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Abstract: Bit-loaded quadrature amplitude modulation-orthogonal frequency division multiplex-
ing (QAM-OFDM) encoding and photonic-crystal-engineered multi-mode vertical-cavity surface-
emitting lasers (MM-VCSELs) transmission performance are analyzed. Two different surface photonic-
crystal designs are used to configure the core and cladding regions of MM-VCSELs, producing
continuous-wave and digital-encoding outputs. These outputs are combined with the end-face-
flattened OM5 multi-mode fiber (MMF) for 100 m short-reach transmission. The photonic-crystal
(PhC) structure exhibits a spatial mode-filtering ability, supporting few or single-mode outputs
from the MM-VCSEL. This helps reduce the modal dispersion during OM5-MMF transmission of
the encoded data. Comparing the original MM-VCSEL with two different surface-photonic-crystal-
configured MM-VCSELs, the allowable bit-loaded QAM-OFDM data rate can be increased from
60.7 (for the VCSEL without the PhC structure) to 85/65 Gbit/s (for the PhC VCSELs with 2-layer
PhC structures in the cladding layer and the ones with a 1-layer PhC structure in the core layer and
2-layer PhC structures in the cladding layer, respectively) under back-to-back (BtB) encoding and
enable the 100 m OM5-MMF transmission to increase from 58.5 (for the VCSEL without the PhC
structure) to 81.2/64.6 Gbit/s (for the PhC VCSELs with 2-layer PhC structures in the cladding layer
and the ones with a 1-layer PhC structure in the core layer and 2-layer PhC structures in the cladding
layer), respectively. Furthermore, by comparing the 7◦-titled and 0◦-normalized vertical coupling
conditions, it can be observed that the purely normalized vertical coupling can collect more output
power, resulting in an improved signal-to-noise ratio. This significantly increases the allowable
error-free data rate from 85 to 98.9 Gbit/s in the BtB case and from 81.2 Gbit/s to 95.3 Gbit/s in the
100 m OM5-MMF case.

Keywords: vertical cavity surface-emitting laser (VCSEL); photonic crystals; 400G; intra-data-center

1. Introduction

Multi-mode vertical-cavity surface-emitting lasers (MM-VCSELs) are now widely used
in data-center network architectures [1–10]. To facilitate faster data streaming and exchange
for high-speed cloud transportation, various modifications have been made to the MM-
VCSEL structure to improve its analog modulation and digital-encoding capacities [11–20].
Among these approaches, scaling down the emission area is the commonly used scheme
for shortening the RC response to enhance the data-switching speed of MM-VCSELs.
However, this mode-number-confined design reduces the lasing power and enlarges the
differential resistance to concurrently reduce modulation efficiency and the signal-to-noise
ratio (SNR) [21,22]. Alternative methods have emerged to improve the modulation band-
width, such as photonic-crystal (PhC) engineering of the MM-VCSEL cavity to control
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mode numbers [23–25], using zinc-diffusion in distributed Bragg reflectors (DBRs) for
impedance matching [26–28], applying surface overlayer coating or chemical processing
to reduce capacitance [29–31], etc. Additionally, the coupling efficiency of MM-VCSEL
output has been enhanced using MMF fibers with either flattened and lensed end-faces
under different tilting angles or coupling schemes. These developments highlight the
trade-off between the small-signal bandwidth and the SNR in MM-VCSELs under di-
rect modulation, which gradually leads to the state-of-the-art design of MM-VCSELs for
100-Gbit/s applications.

To increase the bit rate per channel in data centers, various digital formats have
successfully encoded VCSEL to improve spectral usage efficiency within a finite band-
width. In 2013, Tan et al. encoded an 850 nm VCSEL transmitter with an additional
PhC structure for carrying the on-off keying (OOK) data at 25-Gbit/s after 1 km MMF
transmission [17]. In 2015, Kuchta et al. modulated the 850-nm VCSEL with non-return-
to-zero on-off-keying (NRZ-OOK) data at 71-Gbit/s for 7 m MMF transmission [32]. In
contrast to the NRZ-OOK data format, 4-/8-level pulse amplitude modulation (PAM-
4/PAM-8) data formats were also used to encode the 850-nm VCSEL to demonstrate
70-/56-Gbit/s transmission links over a 50 m OM4 MMF [33]. Lavrencik et al. achieved up
to 107-Gbit/s PAM-4 transmission in a 105 m MMF link using 850/940 nm VCSELs [34]. Fur-
thermore, the quadrature amplitude modulation orthogonal frequency division multiplex-
ing (QAM-OFDM) data format, which has higher spectral usage efficiency than other for-
mats, was also employed to overcome the finite encoding bandwidth of the VCSEL [35,36].
Kao et al. preliminarily reported 100 m OM4 MMF transmission at a data rate of 80 Gbit/s
via directly modulating the VCSEL with 16-QAM-OFDM data [21]. However, the transmis-
sion performance of the QAM-OFDM data format carried by the multi-mode VCSEL with
versatile PhC structures has seldom been discussed.

This work focuses on further engineering an MM-VCSEL at 850 nm using two designs
of surface PhC structures for its core and cladding regions. The emission aperture of
these MM-VCSELs is confined using proton bombardment for distinct current-blocking
confinement. The specific core/cladding PhC designs favor controlling the modal field
and the modal number of MM-VCSELs without sacrificing their lasing performance. The
surface photonic-crystal structures are designed with different pitch periods and hole
diameters for the MM-VCSEL core and cladding, which are post-processed within the
proton-bombardment-confined mesa of the MM-VCSELs via ionic plasma etching. To
analyze the performance of these PhC-engineered MM-VCSELs, we employed the OM5-
MMF as the uncollimated coupler for these devices to perform bit-loaded QAM-OFDM
back-to-back encoding and 100 m OM5-MMF transmission. Three types of core-/cladding
unprocessed and photonic-crystal-engineered MM-VCSELs were analyzed by comparing
their power-to-current and voltage-to-current curves, lasing optical spectra and modula-
tion response, and broadband bit-loaded QAM-OFDM encoding performances to obtain
the optimized design. Two kinds of vertical coupling schemes with adjustment to the
tilting angle of the uncollimated end-face-flattened OM5-MMF butt coupler between 0 and
7 degrees are compared to improve the bit-loaded QAM-OFDM data transmission and
receiving performances of the surface-PhC-engineered MM-VCSELs. These schemes help
to improve the allowable broadband QAM-OFDM encoding bandwidth, the decoding error
vector magnitude of the constellation plot, the receiving SNR of QAM-OFDM data, and the
calculated bit error ratio (BER) after transmission. To overcome the roll-off (unflattened)
power-to-frequency response of the PhC VCSELs and the dispersion-degraded MMF trans-
mission, the pre-leveling and bit-loading algorithms were introduced to improve the SNR
performance of the QAM-OFDM data.

2. Experimental Setup
2.1. Device Design and Fabrication of the PhC VCSEL

Figure 1a shows the cross-section structure of the PhC VCSEL. A similar device design
has been previously reported [37]. In this study, the PhC VCSEL device was fabricated on
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a GaAs substrate. Initially, an n-type DBR mirror with 36-pair Al0.1Ga0.9As/Al0.9Ga0.1As
layers was formed. All of the DBR layers had quarter-wave thickness except when termi-
nating the last high index layer with a thickness of 3/4 lambda to ensure the constructive
interference of reflected waves within specific wavelength bands. After the n-type DBR
fabrication, the active gain region of the PhC VCSEL was deposited on top of the n-type
DBR layer. This region consisted of 3-pair unstrained GaAs quantum wells and 4-layer
Al0.3Ga0.7As barriers sandwiched between 2-layer Al0.6Ga0.4As cladding. This configura-
tion aimed to control the central point of the gain spectrum at 850 nm. Finally, a p-type
DBR mirror with 23-pair Al0.10Ga0.90As/Al0.90Ga0.10As layers was formed to fabricate the
whole VCSEL.
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Figure 1. (a) Cross-section of the 22DD structure and (b) diagram of the PhC design in the PhC
VCSEL and the top-view images for the proton-implanted PhC VCSEL.

In this work, the dry-etching process was also utilized to fabricate the PhC struc-
ture [30]. Before the dry-etching process, a SiO2 mask was formed upon the p-type DBR
mirror. Then, the patterns of the mesa and PhC were defined by the photolithography
process. These patterns were transferred onto the SiO2 layer by the CF4 reactive-ion etch-
ing (RIE) process. Before proton implantation, the circular aperture was defined by the
photolithography process. Proton implantation technology with an energy of 330 keV and
a dose concentration of 5 × 1012 cm−2 was used to form a high-resistivity insulating area
around the circular core deep within the VCSEL cavity to define the aperture. After proton
implantation, the patterns of the mesa and PhC were etched via the SiCl4/Ar inductively
coupled plasma RIE (ICP-RIE) process. The etching depth was controlled at 90–100% of the
DBR thickness during the ICP-RIE process. For the calibration in the previous work [30],
the etching depth was determined by counting the individual DBR layers in the scanning
electron micrograph image. More importantly, this process had to avoid damaging the
active gain region to prevent gain degradation and heat accumulation. Over-etching could
lead to non-radiative Auger recombination and decreased quantum efficiency. Next, the
CF4 RIE process removed the SiO2 mask for coating the metal contacts. Finally, electron-
beam physical vapor deposition deposited the p-type Ti/Au and n-type AuGe/Ni/Au
contacts. The metal contacts of the VCSEL were extended to a ground-signal-ground (GSG)
coplanar contact for high-speed measurement. Based on the structural design of the PhC in
the PhC VCSEL from previous work (Figure 1b) [37], the design parameters of three PhC
VCSELs are listed in Figure 1b and Table 1. Comparing different PhC designs, different
period hexagonally aligned arrays of circular holes were used in both the core and cladding
regions. The a, b, and b/a parameters denote the hole pitch, hole diameter, and pitch
ratio, respectively. For the PhC VCSEL-(1), no PhC crystal structures exist in the core and
cladding regions of the original VCSELs. When the a, b, and b/a parameters for the PhC
VCSEL-(1) are set at 5 µm, 3 µm, and 0.6, respectively, the implant and optical aperture
diameters are 17 µm and 7 µm, respectively. In addition, the metal opening diameter



Photonics 2023, 10, 549 4 of 18

is also set at 13 µm. For the PhC VCSEL-(2), the device has no PhC pattern in the core
region and 2-period PhC regions in the cladding region with a, b, and (b/a) parameters of
3.5 µm, 2.45 µm, and 0.7, respectively. For the fixed a, b, and (b/a) parameters, the metal
opening, implant aperture, and optical aperture diameters changed to 9.45 µm, 13.45 µm,
and 4.55 µm, respectively. The inner hole diameter was decreased to 1.75 µm. For the PhC
VCSEL-(3), the device inserts an additional 1-period PhC pattern in the core region and
maintains 2-period PhC patterns in the cladding compared to the PhC VCSEL-(2). For
the PhC VCSEL-(3), the a, b, and b/a parameters were varied at 4.5 µm, 3.15 µm, and
0.7, respectively. Therefore, the metal opening, implant aperture, and optical aperture
diameters changed to 12.15 µm, 16.15 µm, and 5.85 µm, respectively.

Table 1. Three types of PhC VCSELs with different PhC designs.

b/a a (µm) b (µm)
Metal

Opening
(µm)

Implant
Aperture

(µm)

Optical
Aperture

(µm)

PhC VCSEL-(1) 0.6 5 3 13 17 7
PhC VCSEL-(2) 0.7 3.5 2.45 9.45 13.45 4.55
PhC VCSEL-(3) 0.7 4.5 3.15 12.15 16.15 5.85

2.2. QAM-OFDM Data Transmission Analysis

For complex data format transmission, the experimental setup and block diagram
of the 16-QAM OFDM encoding process were used to directly modulate the PhC VCSEL,
enabling 100 m-long OM5-MMF transmission, as shown in Figure 2. The OM5-MMF with
lower modal dispersion replaced the traditional OM4-MMF to achieve a higher data rate
by the 400GBASE-SR16 of IEEE 802.3bs [38]. The 16-QAM OFDM data stream was encoded
and decoded using a customized MATLAB program. Initially, pseudo-random bit sequence
OOK data with a pattern length of 215-1 were mapped onto the 16-QAM format with a
4 × 4 constellation. The 16-QAM data were uploaded serial-to-parallel onto 84 OFDM
subcarriers. After the serial-to-parallel conversion, the time-domain OFDM waveform was
generated by transforming the OFDM carried data using inverse fast Fourier transform
with a fast Fourier transform matrix size of 512. Before digital-to-analog conversion, a cyclic
prefix with a data-length ratio of 1/32 and a training symbol with a data-length ratio of
1/32 was sequentially added to the time-domain OFDM waveform to prevent inter-symbol
interference and facilitate the channel response. The arbitrary waveform generator (AWG,
Keysight M8196) exported the time-domain data waveform at a sample rate of 92 GSa/s.
Note that the 16-QAM-OFDM subcarrier spacing is 179 MHz, determined by the formula
(sampling rate/FFT size).
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The electrical 16-QAM OFDM data were then combined with the DC bias current to
drive the PhC VCSEL via a bias tee (Anritsu, V250, Atsugi, Japan) with a 3 dB bandwidth
of 60 GHz. This signal was fed into the VCSEL chip contact via a coplanar ground-signal-
ground (GSG) probe (GGB, 40A-GSG-125-DP, Naples, FL, USA). To ensure stable VCSEL
chip output encoding, the device temperature was accurately controlled using a water-
cooling heat sink. For short-reach transmission in MMF, the VCSEL chip output was
collected by a lensed MMF and was imported into a 100 m OM5 MMF, simulating rack-to-
rack intra-data-center transmission. At the optical receiving end, the optical carrier with
carried QAM-OFDM data was O-to-E converted by a high-speed photodetector (Newfocus,
1484-A50, San Jose, CA, USA), which was resampled by a digital serial analyzer (Tektronix,
DPO77002SX, Beaverton, OR, USA) at a sampling rate of 200 GS/s. Finally, the received
QAM-OFDM data waveform was decoded using the MATLAB program to determine its
EVM, SNR, and BER performances.

3. Results
3.1. Device Characteristics of the Three PhC VCSELs

Figure 3 shows the power-current-voltage (P-I-V) responses of the PhC VCSELs. For
the PhC VCSEL-(1), the threshold current can be measured as 4.2 mA with a corresponding
differential quantum efficiency of 0.11. For the PhC VCSEL-(2), the threshold current of
2 mA and the quantum efficiency of 0.08 can be obtained. In previous works, the efficiency
and threshold current of the PhC VCSEL were dependent on the etching depth of the
PhC structure, the epitaxial structure of the VCSEL, and the relative size of the current
aperture and transverse optical mode [39,40]. The etching depth of the PhC structure
will affect the spectral and spatial mode-gain overlaps. To avoid the threshold current
and quantum efficiency affected by the etching depth of the PhC structure, the etching
depth in this work is controlled at 90–100%. In addition, the spectral mode-gain overlap
is also determined by the epitaxial structure of the VCSEL. For comparison, the epitaxial
structures of the PhC VCSEL for the three cases are almost the same. For the PhC VCSEL,
the spatial mode-gain overlap is also determined by the relative size of the current aperture
and optical mode. Therefore, the PhC structure becomes an important factor in influencing
the threshold current and quantum efficiency. The effective refractive indices for the
PhC-structured core (n’eff, core) and cladding (n’eff, clad) DBR regions are defined as neff-γ∆n
with neff denoting the effective refractive index of the original core and cladding region, γ
ranging from 0 to 1 denoting the factor related to the etching depth of the PhC structure, and
∆n denoting the decrement of the material index in the PhC-structured DBR region [40,41].
By defining the confinement factor as Γ’ = {1 + λ2/[2π2d2(n’2eff,core − n’2eff,clad)]}−1 with
λ and d indicating the lasing wavelength and the core diameter of the PhC-structured
VCSEL [42], the differential quantum efficiency (η’d) is modified as [43–45]

η′d = ηi

(
1− αi

g′th

)
= ηi

1− αi
1
Γ′

[
αi +

1
2L ln

(
1

R′1R′2

)]
 =

hc
qλ

dP
dI

, (1)

where g’th, αi, L, R’i, h, c, q, P, and I, denote the threshold gain, the net internal optical loss,
the cavity length, the mirror reflectivity, the Planck constant, the speed of light, the electron
charge, the optical power, and the bias current respectively. Owing to the modification of
the effective refractive indices in the PhC-structured core and cladding regions, both the
confinement factor and gain threshold were deviated to change the differential quantum
efficiency. The PhC VCSEL-(2) shows a reduced n’eff,clad to increase the confinement factor.
From Equation (1), the increased confinement factor suppresses the threshold gain to
decrease the threshold current. Although the enhanced confinement factor achieved by
incorporating the PhC structure in the cladding promotes the generation of more coherent
photons in the VCSEL cavity, the effective output photon numbers remain limited to reduce
the η’d of the PhC VCSEL-(2). When an additional 1-period PhC pattern in the core region
reduces the n’eff, core to reduce the confinement factor, the threshold current of the PhC
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VCSEL-(3) slightly enlarges from 2 to 2.9 mA. However, the differential quantum efficiency
further decreases from 0.08 to 0.04, as obtained from the first-order derivative of the power-
to-current response of the PhC-structured VCSELs. For the PhC VCSEL-(3), the effective
refractive index within the core region is reduced because the PhC pattern results in a
weaker confinement factor than PhC VCSEL-(2). This weak confinement factor increases
the threshold gain to enlarge the threshold current and differential quantum efficiency.
However, the PhC patterns in the core region significantly suppress the emission aperture
to limit the output power and mode number. Therefore, the differential quantum efficiency
of the PhC VCSEL-(3) still shows degradation. Generally, the PhC structure influences the
resistance of the VCSEL to cause signal reflection during modulation. For the V-I response,
the PhC VCSEL-(1) shows a differential resistance of 32 Ω at a bias current of 10 mA,
resulting in a corresponding reflection coefficient of 0.22 and a return loss of −13.1 dB.
For the PhC VCSEL-(2), the PhC structure damages the top DBR mirror layer to increase
the series resistance. Hence, the differential resistance of the PhC VCSEL-(2) enlarges to
36 Ω with a reflection coefficient of 0.16 and a return loss of −15.7 dB. When the PhC
pattern is incorporated into the core region, the series resistance for the PhC VCSEL-(3) is
further enlarged to enhance its differential resistance of 39 Ω. This change also provides
an improved reflection coefficient of 0.12 and a return loss of −18.1 dB. For the signal
reflection, the device resistance approaches the characteristic resistance of 50 Ω to allow for
better modulation depth. Ideally, the PhC VCSEL-(3) would exhibit the best modulation
depth during the modulation.
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Figure 3. P-I, dP/dI, V-I, and dV/dI responses of three different PhC VCSELs.
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To examine the effect of the core/cladding PhC structure on the lasing mode number
of the multi-mode VCSEL, the optical spectra of various PhC VCSELs under different Ibias
conditions are shown and compared in Figure 4. The PhC VCSEL-(2) exhibits some specific
spectral features compared to PhC VCSEL-(1) due to its additional PhC structure in the
cladding. For the original VCSEL, its central wavelength (λc) is located at 858.6 nm, and
its lasing mode number (Nmode) increases from 1 to 3 as the bias current increases from
5 mA to 13 mA to provide enough gain for high-order lasing modes. With the insertion
of 2-period PhC patterns in the cladding region, the PhC VCSEL blue-shifts the lasing
wavelength and lowers the threshold current. This results in a λc and Nmode for the PhC
VCSEL-(2) with only one-mode lasing at 857.7 nm under a bias current of 3 mA. The λc
gradually red-shifts to 859.7 nm, and the Nmode increases to 7 as the bias current enlarges to
13 mA. The increased Nmode raising the bias current to 13 mA is due to the sufficient gain
of the PhC VCSEL-(2), which can excite high-order modes at the core boundary. Under
high-bais conditions, the PhC VCSEL-(2) exhibits more modes than the PhC VCSEL-(1)
since its confinement factor is improved to facilitate higher-order modes lasing in the cavity
with a larger numerical aperture and gain. To understand the influence of introducing the
PhC structure into the core layer, the PhC VCSEL-(3) is compared to the PhC VCSEL-(2).
For the PhC VCSEL-(3), its core PhC reduces the emission aperture by enlarging the cavity
mirror loss in the central region to prevent high-order-mode lasing. However, the threshold
current of the PhC VCSEL-(3) enlarges. Hence, the PhC VCSEL-(3) shows a red-shifted
lasing spectrum with only a single-transverse mode at a bias current between 3 and 13 mA.
This shows the unique effect of the core/cladding PhC on strictly controlling the transverse
mode number of the VCSEL.
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To discuss the spectral linewidth of multi-mode VCSELs, the transverse-mode distri-
bution of the PhC VCSEL can be quantified by introducing the root-mean-square spectral
linewidth (∆λRMS) as defined by the IEEE P802.3bs standard as [46,47]

∆λRMS =

√√√√√
 n

∑
i=1

Pi

(
λi −

n

∑
i=1

Piλi/
n

∑
i=1

Pi

)2
/

n

∑
i=1

Pi, (2)

where Pi and λi denote the peak power and wavelength of the ith modes in the optical
spectrum with power extinction of <20 dB compared to the central peak, respectively. From
Figure 4, the PhC VCSEL-(1) and PhC VCSEL-(2) display 3 and 7 transverse modes at a bias
current of 13 mA with their corresponding ∆λRMS of 0.22 and 0.28, respectively. In contrast,
the ∆λRMS of the PhC VCSEL-(3) is determined to be 0 nm due to its single-transverse
mode output.

Although all PhC VCSELs meet the IEEE P802.3ae standard (∆λRMS < 0.45 nm) [48],
the aforementioned PhC VCSEL with ∆λRMS of 0 would benefit from minimal suffer less
modal dispersion during transmission in the MMF. Due to the single-transverse mode
output with ∆λRMS of 0, the PhC VCSEL-(3) emerges as the most promising candidate for
transmitting data over MMF while minimizing modal dispersion.

To optimize the signal-to-noise extinction without compromising the allowable band-
width of the PhC VCSEL, the RIN is characterized to identify the optimal PhC structure
design for the VCSELs. During direct modulation, the RIN spectrum of the PhC VCSEL
exhibits a high-frequency peak due to its relaxation oscillation nature. It enlarges the
intensity noise level in the signal spectrum to impact the SNR performance of the carried
QAM-OFDM data. The RIN responses of the PhC VCSEL are also influenced by different
PhC structures, as compared in Figure 5. The RIN spectrum is recorded using a lightwave
signal analyzer (HP, 71300C). For the PhC VCSEL-(1), its RIN peak energy and position at
a bias current of 5 mA are −120 dBc/Hz and 3.2 GHz, respectively. These values can be
slightly reduced by 1 dBc/Hz and up-shifted by 1.8 GHz when the bias current increases
to 14 mA. Generally, the relaxation oscillation frequency (fr) of a VCSEL is defined as [47]:

fr =
1

2π

√
ΓVgGηi(I − Ith)

qVopt
, , (3)

with the RIN spectral shape as a Lorentzian function of fr as expressed by [47]:

RIN( f ) ∝
f 2 + (γ/2π)2

( f r2 − f 2)2 + f 2(γ/2π)2 , , (4)

where γ denotes the damping coefficient. Equation (3) interprets that the RIN peak is
inversely proportional to fr, and a higher bias current results in a higher fr and a lower
RIN peak intensity. By implementing a bi-layer cladding PhC confinement in the PhC
VCSEL-(2), the RIN peak energy and position are significantly reduced to −135 dBc/Hz
and up-shifted to 5 GHz at a 5-mA bias current, respectively. This improvement over
PhC VCSEL-(1) is primarily due to the enhanced cladding confinement, which betters
the lasing conditions by reducing the bias current under the PhC control in the cladding
region. According to Equation (2), increasing the bias current or lowering the threshold
current can raise the fr to suppress and up-shift the RIN peak. When the bias current of PhC
VCSEL-(2) is raised to 14 mA, the RIN peak further shifts up to 17.5 GHz with a peak energy
of −126 dBc/Hz, while its average noise background notably decreases to −143 dBc/Hz.
The high-order modes of the PhC VCSEL-(2) are excited at highly biased conditions to
induce additional RIN that superimposes with the RIN spectrum from the fundamental
mode. Introducing a one-period PhC pattern into the core to form the PhC VCSEL-(3)
increases the threshold current conversely, resulting in the RIN peak down-shifting back to
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4.7 GHz with a peak energy of −126 dBc/Hz at a bias current of 5 mA. The RIN peak fully
merges into the noise background when the bias current is further increased to 14 mA. PhC
VCSEL-(3) is a single-mode laser to suppress additional noise in the RIN spectrum even at
high-bias operation. Except for these RIN peaks, the overall RIN noise level can be as low
as −140 dBc/Hz.
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Figure 5. RIN responses of PhC VCSELs with different structures and bias currents.

3.2. Transmission of Pre-Compensated 16-QAM-OFDM and Bit-Loaded QAM-OFDM Data

A distortion pre-compensation technique was employed to further increase the allow-
able bandwidth of the 16-QAM-OFDM data and to maximize the transmission capacity.
This technique adjusts the transmission power of each OFDM subcarrier to counteract
the degraded response caused by the PhC VCSEL and the transmission link [21]. Pre-
compensated QAM-OFDM data sacrifice their low-frequency OFDM subcarrier power to
compensate for the high-frequency OFDM power for SNR improvement [49]. Figure 6a
illustrates the constellation plots, subcarrier SNR, and decoded BER of pre-compensated
16-QAM-OFDM data in the BtB transmission of three PhC VCSELs. The PhC VCSEL-(1) can
only deliver the QAM-OFDM data at 12 GHz without distortion compensation. Expanding
the bandwidth to 13 GHz with a pre-compensation slope of +0.1 dB/GHz only improves its
EVM, SNR, and BER to 18.2%, 14.8 dB, and 5.2 × 10−3, respectively. Further increasing the
pre-leveling slope inversely affects the BER of OFDM data as the PhC VCSEL-(1) output
power is insufficient for OFDM subcarrier power rearrangement.
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Figure 6. Constellation plots, SNR, and BER of the 16-QAM-OFDM data carried by the three
PhC VCSEL chips under the optimized bandwidth operation with and without distortion pre-
compensation in the BtB and 100 m OM5-MMF cases.

Using PhC VCSEL-(2) to carry the QAM-OFDM data allows for a significant increase
in the effective bandwidth to 18 GHz with a pre-compensating slope of 0.4 dB/GHz. This
results in an EVM of 16.9%, an SNR of 15.4 dB, and a BER of 3.1 × 10−3 at 72 Gbit/s.
When continually raising the pre-leveling slope to 0.6 dB/GHz, the EVM, BER, and SNR
of the OFDM data reduce to 18.8%, 14.5 dB, and 6.6×10−3, respectively. In comparison,
the acceptable modulation bandwidth of the PhC VCSEL-(3)-carried OFDM data can
be optimized to 15 GHz with a pre-compensation slope of 0.2 dB/GHz for providing
an EVM of 17.2%, an SNR of 15.1 dB, and a BER of 3.5 × 10−3 at 60 Gbit/s. A larger
0.4 dB/GHz slope degrades the EVM, SNR, and BER of the OFDM data to 17.7%, 15 dB, and
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4.3 × 10−3, respectively. Comparing PhC VCSEL-(2) and PhC VCSEL-(3) shows that a
smaller output power device can limit the pre-compensation performance. Hence, the
optimization slope for the PhC VCSEL-(3)-carried OFDM data becomes narrower than that
for the PhC VCSEL-(2)-carried data. After propagating the 100 m OM5 MMF, the effect of
the distortion pre-leveling on the improvements in EVM, SNR, and BER performance for
the 16-QAM OFDM data carried by the three PhC VCSELs are compared in Figure 6b. As
expected, the pre-compensation can enlarge the allowable bandwidth of the OFDM data
carried by PhC VCSEL-(1) from 11 to 12 GHz after 100 m OM5-MMF transmission, which
optimizes the constellation plot with a slope of 0.4 dB/GHz to provide an EVM suppressed
from 18.2% (slope = 0) to 16.1%. Figure 6b illustrates that the SNR and BER responses can
improve from 14.8 to 15.8 dB and 5.3 × 10−3 to 2.1 × 10−3, respectively. In contrast, the
PhC VCSEL-(2) broadens its QAM-OFDM bandwidth from 14 to 15 GHz after 100 m OM5-
MMF transmission by pre-compensating its subcarrier amplitude at a slope of 0.2 dB/GHz,
revealing an optimized EVM of 15.9%, an optimized SNR of 16 dB, and an optimized BER
of 1.9 × 10−3. The OFDM data carried by the PhC VCSEL-(3) exhibit the same bandwidth
of 15 GHz after pre-compensation at a slope of 0.2 dB/GHz, with an EVM of 17.3%, an
SNR of 15.2 dB, and a BER of 3.7 × 10−3. The OFDM transmission performance for the PhC
VCSEL-(2) with a higher power is better than that for the PhC VCSEL-(3), although the
former device has more transverse modes. Compared with comparable output power, the
OFDM data carried by the PhC VCSEL-(3) provides even better performance after 100 m
OM5-MMF transmission with pre-compensation, as its single-transverse mode feature
inherently prevents distortion from modal dispersion.

To further improve the data rate for the PhC VCSEL, the bit-loading technique is used
to allocate suitable QAM levels for OFDM subcarriers at different frequency regions [50–52].
Figure 7a shows the distributions of suitable QAM-level loading for different OFDM
subcarriers carried by three PhC VCSELs in the BtB case. From the subcarrier frequency-
dependent SNR responses for different PhC VCSELs shown in Figure 7a, the PhC VCSEL-
(1) can simultaneously transmit 32-QAM, 8-QAM, and 4-QAM OFDM data within the
14.3 GHz encoding bandwidth. The detailed transmission results are listed as Table 2. The
respective data rates of the 32, 8, and 4 QAM-OFDM data transmitted by PhC VCSEL-
(1) are 48, 9, and 3.2 Gbit/s to provide a total data rate of 60.7 Gbit/s. Using the PhC
VCSEL-(2), the 32/8/4 QAM-OFDM data stream can provide the available bandwidth of
13.3/2.5/5.5 GHz to successfully improve the overall data rate up to 85 Gbit/s in the BtB
case. When transferring the optical carrier to the PhC VCSEL-(3), the bit-loading allows 16
and 4 QAM-OFDM for direct encoding within bandwidths of 14 and 4.5 GHz, respectively,
to provide a data rate of 65 Gbit/s in total. Compared with broadband and bit-loading
QAM-OFDM techniques, the encodable data rates for the three PhC VCSELs under BtB
transmission are significantly improved from 48/64/56 to 60.7/85/65 Gbit/s. The PhC
VCSEL-(2) is realized as the best transmitter candidate among all the proposed PhC VCSEL
designs to possess the widest 3 dB frequency bandwidth and the lowest roll-off effect to
enable the largest transmission capacity. Finally, the bit-loading QAM-OFDM improves
the 100 m MMF transmission performance. Figure 7b shows the QAM-level distribution
profile versus the subcarrier number for different PhC VCSELs, while Figure 7b shows the
subcarrier SNR responses. After 100 m MMF transmission, the PhC VCSEL-(1) delivers
the bit-loaded 32/8/4 QAM-OFDM data to decrease the bandwidths of 9.3/3.2/1.2 GHz.
When replacing the optical carrier with the PhC VCSEL-(2) through 100 m MMF, the
PhC VCSEL-(2) can deliver the bit-loaded QAM-OFDM data stream with a data rate of
81.2 Gbit/s. Using the PhC VCSEL-(3) can only bit-load 16 and 4 QAM-OFDM data with a
bandwidth of 18.6 GHz to provide a total data rate of 64.6 Gbit/s.
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Figure 7. (a) Optimal bit-loading distribution and (b) SNR versus subcarrier frequency for different
PhC VCSELs with the bit-loading technique in the (a) BtB and 100 m OM5-MMF cases.

To further optimize the transmission capacity, the tilting angle is adjusted from 7◦

to 0◦ to improve the collection of the output power. Furthermore, the data synthesizer
is upgraded to an AWG (Keysight, M8194, Santa Rosa, CA, USA) with a 50 GHz ana-
log bandwidth and a 120-GSa/s sampling rate to minimize data distortion. Figure 8
shows the QAM-level distribution profile and the subcarrier-frequency-dependent SNR
of the bit-loaded QAM-OFDM data transmitted by the PhC VCSEL-(2) in both BtB and
100 m OM5-MMF cases after optimizing the tilting angle and increasing the sampling
rate. Table 3 exhibits the related performance parameters. For the PhC VCSEL-(2), the
32/16/8/4 QAM-OFDM and BPSK data streams can support the available bandwidth of
8.7/6.6/4.5/5.3/4.9 GHz to successfully improve the overall data rate up to 98.9 Gbit/s
in the BtB case. After 100 m OM5-MMF transmission to induce a larger propagation
loss, the PhC VCSEL-(2) only delivers the bit-loaded 32/16/8/4 QAM-OFDM and BPSK
data to decrease the bandwidths of 5.9/4.7/12.7/2.1/3.8 GHz. Notably, PhC VCSEL-(2)
can deliver the bit-loaded QAM-OFDM data stream with the highest data rate reaching
95.3 Gbit/s. These results highlight the trade-off design of core/cladding PhC structures
for MM VCSELs in achieving broadband or bit-loading QAM-OFDM data transmission.
Among the three selected designs, the experimental results show that PhC VCSEL-(2) with
the highest lasing power provides the broadest bandwidth and the highest data rate for
future applications in transmitting high-spectral-density QAM-OFDM data formats in
data centers.
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Table 2. The detailed performance parameters of the bit-load QAM-OFDM data carried by the three
different PhC VCSELs in the BtB and 100 m OM5-MMF cases.

Btb Case

PhC VCSEL-(1)

QAM level 32-QAM 8-QAM 4-QAM
Bandwidth 9.7 GHz 3 GHz 1.6 GHz

EVM 11.7% 24.3% 34.7%
SNR 18.6 dB 12.3 dB 9.2 dB
BER 2.8 × 10−3 3.1 × 10−3 1.9 × 10−3

Total Data Rate 60.7 Gbit/s

PC VCSEL(2)

QAM level 32-QAM 8-QAM 4-QAM
Bandwidth 13.3 GHz 2.5 GHz 5.5 GHz

EVM 12% 24% 37.1%
SNR 18.4 dB 12.4 dB 8.6 dB
BER 3.1 × 10−3 2.6 × 10−3 3.4 × 10−3

Total Data Rate 85 Gbit/s
PhC VCSEL-(3)

QAM level 16-QAM 4-QAM
Bandwidth 14 GHz 4.5 GHz

EVM 17.2% 37.2%
SNR 15.3 dB 8.6 dB
BER 3.5 × 10−3 3.5 × 10−3

Total Data Rate 65 Gbit/s

100 m OM5-MMF case

PhC VCSEL-(1)

QAM level 32-QAM 8-QAM 4-QAM
Bandwidth 9.3 GHz 3.2 GHz 1.2 GHz

EVM 12% 24.5% 36.3%
SNR 18.5 dB 12.2 dB 8.8 dB
BER 2.9 × 10−3 3.2 × 10−3 2.8 × 10−3

Total Data Rate 58.5 Gbit/s

PhC VCSEL-(2)

QAM level 32-QAM 8-QAM 4-QAM
Bandwidth 12.6 GHz 2.2 GHz 5.8 GHz

EVM 12.3% 23.4% 32.7%
SNR 18.2 dB 12.6 dB 9.7 dB
BER 3.8 × 10−3 2.2 × 10−3 1.6 × 10−3

Total Data Rate 81.2 Gbit/s

PhC VCSEL-(3)

QAM level 16-QAM 4-QAM
Bandwidth 13.7 GHz 4.9 GHz

EVM 17.2% 36.7%
SNR 15.3 dB 8.7 dB
BER 3.6 × 10−3 3.2 × 10−3

Total Data Rate 64.6 Gbit/s
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Figure 8. QAM-level distribution profile and the subcarrier-frequency-dependent SNR of the bit-
loaded QAM OFDM data delivered by PhC VCSEL-(2) in the BtB and 100 m OM5-MMF cases after
the optimization of the tilting angle and the improvement of the sampling rate.

Table 3. The detailed performance parameters of the bit-load QAM-OFDM data carried by the PhC
VCSEL-(2) in the BtB and 100 m OM5-MMF cases after the optimization of the tilting angle and the
improvement of the sampling rate.

BtB case

QAM level 32-QAM 16-QAM 8-QAM 4-QAM BPSK
Bandwidth 8.7 GHz 6.6 GHz 4.5 GHz 5.3 GHz 4.9 GHz

SNR 19.6 dB 16.4 dB 12.3 dB 9.2 dB 4.6 dB
BER 9.3 × 10−4 1.2 × 10−3 3.1 × 10−3 2.1 × 10−3 1.9 × 10−3

Total Data
Rate 98.9 Gbit/s

100 m OM5-MMF case

QAM level 32-QAM 16-QAM 8-QAM 4-QAM BPSK
Bandwidth 5.9 GHz 4.7 GHz 12.7 GHz 2.1 GHz 4.7 GHz

SNR 18.8 dB 16.7 dB 14 dB 10 dB 6.7 dB
BER 2.2 × 10−3 8.4 × 10−4 4.5 × 10−4 8.1 × 10−4 1.2 × 10−4

Total Data
Rate 95.3 Gbit/s

4. Conclusions

We have compared the pre-compensated and bit-loaded QAM-OFDM data encoding
and transmission performance for three 850 nm VCSELs with different PhC designs. Three
PhC VCSELs were created using proton-bombardment isolation to define the emission
aperture and implement PhC structures in the core/cladding region. PhC VCSEL-(1)
exhibits a threshold current of 4.2 mA and an ∆λRMS of 0.22 nm to provide a modulation
bandwidth of 14.3 GHz with a background RIN of −126 dBc/Hz at an optimized bias
current of 14 mA. Hence, PhC VCSEL-(1) can only carry 16-QAM-OFDM data through
BtB and 100 m MMF transmission with respective allowable bit rates of 48 Gbit/s and
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44 Gbit/s. Employing the waveform pre-compensation slightly extends the OFDM data
in 100 m OM5-MMF transmission to 48 Gbit/s with the corresponding EVM/SNR/BER
of 16.1%/15.8 dB/2.1 × 10−3, respectively. When performing bit-loading, the data rates
in the BtB and 100 m OM5-MMF cases further improve to 60.7/58.5 Gbit/s within the
modulation bandwidths of 14.3/13.7 GHz, respectively. PhC VCSEL-(2) with PhC confined
cladding can provide the smallest bias current of 2 mA and the highest 3 dB bandwidth
of 15 GHz at the same bias current of 14 mA to exhibit a multi-mode output with ∆λRMS
of 0.28 nm and background RIN of −143 dBc/Hz. The allowable bandwidth for 16-
QAM-OFDM data can be optimized at 16 GHz. Additionally, the data rate is slightly
degraded to 14(56) GHz(Gbit/s) even with modal dispersion after 100 m OM5-MMF
transmission. The pre-compensation with a power-to-frequency slope of 0.2 dB/GHz
resumes the allowable bandwidth after 100 m OM5-MMF back to 15 GHz for 60-Gbit/s
QAM-OFDM with EVM/SNR/BER of 15.9%/16 dB/1.9 × 10−3, respectively. The bit-
loading further promotes the data rate of OFDM data up to 85/81.2 Gbit/s within the
modulation bandwidths of 21.3/21 GHz before and after 100 m OM5-MMF transmissions.
Using the PhC patterns in both core/cladding regions for PhC VCSEL-(3), the single-mode
output achieves the ∆λRMS of 0 nm, a threshold current of 2.9 mA, 3 dB bandwidth of
12.9 GHz, and a background RIN of −140 dBc/Hz. Although the modal dispersion during
OM5-MMF transmission can be suppressed, its effective throughput power is also reduced
to −2 dBm at the same bias current of 14 mA. The allowable bandwidths of the 16-QAM
OFDM data carried by the PhC VCSEL-(3) before and after 100 m OM5-MMF transmissions
remain the same as 14 GHz with an effective data rate of 56 Gbit/s. As transmitting power
attenuation and chromatic dispersion still affect the carried OFDM data, the 16-QAM-
OFDM data pre-compensating with a slope of 0.2 dB/GHz enables a 15 GHz bandwidth
for 100 m OM5-MMF transmission with an EVM of 17.3%, an SNR of 15.2 dB, and a BER of
3.7 × 10−3. Bit-loaded QAM-OFDM-based BtB/100 m-OM5-MMF transmission improves
the data rate to 65/64.6 Gbit/s with 18.5/18.6 bandwidths, respectively. Finally, optimizing
the tilting angle from 7◦ to 0◦ to increase the coupling power and improving the sampling
rate of the transmitted data to avoid data distortion can enhance the allowable data rates
of the bit-loaded QAM-OFDM data carried by the PhC VCSEL-(2) to 98.9 Gbit/s and
95.3 Gbit/s in the BtB and 100 m OM5-MMF cases, respectively. The results suggest that the
core/cladding PhC structure trade-off significantly impacts the allowable bandwidth (data
rate) of the MM VCSEL. Cladding the PhC structure improves the optical confinement and
SNR, while the core PhC structure assists single-mode lasing with slightly reduced power.
Cladding PhC confinement optimizes the MM VCSEL for improving direct encoding and
dispersion-suppressed data transmission performance in the data-center link.
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