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Abstract: This paper presents an InAs/InP quantum dash (QD) C-band passively mode-locked
laser (MLL) with a channel spacing of 34.224 GHz. By using this QD-MLL we demonstrate an
aggregate 5.376 Tbit/s PAM-4 data transmission capacity both for back-to-back (B2B) and over
25-km of standard single mode fiber (SSMF). This represents the first demonstration of QD-MLL
acting as error-free operation at an aggregate data transmission capacity of 5.376 Tbit/s for some
filtered individual channels. This finding highlights the viability for InAs/InP QD lasers to be
used as a low-cost optical source for data center networks.

1. Introduction

The high demand for ultrahigh-speed optical networks within and between data centers results
in intensive efforts in the development of new advanced photonics components towards the
realization of greater than 1 Tbit/s transmission capacity [1-3]. The use of wavelength division
multiplexing (WDM) and advanced modulation formats [2] is becoming more and more attractive
to alleviate transmission bottlenecks. Dense-WDM (DWDM) at 1.55 um as well as erbium
doped fiber amplifiers (EDFAs) to compensate for span loss are preferred in order to achieve
the capacity objectives. Among these advanced modulation formats, four-level pulse amplitude
modulation (PAM-4) has obtained significant attention because of its simplicity and reliable
performance [4] compared to other formats such as orthogonal frequency division multiplexing/16-
quadrature amplitude modulation (OFDM/16-QAM) [5] and multi-band carrierless amplitude
phase modulation (multi-CAP) [6]. Besides the requirements for higher data rate, a compact,
low-cost, energy-efficient semiconductor comb laser is further desired [7]. Quantum-dot and
dash (QD) based semiconductor mode-locked lasers (MLLs) are a promising solution for next
generation high speed optical networks and optical signal processing [7] due to their advantages
such as stable optical pulse trains at high repetition rates, narrow pulse widths, compact size,
low power consumption, simple fabrication, and the ability for hybrid integration with silicon
substrates [8]. Moreover, they offer reduced spontaneous emission rates and low threshold current
densities which leads to reduced intrinsic noise [7-9].

Various demonstrations have been carried out to show the potential of QD mode locked
lasers (QD-MLLs) for Tbit/s transmission [4,5,7,8,10-12]. Operating in the O-band (1.3 um)
wavelength range at room temperature, direct epitaxial growth of GaAs layers onto silicon
substrate with InAs QD active material provides an appealing direction by enabling QD-MLL
integration with silicon complementary metal-oxide-semiconductor (CMOS) technology [8].
However, direct bandgap III-V semiconductors exhibit a large lattice mismatch and/or strongly
differing thermal expansion coefficient with silicon, which leads to high-density defects of
threading dislocations [13,14]. In contrast, InP-based growth technology is very promising for
QD lasers operating in the C-band (1.55 um) regime [15]. Furthermore, InP-based QD-MLLs
can be integrated with EDFAs in optical networking systems. For example, using ~40 channels
with 33.6 GHz InAs/InP QD-MLLs, the obtained performance for standard 28 GBaud PAM-4
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signal shows calculated bit-error-rate (BER) performance of 5 x 107° after transmission over
3-km of SSMF [4].

In recent years we have reported several InAs/InP QD-MLLs operating in the C-band [16-18].
In this paper, we have developed an InAs/InP QD-MLL with the channel spacing of 34.224
GHz. We have investigated its relative intensity noise (RIN), phase noise, and RF beating
signal. The integrated average RIN, from 10 MHz to 10 GHz, for the whole lasing spectrum was
measured to be -160.5 dB/Hz. For individual channels the integrated average RIN can be as low
as -129.5 dB/Hz, with the average of all 48 channels between 1547.855 nm to 1560.812 nm being
approximately -128 dB/Hz. The measured average optical linewidth is 1.55 MHz, ranged from
620 kHz to 4.2 MHz, and the 3-dB mode beating RF linewidth is 1.688 kHz. Using this QD-MLL
we demonstrate 5.376 Tbit/s (PAM-4 48 x 28 GBaud PDM) aggregate data transmission capacity
both for back-to-back (B2B) and over 25-km of SSMF configuration with error-free operation. So
far, this is the highest reported aggregate data transmission capacity using a single semiconductor
laser chip and PAM-4 modulation format for data center network applications.

2. Experimental configuration

The InAs/InP QD material was grown by chemical beam epitaxy (CBE) on exactly (001)-oriented
n-type InP substrates [19]. A 355 nm thick InGaAsP waveguide core contained five stacked layers
of InAs QDs with Ing g16Gag.134A50.392P0.608 (1.15Q) barriers as the gain medium, surrounded by
n- and p- type InP cladding layers. The average QD density was approximately 3.5 x 10'0 cm™2
per layer. Single lateral mode ridge waveguide QD-MLLs were fabricated with a stripe width
of 2.0 um and a Fabry-Perot (FP) laser cavity length of 1227 um via standard photolithography
and combination of dry-, wet-etching and contact metallization techniques. Figure 1(a) shows a
scanning electron microscope (SEM) image of the facet of a processed laser and a corresponding
schematic cross-section is shown in Fig. 1(b). The laser was mounted on a copper block,
DC-driven with an ultra-low noise laser driver, and temperature controlled by a thermo-electric
cooler (TEC) maintained at 17°C (ILX Lightwave, Model LDC-3724C). To study the passive
mode-locking behavior of the laser, the output spectrum was characterized using an optical
spectrum analyzer (Anritsu, Model AQ6317B), RF performance was measured using a 50 GHz
PXA signal analyzer (Keysight Technologies, Model N9030A) with a 45 GHz IR photodetector
(New Focus, Model 1014), and RIN and phase noise were recorded with an Agilent N4371A
relative intensity noise measurement system and an OE4000 automated laser linewidth/phase
noise measurement system (OEWaves Inc.).
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Fig. 1. (a) Cross-sectional scanning electron microscopy image showing the facet of a
fabricated Fabry-Perot (FP) InAs/InP QD laser; (b) Schematic cross-sectional diagram of a
shallow-etched ridge-waveguide InAs/InP QD laser.
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The QD-MLL emitted a multi-wavelength comb within the C-band. Each wavelength channel
of the comb was selected by an optical bandpass filter (OBPF) (Santec, Model OTF-350) as an
optical carrier and an erbium-doped optical fiber amplifier (EDFA) (Amonics, Model AEDFA-PA-
35-B-FA) was used to amplify the carrier power up to ~10 dBm. This optical carrier signal was
launched into a dual polarization (DP) I/Q optical modulator (SHF Communication Technologies
AG, Model SHF 46215B DP-QAM) for data modulation. A modulated 28 GBaud PAM-4 optical
signal was created using an arbitrary waveform generator (AWG) (Keysight Technologies, Model
MO9502A). The signal was boosted using another EDFA (Amonics, Model AEDFA-BO-23-B-FA)
and transmitted both for B2B configuration and over 25-km of SSMF. Finally, after optimizing
the power and signal using EDFA, OBPF, and a variable optical attenuator (VOA) (Agilent,
Model 8156A), the received signal was processed by an integrated optical modulation analyzer
(Keysight Technologies, Model N4392A).

3. Results and discussion
3.1. InAs/InP QD laser performance

Figure 2(a) shows the lasing optical spectrum, which exhibits a center wavelength of 1554.22 nm
and a 6-dB comb bandwidth of 12.96 nm, providing 48 channels with an optical signal-to-noise
ratio (OSNR) of more than 40 dB. RF performance is presented in Fig. 2(b) showing a sharp
fundamental RF beating frequency at 34.224 GHz and a signal to noise floor ratio (SNR) larger
than 45 dB. The inset shows the RF linewidth with a Lorentzian fit. The 3-dB linewidth is 1.688
kHz, and such an extremely narrow linewidth leads to excellent pulse-to-pulse time jitter value
(2.59 fs) [10] and phase noise characteristics [15].
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Fig. 2. (a) Optical output spectrum of a QD-MLL with a ridge width of 2 um and cavity
length of 1227 pm, measured at 330 mA and 17°C (Noise floor: -60 dBm and resolution
bandwidth (RBW): 0.01 nm); (b) RF beating frequency of 34.224 GHz between any two
adjacent channels (RBW: 5 kHz). The inset is the narrow span RF peak with Lorentzian fit
(RBW: 1 kHz).

Figure 3(a) shows the RIN spectra in the frequency range from 10 MHz to 10 GHz for both the
whole lasing spectrum and three filtered channels. We achieve an integrated average RIN value
less than -160.5 dB/Hz for the whole laser, with the upper bound set by the instrument limited
RIN measurement floor. For three filtered channels like 1557.484 nm, the integrated average
RIN value increases to about -129.5 dB/Hz due to mode partition noise. The low frequency RIN
does not exceed -116 dB/Hz for our device unlike the measurements shown in Ref. [4] which is
up to -90 dB/Hz. Such a low RIN value is attributed to the characteristics of QD material inside
the laser cavity. Figure 3(b) shows the measured integrated average RIN for individually filtered
comb lines. The integrated RIN values for the 48 filtered individual channels in the frequency
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range from 10 MHz to 10 GHz are approximately -128 dB/Hz, in the range from -125 dB/Hz to
-130dB/Hz. The reason for higher RIN in the center of the lasing spectrum is possibly due to
several nonlinear optical effects such as self-phase modulation (SPM), cross-phase modulation
(XPM) and four-wave-mixing (FWM) within the F-P cavity [18]. Figure 3(c) shows the optical
linewidth of each of the filtered individual channels from 1547.855 nm to 1560.812 nm at 330
mA and 17°C. The average optical linewidth of each mode is around 1.55 MHz, measured using
a delayed self-heterodyne interferometer. A small increase in optical linewidth is observed in the
center of the spectrum reflecting the behavior observed in the RIN. The left inset is a comparison
of the frequency noise spectra from three filtered wavelength channels at 1551.824 nm, 1552.924
nm and 1553.474 nm. The right inset is the single-sideband (SSB) phase noise measurement of
the RF beating signal in the range from 100 Hz to 1 MHz. A strongly suppressed phase noise is
observed over the entire frequency range of the carrier offset. The performance is believed to
benefit from the low amplified spontaneous emission (ASE) noise and low confinement factor
properties of the QD-MLL material.

(a) (b)-120
100} —1548.932 nm @ Average RIN for filtered channels
— 1557.484 nm
— 1558.596 nm
E'I 20 —— Whole spectrum E'l 24 "; a“
5-140 ﬁ ° o°°o°o° ° ’
= | 909 o9 ° 0
z Z -128 0% 0g, @ °° %50 Pa"0
~-160 22 % @ 9,00
-180 . . . - -132 . . -
0 2 4 6 8 10 1548 1552 1556 1560
Frequency [GHz] Channel Wavelength [nm]
©) 9= =
N |Ee R
= e 5
E, E mr é.(,(y
5 6 _g 10 é ™
S AT e
. E = Frequency [Hz] 2 Frequency Offset [Hz]
(]
R=|
= . o
2 W X° &
g_ d’o%%q& 20 oaﬁ‘w

0 1 1 1 1
1548 1552 1556 1560
Channel Wavelength [nm]

Fig. 3. (a) Measured RIN for the whole laser and three filtered channels in the frequency
range from 10 MHz to 10 GHz. (b) Measured integrated average RIN of the QD-MLL for
individually filtered comb lines in the frequency range from 10 MHz to 10 GHz; and (c)
Optical linewidth of the filtered individual channels from 1547.855 nm to 1560.812 nm at
330mA and 17°C. The left inset is a comparison of the frequency noise spectra from three
filtered wavelength channels of 1551.824 nm, 1552.924 nm and 1553.474 nm. The right
inset is the single-sideband (SSB) phase noise of the RF beating signal at 330 mA and 17°C.

3.2. Data transmission performance

Figure 4(a) shows the experimental setup for the PAM-4 data transmission. At the dual polarization
(DP) 1/Q optical modulator side (Tx), a 28 GBaud PAM-4 base-band signal is created by using
an AWG generating a pseudo-random bit sequence (PRBS) with a pattern length of 2!3-1 bits at
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a symbol rate of 28 Gbit/s non-return to zero (NRZ) on two uncorrelated channels (/Y/IX). A
root-raised-cosine (RRC) filter is applied with the roll-factor of 0.35 for Nyquist pulse filtering.
Thermally stable nested lithium niobate (LiNbO3) Mach-Zehnder modulators (MZMs) of the
1/Q optical modulator are driven by the AWG for data modulation. At the receiver side (Ry),
the modulated signal is first amplified by EDFAj3, and the optical bandpass filter OBPF, is
used to filter out the ASE from the EDFA. The Keysight optical modulation analyzer (OMA)
coherently receives the signals using a free-running local oscillator (LO). Combined with the
software package offered by the OMA, a matched RRC filter is executed to mitigate the effects of
white noise. The digitized signals undergo a number of digital signal processing (DSP) steps,
including timing recovery, frequency offset compensation, carrier phase compensation, Kalman
filtering, and adaptive equalization. Finally, the output PAM-4 signal is decoded for error vector
magnitude (EVM) measurement and BER evaluation. The BER performance is evaluated based
on the EVM measurement. A variable optical attenuator (VOA) can be added before the optical
modulation analyzer to control the received optical power. The inset shows the optical spectra of
one filtered channel at 1552.924 nm, at the output before modulation and after PAM-4 modulation.
The modulated optical signal is transmitted both for B2B configuration and over 25-km SSMF,
respectively.
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Fig. 4. (a) PAM-4 data transmission setup with the DP I/Q optical modulator (Tx) and
the receiver (Ry). EDFA3 is only used for 25-km SSMF transmission. The inset shows
the OSA spectra of one filtered channel at 1552.924 nm, include after OBPF, and before
optical modulator; (b-c) Measured EVM and corresponding BER evaluation; and (d) BER
evaluation for B2B and after 25-km of SSMF transmission.

Figures 4(b) and (c) show the measured EVM and corresponding BER evaluation at the same
received optical power of -15 dBm for all individual channels. The EVMs are 7.8 - 13.5%
[Fig. 4(b)], and 7.5 - 14.7% [Fig. 4(c)], respectively, after B2B and 25-km SSMF transmission
(chromatic dispersion of 17 ps/nm/km). Some channels exhibit the BERs performance below
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the error-free operation limit (BER = 1.0 x 107%) [20]. At some channels in Fig. 4(d), the
performance after 25-km SSMF transmission are better than that of B2B configuration due to
the dispersion of fiber would cancel the effect of the chirp induced by the optical modulator
[21,22]. Using a VOA before the optical modulation analyzer to control the received optical
power, Fig. 5(a) shows the dependence of BER evaluation on received optical power for the
carriers located at 1557.484 nm and 1547.855 nm for B2B and after 25-km of SSMF transmission.
The power penalty at BER of 107 is free for the measured channel at 1557.484 nm and 1.5 dB
for the channel at 1547.855 nm. The BER floors can be observed around -15 dBm. One of the
comb lines chosen (1547.855 nm) is at the short wavelength edge, the other (1557.484 nm) closer
to the center of the lasing spectrum. The short wavelength line has lower power, higher RIN,
and larger optical linewidth, all of which likely contribute to the raised noise floor. Figure 5(b)
shows the measured eye diagram for the channel at 1557.484 nm after B2B and 25-km SSMF
transmission. Open and clear eyes can be demonstrated and the aggregate data transmission
capacity achieved of 34.224 GHz QD-MLL is 5.376 Tbit/s (PAM-4 48 x 28 GBaud PDM).
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Fig. 5. (a) BER evaluation versus received optical power for B2B and after 25-km of
SSMF transmission using the comb lines located at 1557.484 nm and 1547.855 nm; and (b)
corresponding eye diagram for selected channel at 1557.484 nm after B2B and 25-km of
SSMF transmission.

4. Conclusion

We have developed a 34.224 GHz InAs/InP quantum dash mode-locked laser (QD-MLL) with
48 individual channels. The QD-MLL shows excellent intensity and phase noise performance.
The integrated RIN value for the 48 filtered individual channels are approximately -128 dB/Hz
and the average optical linewidth is 1.55 MHz. By employing 48 wavelength channels as optical
carriers, 5.376 Tbit/s PAM-4 aggregate data transmission capacity is demonstrated with the
base modulation rate of 28 GBaud over 25-km standard single-mode fiber. To the best of our
knowledge, this represents the first demonstration of QD-MLL acting as error-free operation at an
aggregate data transmission capacity of 5.376 Tbit/s for some channels. These achievements may
be a significant step towards low-cost, high wavelength channel count light source for large-scale
optical networking systems.
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