estimation, and post-equalization to
maintain low BERs. Accounting for that, and for an assumed
7% FEC overhead [22], the maximum net data rate using the
tested uniform-bit-loading technique is around 5.3 Gbit/s.
The uniformity of the number of bits over all subcarriers
results in an increase in the BER for specific subcarriers
whose SNR is not high enough to support the high number
of bits allocated to them. By allocating fewer bits to them
and implementing power loading, their previously high BER
values can be minimized. Using these techniques, the signal
bandwidth was extended to 2 GHz. Furthermore, we decreased
the sampling frequencies by half and increased the number of
subcarriers to 330, which is twice as dense as the previous
tests, to have more freedom in adjusting both the power and
number of bits allocated to each frequency band. We also
sent a known 2-QAM-OFDM (uniform bit loading) test signal through the system and estimated the performance of
each subcarrier before allocating the suitable number of bits.
We then optimized the data rate using the bit-loading scheme
shown in Fig. 4(a) with the received constellation diagrams.
The inset of Fig. 4(b) shows the power-loading coefficient
for each subcarrier along with the SNR. The signal on each
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