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Abstract The advancement of next-generation wireless communication technologies demands ultra-high-speed visible light communica-

tion (VLC) systems to support applications ranging from underwater optical links to terrestrial high-capacity networks. Indium gallium

nitride (InGaN)-based blue laser diodes (LDs) have emerged as pivotal components for high-speed VLC due to their superior modulation

bandwidth. However, achieving data rates beyond 30 Gbps under simple modulation schemes remains challenging, as the bandwidth is

limited by carrier transport effects, low differential gain in multiple quantum wells (MQWs) induced by carrier accumulation, and signif-

icant damping effects. In this work, we present an InGaN-based blue mini-LD architecture featuring triple In0.18Ga0.82N/In0.05Ga0.95N

QWs, 50 nm waveguide layer, and a 300 µm short cavity, designed to address these bottlenecks. Experimental characterization demon-

strates a record-breaking −3 dB bandwidth of 8.4 GHz with a low damping factor of 0.211 ns for InGaN blue LD, surpassing prior

state-of-the-art designs. Using this device, a VLC system that employs standard on-off keying (OOK) and four-level pulse amplitude

modulation (PAM4) achieves unprecedented data rates of 20 and 33 Gbps, respectively. Under the Shannon limit, the data rate can

exceed 37 Gbps. Our work resolves critical limitations in large-bandwidth InGaN LD development, providing a scalable pathway to meet

the increasing demands of high-speed VLC networks, underwater communications, optical interconnects, and other bandwidth-intensive

optical wireless applications.
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1 Introduction

Next-generation wireless communication technology aims to extend the coverage of 5th generation mobile commu-
nication technology (5G) beyond terrestrial networks to underwater, aerial, and satellite environments [1]. This
requires beyond 5G/6G communication technologies to deeply integrate various wireless communication methods to
build a high-speed, all-encompassing, and broad coverage network system [2–5]. Visible light communication (VLC)
is an emerging optical communication technology to meet these demands [6–8], which can support high-speed data
link [9–11], unlicensed and rich spectrum resources [12, 13], high-security [14], and electromagnetic interference-
free [15]. Especially, due to the low loss window of 450–570 nm in underwater environments [16], VLC can enable
high-speed underwater optical wireless communications (UWOC) [17–19]. In addition, it can also utilize white-
light illumination systems as transmitters [20], providing safe and efficient communication solutions for enclosed
environments such as underground mines, caves, and ship compartments.

In the past decade, InGaN blue laser diode (LD)-based high-speed VLC systems have attracted significant research
interest [21–23], because they have a modulation bandwidth with several gigahertz (GHz) larger than other light
sources such as light emitting diodes (LEDs) and superluminescent diodes (SLDs) [24]. In 2013, Watson et al.
achieved a 1.4 GHz bandwidth with a 422-nm blue-violet LD and demonstrated a data rate of 2.5 Gbps [25]. Then,
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Table 1 Summary of the progress in high-speed blue InGaN LDs for VLC. The best results of bandwidth and data rate are in bold.

Year
λ

(nm)

Threshold

current (mA)

Slope efficiency

(W/A)

Bandwidth

(GHz)

Data rate

(Gbps)

Modulation

format
Ref.

2013 422 70 0.28 1.4 @ −3 dB 2.5 OOK [25]

2015 450 34 1.2 1.5 @ −3 dB 9.0 64-QAM OFDM [26]

2016 410 150 0.35 5.0 @ −3 dB 6.0 OOK [27]

2017 450 35 0.89 3.0 @ −6 dB 18.0 16-QAM OFDM [29]

2020 480 75 0.18 2.6 @ −10 dB 10.5 16-QAM OFDM [32]

2022 450 20 0.61 3.4 @ −20 dB 14.6 DMT [9]

2024 451 31 1.02 5.9 @ −3 dB 20.1 DMT [35]

2025 448 30 0.73 5.4 @ −3 dB 21.8 DMT [36]

20.0 OOK –

This work 460 38 1.23 8.4 @ −3 dB 33.0 PAM4 –

37.1 DMT –

Chi et al. achieved a data rate of 9 Gbps over a 5 m free space utilizing a commercial 1.5 GHz bandwidth InGaN
blue LD combined with 64-quadrature amplitude modulation (QAM) orthogonal frequency division multiplexing
(OFDM) [26]. Although higher-order modulation formats can effectively leverage the system’s signal-to-noise ratio to
enhance the data rate, increasing the bandwidth of LDs fundamentally expands the communication capacity of VLC
systems. Subsequently, Lee et al. proposed using semipolar plane GaN to effectively suppress the quantum-confined
Stark effect (QCSE), thus improving the recombination efficiency of the LD and achieving a −3 dB bandwidth of
5 GHz [27]. However, expensive substrates and the challenging epitaxial growth process remain significant barriers
to implementing this approach [28].

Recently, research on high-speed VLC systems has been driven by advances in c-plane InGaN-based blue LDs.
Some studies have used signal filters [29], external impedance matching [30], or distributed feedback gratings
[31, 32] to improve the modulation performance of InGaN LDs, thus achieving high data rates, but these methods
cannot significantly improve frequency response. Theoretically, the presence of strong polarization fields, high hole
ionization energy, and low hole transport efficiency in the short-wavelength III-nitride materials system results in
more carriers accumulating near the p-side quantum wells (QWs) [33,34]. These will lead to saturation suppression
in the differential gain for multiple quantum wells (MQWs) structures. Therefore, designing the resonant cavity,
active region, and other epitaxial layers of InGaN LDs is crucial to achieving a large bandwidth. In 2024, we
proposed the use of a 3 nm/5 nm double layer thin quantum well/barrier structure to enhance the differential
gain of the LD. Furthermore, a short cavity length of 500 µm reduced the damping factor to 0.39 ns. The results
demonstrated a blue LD with a modulation bandwidth of 5.9 GHz, achieving a data rate that exceeds 20 Gbps [35].
In 2025, Li et al. reported the impact of the thickness of the waveguide layer on the optical confinement factor and
bandwidth of InGaN-based blue LDs. Using an optimized waveguide structure and a short cavity length, the blue
LD achieved a −3 dB bandwidth of 5.4 GHz, allowing a data rate of 21.8 Gbps under discrete multitone (DMT)
modulation [36]. These relevant research progresses on high-speed blue LDs for VLC systems are summarized in
Table 1. Although significant improvements have been made in the communication capacity of InGaN-based blue
LDs for VLC systems in recent years, achieving data rates beyond 30 Gbps with a simple modulation scheme to
meet the demands of high-speed and low-cost links remains challenging. This highlights the urgent need for InGaN
blue LDs with larger bandwidths.

In this work, we demonstrate a novel InGaN mini-LD structure, showing a large modulation bandwidth for high-
speed VLC applications. We employ triple In0.18Ga0.82N/In0.05Ga0.95N QWs and the 50 nm waveguide layer to
enhance the carrier transport rate and uniform distribution in the active region. And the cavity length of the LD
is reduced to 300 µm, effectively suppressing the damping factor of the dynamic response. Experimental results
validate our design, with the resulting mini-LD achieving a −3 dB bandwidth of 8.4 GHz and a low damping
factor of 0.21 ns. The device demonstrates groundbreaking communication performance under simple on-off keying
(OOK) and four-level pulse amplitude modulation (PAM4), achieving data rates of 20 and 33 Gbps under the
7% hard-decision forward error correction (HD-FEC) threshold, respectively. These demonstrate that the blue
mini-LD exhibits significant application potential in low-cost interconnect solutions. Furthermore, utilizing DMT
modulation combined with bit-power loading technology, this mini-LD achieves a data rate exceeding 37 Gbps under
the Shannon limit. To the best of our knowledge, this is the highest data rate ever achieved in a VLC system using
a blue InGaN LD.

The remainder of this paper is organized as follows. Section 2 introduces the theoretical model used in the
simulation and design of the high-speed blue InGaN mini-LD. Section 3 presents the fabrication processing of the
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mini-LD. Section 4 then presents experimental results and discussions, including the emission, dynamic modulation,
and communication performance of the mini-LD. Finally, the conclusion and future work are drawn in Section 5.

2 Simulation and design principle

To evaluate the modulation performance of MQWs InGaN LDs, the dynamic response model based on the self-
consistent k · p method [37] and the 3D carrier drift-diffusion equations [38] has been established. The polarization
properties of the wurtzite materials are also incorporated into the model. Spontaneous polarization in ternary
nitride alloys is simulated using a linear interpolation between binary compounds with an added nonlinear term,
while piezoelectric polarization is represented using a strain-dominated Vegard interpolation of the piezoelectric
properties of binary constituents [39]. The interband gain broadening is implemented using the Landsberg scattering
model [40]. These models are calculated using PICS3D (Version 2023) and Nuwa TCAD (Version 2023).

In our simulation, the high-speed blue LD has a 2 µm-wide ridge waveguide. The 3 µm Si-doped c-plane GaN
contact layer has a density of 2 × 1018 cm−3. The 0.3 µm upper cladding layer and 1 µm lower cladding layer are
Al0.07Ga0.93N with doping densities of 3× 1018 cm−3 ([Si]) and 5× 1018 cm−3 ([Mg]), respectively. The upper and
lower waveguide layers both utilize In0.03Ga0.97N and the n-type doping density is 2× 1018 cm−3 ([Si]). The upper
waveguide layer and the In0.18Ga0.82N/In0.05Ga0.95N MQWs are not doped. An electron blocking layer (EBL)
is 8 nm Al0.18Ga0.82N with p-type doping ([Mg] = 5 × 1018 cm−3). The p-contact layer is 100 nm GaN ([Mg]
= 1 × 1019 cm−3). Ohmic contacts are formed for both p-type and n-type electrodes. The polarization charge
screening coefficient is 0.4 [41] and the spontaneous emission coupling coefficient is 1 × 10−4 [42]. The Shockley-
Read-Hall lifetime is 30 ns [43] and the Auger recombination coefficient is 1 × 10−31 [22]. The reflectivities of the
two facets are 0.99 and 0.4, respectively.

In order to evaluate the dynamic response performance of LD, the normalized transfer function H(ω) under small
signal modulation is calculated based on [42, 44]:

H(ω) =
1

1 + jωτs
·

ω2
R

ω2
R − ω2 + jγω

, (1)

fR =
ωR

2π
=

1

2π

√

Γvg
qV

∂g

∂Nc
ηi(I − Ith), (2)

γ = Kf2
R + γ0, (3)

K = 4π2

(

τp +
ε

vg (∂g/∂Nc)

)

. (4)

Here, the frequency response H(ω) is divided into two parts. The first part, 1/(1+ jωτs), represents the response of
the carrier transport effect, where τs denotes the carrier ambipolar transport time. It represents the transmission
time of electrons and holes through the waveguide layer. During modulation, if the carrier transport speed is too
slow, charge accumulation occurs, forming parasitic capacitance around the active region. This parasitic response
results in low-frequency roll-off in the frequency response. The second part of H(ω) corresponds to the intrinsic
frequency response of the active region. The resonance frequency fR of the LD is positively correlated with the
differential gain ∂g/∂Nc (Nc is the carrier density) and the driving current level I − Ith. The damping γ suppresses
the −3 dB bandwidth at high fR, and is proportional to the square of fR with a factor of K. The damping factor
K is related to the photon lifetime τp, differential gain ∂g/∂Nc, group velocity vg and gain suppression factor ε
(1× 10−17 cm3) caused by nonlinear effects. Therefore, the differential gain should be increased, while the damping
factor and carrier ambipolar transport time should be decreased to achieve a high bandwidth in the InGaN-based
mini-LD design.

Figure 1 shows the simulation results for designing the active region, waveguide layer, and resonant cavity, while
also illustrating the regulation mechanisms of carrier transport and damping effects on the frequency response. Fig-
ure 1(a) shows the intrinsic frequency response curves for different mirror loss αm under the same laser parameters.
Obviously, increasing αm can enhance the −3 dB bandwidth, as it reduces the τp, thus lowering the K factor. It is
consistent with the description in (4). Since αm = ln(1/R1R2)/2L is related to the cavity length L (R1 and R2 are
reflectivities of two facets), the damping effect can be controlled by reducing L, as shown in Figure 1(b). Notably,
when L exceeds 100 µm, the reduction in τp dominates, leading to a decrease in K as L decreases. However, when
L is reduced below 100 µm, the carrier density increases significantly, causing a dominant reduction in differential
gain, which results in an observed increase in the value K. Meanwhile, the microcavity cleavage is limited to 300 µm
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Figure 1 (Color online) Simulation of InGaN-based mini-LD. (a) Intrinsic frequency responses at different mirror loss αm; (b) calculated

damping factor K versus cavity length; (c) the extracted ambipolar transport time τs and optical confinement factor Γ under different waveguide

(WG) layer thicknesses (the inset represents the fundamental quasi-TE mode of the 75 nm waveguide LD (‘Int.’ means intensity)); (d) frequency

responses with carrier transport effect under various WG layer thicknesses of LD; (e) calculated recombination rates Rst for single to quintuple

QWs (1–5 QWs) LD above threshold; (f) bandwidth versus number of quantum wells at 4Ith for 300 µm mini-LDs.

due to the strong stress in the GaN crystal. Therefore, a cavity length of 300 µm is chosen to significantly reduce
the damping effect.

Figure 1(c) illustrates the impact of the thickness of the waveguide layer on the carrier ambipolar transport time
τs and the optical confinement factor Γ . The carrier transport time τs almost quadruples with the waveguide thick-
ness increasing from 25 to 200 nm, which significantly impacts the frequency response. As shown in Figure 1(d),
LDs with thicker waveguide layers exhibit significant low-frequency roll-off in their frequency response, leading to
a degradation in the −3 dB bandwidth. However, as the thickness of the waveguide layer increases, the optical
confinement factor Γ initially increases, but subsequently decreases due to the optical field dispersion. This trend
aligns with the variation in resonance frequency fR observed in Figure 1(d). The inset shows the simulated fun-
damental quasi-TE mode of the LD with a 75 nm waveguide layer. In general, LD with a 50 nm waveguide layer
exhibits the highest −3 dB bandwidth while maintaining a low τs.

Figure 1(e) presents the calculated stimulated recombination rate Rst for LD with a single QW to quintuple
QWs. Due to the high ionization energy and low transport efficiency of the holes, more carriers tend to accumulate
in the QWs closer to the p-side, resulting in most of the stimulated recombination occurring in these wells. For
a single QW LD, the peak Rst is 6.48 × 1028 cm−3/s. In the MQW structure, Rst = vggNp is mainly influenced
by the carrier-dependent gain g and photon density Np, which exhibits a decreasing trend from the p-side to the
n-side. This imbalance leads to the saturation effect, suppressing the enhancement of differential gain in MQWs
LD. As shown in Figure 1(f), this effect is reflected in the decrease in bandwidth for 3–5 QWs LD. The results
indicate that the optimal number of QWs is three, which achieves the highest −3 dB bandwidth.

3 Fabrication of high-speed blue InGaN LD

Based on the simulation results, we fabricate blue InGaN mini-LDs with 300 µm cavity length. The device is grown
on a c-plane GaN substrate using metal-organic chemical vapor deposition (MOCVD). Figure 2(a) shows the 3-D
and cross-sectional epitaxial structure of the high-speed mini-LD. The epitaxial layers are designed to match the
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Figure 2 (Color online) Experimental details of high-speed blue InGaN mini-LD. (a) 3D model and epitaxial structure of the high-speed blue

GaN LD; (b) scanning electron microscope (SEM) top-view image of the device; (c) bird-view SEM image; (d) STEM image of the device.

simulation, using a 3 nm/5 nm In0.18Ga0.82N/In0.05Ga0.95N triple-QWs as the active region, and a 50 nm waveguide
layer is implemented to alleviate the carrier transport effect. The n-In0.03Ga0.97N waveguide has a doping density of
2× 1018 cm−3 ([Si]). The 8 nm Al0.18Ga0.82N with p-type doping ([Mg] = 5× 1018 cm−3) is used as the EBL layer.
The 0.3 µm (p-type) and 1 µm (n-type) cladding layer is Al0.07Ga0.93N with doping densities of 3×1018 cm−3 ([Si])
and 5× 1018 cm−3 ([Mg]), respectively. The Mg-doped p-contact layer is 100 nm GaN ([Mg] = 1× 1019 cm−3).

The top-view scanning electron microscope (SEM) images of the device are shown in Figure 2(b). UV pho-
tolithography and inductively coupled plasma (ICP) etching are used to pattern the epitaxial layers into a 2 µm
narrow ridge waveguide. The 200 nm SiO2 is sputtered onto the chip for passivation and electrical isolation. The
Pd/Ti/Pt/Ti/Au and Ti/Pt/Ti/Au metal stacks are deposited as p-type and n-type electrodes, respectively. Here,
focused ion beam (FIB) etching is employed to define a small p-electrode area. This approach effectively reduces
the parasitic capacitance associated with the p-electrode while retaining the surrounding metal to facilitate efficient
heat dissipation. A 300 µm resonant cavity is formed by mechanical cleaving. The front and rear facets are coated
with pairs of SiO2/TiO2, with a high reflectivity (HR) of 0.99 and a low reflectivity of 0.4, respectively. Figure
2(c) clearly shows the front facet and the 2 µm ridge waveguide, which indicates the cleaved cavity facet exhibits
high verticality. The scanning transmission electron microscope (STEM) image of the epitaxial layers is presented
in Figure 2(d). The image clearly shows the triple QWs (TQWs), the upper and lower waveguide layers, the EBL
layer, and the upper cladding layer, all of which demonstrate high crystalline quality. These results indicate that
the structural parameters of the fabricated device closely match our simulation design.

4 Experimental results and discussions

Figure 3(a) demonstrates the light-current-voltage (L-I-V ) characteristics of the fabricated high-speed blue mini-
LD. The mini-LD is tested under continuous-wave (CW) operation using a Keithley 2520 source meter, with pulse
mode employed to eliminate the self-heating effect. The inset illustrates the lasing state of the mini-LD. The result
shows that the device has a turn-on voltage of 3.2 V, a threshold current of 38 mA, and a high slope efficiency ηse
of 1.23 W/A. And the linear L-I curve indicates the absence of significant mode-hopping or efficiency droop. Then,
the quantum efficiency ηi can be calculated as

ηi =
αi + αm

F · αm
·

q ηse
hν

. (5)

Here, the internal cavity loss αi is estimated to be 10 cm−1, and the factor F ≈ 1 is the fraction of power not
reflected into the cavity that escapes as a useful output from the output coupling mirror. Therefore, the quantum
efficiency ηi is 71%. Compared to our previous work [35], the enhancement of carrier transport in the active
region can improve the quantum and slope efficiency, which will provide a sufficient signal-to-noise ratio (SNR) to
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Figure 3 (Color online) Emission and dynamic modulation performance of the blue mini-LD. (a) Light-current-voltage (L-I-V ) of the blue

mini-LD (the inset illustrates the lasing of the mini-LD); (b) electroluminescence spectrum at 140 mA (the inset shows the far-field pattern of

emission from the mini-LD); (c) measured frequency response curves of the blue mini-LD under various driven currents; (d) resonance frequency

fR and bandwidth versus (I − Ith)
1/2; (e) damping parameter γ versus the square of the fR.

support high-order modulation [45]. The electroluminescence (EL) spectrum is measured using a high-sensitivity
spectrometer (Ocean QE Pro). Figure 3(b) shows the normalized EL spectrum at 140 mA. The peak wavelength is
460.4 nm, and the inset shows the far-field emission pattern.

Subsequently, the dynamic modulation characteristics of the blue LD are experimentally investigated. In the
measurement, a network analyzer (Agilent N5230C PNA-L) is used to characterize the S21 parameter of the two-
port network. A high-speed photodetector (PD, Newport 818-BB-45A) is used as the receiver. After calibration,
removal of the free-running response and normalization, the intrinsic frequency response of the device is obtained,
as shown in Figure 3(c). The resonance peak in the frequency response curve originates from carrier-photon
resonance. The resonance frequency increases significantly with the driving current, leading to an enhancement of
the −3 dB bandwidth, which is consistent with the description in (1) and (2). At 140 mA, a high −3 dB bandwidth
of 8.43 GHz is achieved. However, further increasing the current leads to a noticeable self-oscillation effect [46],
resulting in response instability and increased noise. Therefore, frequency responses beyond 140 mA are not shown
here. The extracted resonance frequency fR and −3 dB bandwidth are plotted against the current level (I− Ith)

1/2

in Figure 3(d). The fitted frequency response efficiency dfR/d(I − Ith)
1/2 is 0.49 GHz/mA1/2. And the bandwidth

efficiency is 0.66 GHz/mA1/2. Such a high direct modulation efficiency enables the mini-LD to achieve a large
bandwidth under high driven current. The result also indicates that fR is almost proportional to (I − Ith)

1/2,
suggesting that the gain suppression caused by nonlinear optical phenomena is almost negligible at bias currents up
to 140 mA. Additionally, Figure 3(e) demonstrates the damping effect of the device and illustrates the relationship
between γ and the square of fR. By fitting these data points to (3), the damping factor K is determined to be
0.211 ns, with an offset γ0 of 4.77 GHz. The K factor of this mini-LD is lower than that of other reported InGaN
LDs [21, 29], demonstrating its superior dynamic modulation performance.

Then, we construct a real experimental setup of the VLC system to demonstrate the communication capabilities
of the mini-LD. Figure 4 shows the BER performance of the system and the eye diagrams for the OOK and PAM4
modulation formats. The details of the experimental setup and de/modulation principles are demonstrated in the
supporting information. As shown in Figure 4(a), BER increases with the baud rate for both modulation schemes.
This trend is attributed to the constant power constraint in intensity modulation and direct detection (IM/DD)
systems, where an increase in signal bandwidth results in a reduced average SNR, leading to higher BER. The
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Figure 4 (Color online) Communication performance of the blue LD with OOK/PAM4 modulation. (a) BER for PAM4 and OOK modulation

formats at various baud rates; (b) BER of OOK (19 Gbps) and PAM4 (30 Gbps) systems at a fixed data rate versus the modulation signal

peak-to-peak voltage (Vpp); (c) eye diagrams of OOK and PAM4 systems at various data rates.

7% HD-FEC threshold (3.8 × 10−3) is marked as a gray dashed line for reference, indicating the maximum BER
tolerance for forward error correction. Due to the frequency response limitations of high-speed PD, significant noise
appears in the spectrum beyond 8 GHz. This prevents the system from maintaining the SNR required for PAM4
modulation beyond a baud rate of 16.5 GHz, leading to a sharp increase in BER beyond the FEC threshold. In
contrast, OOK modulation requires a lower SNR, and its BER only exceeds the threshold beyond a baud rate of
10 GHz. These results demonstrate that the highest achievable data rates before reaching the FEC threshold are
20 Gbps for OOK and 33 Gbps for PAM4. Furthermore, the dependence of BER on the peak-to-peak voltage (Vpp)
of the OOK and PAM4 signals is demonstrated in Figure 4(b). For 19 Gbps OOK and 30 Gbps PAM4 modulation,
the BER initially decreases with increasing Vpp due to the improved system SNR. However, as Vpp continues to
increase, power saturation and nonlinear modulation effects introduce additional noise, leading to an increased
BER. The results indicate that 19 Gbps OOK and 30 Gbps PAM4 modulation maintain dynamic operating ranges
of 174 and 157 mV below the FEC threshold, respectively. The optimal operating Vpp for these modulation formats
is found to be 500 mV, achieving BERs of 2.57× 10−3 and 2.04× 10−3, respectively. Figure 4(c) presents the eye
diagrams of OOK and PAM4 at different data rates. At lower data rates, such as OOK below 17 Gbps and PAM4
below 26 Gbps, the eye openings remain clear, indicating good signal integrity and low BERs. As the data rate
increases, inter-symbol interference (ISI) and noise progressively degrade the eye diagrams, reducing the eye opening
and leading to an increase in BERs. The eye diagram of 35 Gbps PAM4 signal shows an average amplitude ISI of
14.7% UI and a root mean square (RMS) timing jitter of 13.01 ps, indicating poor signal integrity. The calculated
BER reaches 1.13× 10−2. Therefore, before the 7% HD-FEC threshold, the blue mini-LD-based VLC system can
achieve a data rate of 33 Gbps by using PAM4 modulation.

To further explore the maximum communication capacity of this high-speed blue mini-LD-based VLC system
under the Shannon limit, DMT modulation combined with a Levin-Campello (LC) bit-power loading algorithm
is employed [9]. This algorithm optimizes bits and power allocation with minimum power redundancy. Figure
5(a) illustrates the variation of data rate with DMT modulation signal bandwidth. All BERs are below the FEC
threshold. As the signal bandwidth increases from 6 to 7.5 GHz, the data rate continues to rise since the reduction in
average SNR is slower than the increase in bandwidth, resulting in a net gain in the transmission capacity. However,
as the bandwidth exceeds 7.5 GHz, the data rate starts to decline. This is because the decrease in average SNR
surpasses the bandwidth expansion, leading to the saturation of the trade-off between spectral efficiency (SE) and
the signal bandwidth. Moreover, the overall frequency response of the system link, including cables, exhibits more
than 5 dB attenuation in high frequency range, while the photodetector (PD) introduces significant noise in this
region. These factors cause a drop in SNR beyond 8 GHz, limiting effective bit loading and power allocation. The



Hu J H, et al. Sci China Inf Sci March 2026, Vol. 69, Iss. 3, 132405:8

Figure 5 (Color online) Communication performance of the blue mini-LD-based VLC link. (a) Data rate and BER versus signal bandwidth

of DMT modulation; (b) received signal and noise power spectra at a 7.5 GHz signal bandwidth; (c) bit allocation and estimated SNR at a

7.5 GHz signal bandwidth using the LC algorithm; (d) power ratio and BER of each subcarrier at 37.1 Gbps.

results indicate that the optimal DMT signal bandwidth is 7.5 GHz, achieving a maximum data rate of 37.1 Gbps.
Figure 5(b) presents the received signal and noise power spectra at a 7.5 GHz bandwidth, with their difference
representing the SNR spectrum of the VLC link. The calculated average SNR is 18.55 dB. It can be observed that
at 7.5 GHz, the noise power increases by 5 dB compared to the low-frequency region. This rise is attributed to the
frequency response limitations of various system components, including cables, adapters, and the PD. Figure 5(c)
illustrates the bit allocation and measured SNR spectrum for the QAM-DMT signal at the maximum data rate of
37.1 Gbps. Using the LC algorithm, the VLC system based on the blue LD achieves a high SE of 5.03 bits/s/Hz at
the optimal modulation bandwidth of 7.5 GHz. The allocated bit distribution closely follows the SNR variations,
with a maximum allocation of 6 bits per subcarrier, enabling support for 64-QAM modulation. However, due to
SNR degradation at higher frequencies, the minimum modulation level is limited to 4-QAM. The inset presents the
received constellation diagrams for different modulation formats, including 64-QAM, 32-QAM, 16-QAM, 8-QAM,
and 4-QAM. Figure 5(d) shows the normalized power allocation for each subcarrier and the calculated BER at
a data rate of 37.1 Gbps for the DMT signal. The initial normalized power allocation is set to 1.0. According
to the LC algorithm, in each iteration, subcarriers with power redundancy contribute their excess power to those
requiring the minimum additional power to increase their bit loading by 1 bit. After multiple iterations, the final
power distribution is determined by the measured SNR and the initial bit allocation. At the highest data rate, the
normalized power ratio of the DMT signal fluctuates between 0.7 and 1.2 with an average of 0.99, reflecting the
efficient power loading strategy to maximize the SE while maintaining BER performance. The calculated average
BER is 3.37 × 10−3, which remains below the 7% HD-FEC threshold, confirming the system’s reliability at this
high data rate. These results highlight the excellent communication performance of our designed mini-LD.

5 Conclusion

This work designs and fabricates a large-bandwidth blue InGaN mini-LD and demonstrates its potential for VLC
applications. A theoretical model and numerical analysis are established to optimize the active region, waveguide
layer, and cavity structure. By employing a triple 3 nm/5 nm In0.18Ga0.82N/In0.05Ga0.95N QWs, the increased
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differential gain of the LD can enhance the relaxation oscillation frequency and bandwidth. The 50 nm waveguide
layer is used to shorten the carrier ambipolar transport time. Meanwhile, reducing the cavity length to 300 µm
can effectively suppress the damping effect, thus improving the −3 dB bandwidth. The fabricated blue InGaN
LD achieves a high slope efficiency of 1.23 W/A, with a high −3 dB bandwidth of 8.4 GHz at 140 mA and a low
damping factor of 0.211 ns. When applied in a VLC system, it allows data rates of 20.0, 33.0, and 37.1 Gbps under
OOK, PAM4, and DMT modulation, respectively. To the best of our knowledge, these results represent the highest
−3 dB bandwidth and data rate for a blue InGaN LD.

In future work, the method of this work can be extended to a fully coupled thermal-electrical-optical model by
experimental calibration, combined with various channel models [47–49], which will reveal the thermal performance
of the LD, the system noise mechanisms, and the error analysis. In addition, intelligent heuristic optimization
algorithms [50] or physics-informed neural networks [51] can also be introduced to accelerate the device design
process. Such advancements are essential to meet the stringent thermal stability requirements of optical intercon-
nects in GPU/XPU computing environments [52]. Also, leveraging this high-speed laser chip in combination with
short-wavelength photon-photon resonance techniques could significantly enhance the modulation bandwidth when
integrated into advanced visible-light passive external cavity platforms such as Si3N4 waveguide [53,54]. These will
facilitate the development of high-speed InGaN-based blue LDs and cost-effective visible light photonic integration
technologies, providing critical device-level support for next-generation 6G-oriented optical networks.
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