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Abstract—We present a monolithically integrated mode-locked
laser (MLL) with 25 GHz fundamental repetition rate frequency,
which has been designed to operate in a fourth-order colliding
regime, to generate 100 GHz. This device has been fabricated
within a multi-project wafer (MPW) run in an InP-based active-
passive generic foundry. The Fabry-Perot laser resonator, of
around 1.66 mm length, is defined by two on-chip reflectors,
eliminating the need of cleaved facet. Three saturable absorber
sections are symmetrically located by spacing them a quarter of
this total length, dividing the cavity into four gain segments. We
show that this structure can generate an electrical beat note at 25
GHz as well as 100 GHz, with a linewidth of 350 kHz and 150
kHz, respectively, operating in passive operation regime.

Index Terms—Semiconductor laser, saturable absorber,
multimode interference reflectors, electrical linewidth, multiple
colliding pulses, mode-locked laser.

I. INTRODUCTION

ASSIVE mode-locked (PML) laser structures capable of

being integrated into Photonic Integrated Circuits (PIC)
are an alternative to achieve on-chip sources of multiples
phase-locked optical wavelengths. These lasers, achieving
Repetition Rates (RR) in microwave (MW, 300 MHz - 300
GHz) and Terahertz (THz, 0.1 - 10 THz) frequency ranges
have been considered promising device in microwave
photonics [1], communications [2], optical division multiple-
access systems [3] and frequency comb generator [4], [5]. The
structure requires a Fabry-Perot (FP) cavity with gain and
saturable absorber (SA) sections, which depending on the
arrangement can generate different RR frequencies. The
advantage of our monolithic integrated approach is its chip-
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scaled compactness, which allows them to be placed within a
PIC with additional functionality on a single chip, and
simplicity of DC operation. The advantage of the passive
mode-locking operation regime is that it requires only constant
current_and voltage sources for the device to generate the
pulsed signal. However, the generated signal usually lacks the
required stability and is not synchronized to any other signal.
In _order to improve these limitations, hybrid mode-locking
operation regimes are used, in which superimposed to reverse
voltage, we apply a continuous wave (CW) signal with a
frequency equal to the repetition rate. The stability of the RR
is now determined by the CW signal source. Recently, using a
different technology platform a Si-based 20 GHz QD-MLL
with a wide span [6] of the optical comb has been used to
transmit several terabits of data in a different wavelength
window. Furthermore, there are other optical techniques which
can generate a very wide optical frequency comb with high RR
(>100 GHz) e.g. SiN based ring resonator [7] using a simple
diode laser, these type of devices use two different
technologies for the fabrication of each component making the
overall optical integration more complex. When high RRs
(>100 GHz) are desired, the most straightforward solution is to
decrease the resonator length of the MLL to few hundreds of
pm (<400 pum). however, there is a limit to the smallest gain
section that will produce sufficient optical gain to overcome
the resonator loss. For this reason, harmonic mode-locked
(HML) structures have been investigated to overcome this
limit and increase the RR without reducing the cavity length,
by generating different pulses per round trip, effectively
multiplying the fundamental RR of the cavity [8]. Harmonic
mode-locking has been demonstrated using a variety of
techniques, from colliding pulse mode-locked lasers
(CPMLLs) [9].[10], coupled-cavity mode-locking [11],
methods based on the wavelength selectivity of distributed
Bragg reflector (DBR) grating [12] or compound cavity laser
[13]. In the CPMLL structure, one saturable absorber is
located at the laser resonator center, which results in two
optical-counter-propagating pulses in the cavity that meet at
the SA. Therefore, the RR frequency is now twice the
fundamental round trip frequency.
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Evolving from the CPMLL structure, the multiple colliding
pulse mode-locking lasers (MCPMLL) features multiple SAs
between gain sections, allowing to increase the RRs
multiplication factor above 2, has been extensively
investigated [14]-[17]. In this technique, the SAs are placed at
defined fractional positions of the cavity length in order to
generate the N™ order harmonic signal. It is worth noticing that
these structures [6]- [9], [11]-[16] use the cleaved facet of the
chip as a mirror or reflector. In order to avoid using the
cleaved facet for the laser mirrors, we have used on-chip
multimode interference (MIR) reflectors [18]. Several works
have demonstrated the wide applicability of such mirrors [19],
[20], which are simple to create in lithography and have
greater fabrication tolerances than grating mirrors. On-chip
mirrors are key to take full advantage of the integrated
potential, enabling to further process the optical signal on the
PIC [21]. We have recently reported 100 GHz MIR-based
MCPMLL [22] used to generate millimeter (MMW) carries
for wireless data transmission [23].

In this work, we report the fabrication and experimental
investigation of a multi-section MCPMLL diode structure
employing three SAs and four semiconductor optical
amplifiers (SOAS) based gain sections. The structure has been
designed for the 100 GHz millimeter-wave carrier generation
multiplying the 25 GHz the fundamental RR of the cavity as
in [21]. The difference of this structure with respect to that in
[21] is that this one is symmetric, having additional SA and
gain section within the FP cavity, enhancing the performance
of the structure. The frequency achieved with the device lies

number of contacts in the experiment, the gain sections are
connected by pairs. The contacts of the two 180 um long outer
SOA:s are shorted together. In the same way, the two 350 pm
long inner SOAs are also shorted together. This allows us to
reduce the number of contacts required in the experiment
while allowing to inject different current levels into the short
and long SOAs to balance the optical pulse powers collinging
in the 20 um long SAs. In order to reduce contacts, while
maintaining symmetry in the device, the contacts for the two
SA sections at the extremes have been shorted. Electrical
isolation sections of 20 um long are placed between every two
adjacent active sections in order to avoid undesirable back
current flows and device malfunction. For the purpose of
achieving the fourth harmonic multiple colliding regimes, the
position of the three SAs ought to be very accurate. These are
spaced by one-quarter of the total cavity length (L/4), around
420 pm long. The passive waveguides are deeply etched, with
minimum bending radius of 100 um. These MIRs structures
are deeply etched 450 mirrors which can be placed at suitable
locations reflecting back the light by the total internal
reflection of the component [10]. The length of each MIR is
around 55 um long, with a reflectivity of 60% and 40% for the
ports 1 and 2, respectively. The MCPMLL has two available
optical outputs named OutPO_0 and OutPO_1. The output
OutP0O_0 provides the pulses from the leftmost MIR of the
MCPMLL, while output OutPO_1 includes a 400 um long
Boost SOA to boost the optical power at the output from the
rightmost MIR, after going through a 2x2 MMI. This 2x2
MMI is inserted to split in two the optical signal from

infto the F-Band (90 — 140 GHz) of the millimeter-wave

rightmost MIR. As we have already described, one forms the

spectrum. This work is focused on demonstrating the stability

output at the edge of the chip after a boost SOA, while the

of the electrical beating in hybrid mode-locking operation

other 2x2MM I output is used within an on-chip optical signal

regimen using a subharmonic RF signal (25GHz and 50 GHz)

processing function that is not relevant for the present case.

injected into the SAs. The Photonic Integrated Circuit (PIC)
presented in this work was designed and fabricated by the
Smart Photonics platform using a generic passive-active
integration technology. The chip is fabricated in a Multi-
Project Wafer (MPW) project [24]. We have designed our
MCPMLL combining different building blocks of their
platform.

Il. DEVICE DESCRIPTION

As we pointed out previously, the main characteristic of the
MCPMLL cavity structure that we present is the resonator
symmetry with respect to the central SA, as shown in Fig. 1.
Fig. 1 shows a schematic of the structure layout. The FP laser
cavity is defined by the MIR mirrors at both extremes. The
MIR derive from the standard multimode interference coupler
(MMI), allowing for an accurately defining of the total length
of the FP cavity. Within this cavity, four gain sections can be
observed, in between which three equal SA sections are
introduced. Both SOAs and SAs sections use the same active
layer stack during the fabrication based on InGaAsP/InP
quantum well gain media. The SAs are created by reverse
biasing with voltage a small SOA. In order to reduce the

The on-chip MIRs contribute to the total cavity length (L)
which is around 1.66 mm, corresponding to a cavity
fundamental round-trip frequency of 25 GHz. The MCPMLL
design occupies an area of 1.66 x 0.77 mm2 without taking
into account the optical components on the right-hand side of
the structure. To minimized and avoid parasitic back-
reflections, the two optical output waveguides corresponding
to OutP0_0 and OutPO_1, are tilted upwards by 7°, as shown
in Fig. 1. The cleaved facet of the chip is anti-reflection coated
(AC) decreasing the power reflection coefficient to <10-4.

lsoa 10 lsoa 71

Fig. 1. Schematic of the layout of the MCPMLL. The structure is made of
four gain sections and three SA sections. Symmetrically placed around the
central SA



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

I1l. CHARACTERIZATION SETUP DESCRIPTION

For the characterization of the MCPMLL, firstly, the chip is
glued with a thermal conductive paste and mounted on a
submount. The electrical contact pads for the outer, the inner
SOAs and the metal layer of the boost, are wire-bonded to
individual DC tracks on the submount. The two outer SAs
which are short-circuited and connected by a pad extension
and, along with the pad extension of the SA located at the
midpoint of the FP cavity, are wire-bonded to the same RF
track on the submount allowing for the system to work in both
passive operation and hybrid operation regimes. In this work,
all SAs are driven by the same DC and RF signal. The
submount is mounted on a temperature-controlled cooper
chuck and the chip is temperature stabilized at 16 °C by a
thermos-electric cooler (TEC). The characterization of the
MCPMLL is carried out by using the setup depicted in Fig.
2(a). The two pairs of SOAs and the boost are forward-biased
through direct probing on each DC track on the submount with
DC probe needles. Each DC probe needle is connected to an
independent current source -Thorlabs PRO8000 laser diode
driver-. The SAs are reverse-biased through a 40 GHz RF
Ground-Signal-Ground (GSG) probe. The RF probe is
connected to an external bias tee with an electrical bandwidth
up to 67 GHz. This bias tee helps us to inject both the DC and
the RF signals into the SAs at the same time achieving passive
or hybrid operation regime. Agilent E3631A voltage source
supplies the reverse-bias voltage to drive the SAs. An anti-
reflection coated lensed fiber (ACLF) to collect the outgoing
light from one of the two output waveguides of the laser is
used. In fact, an optical circulator spliced to the ACLF to
prevent any back-light reflection to the chip from any optical
component connected after it is used. As sketched in Fig. 2(a),
a chain of optical splitters (OS) are connected in a series way
in order to connect the different measurement equipments used
for the characterization of the chip. First, the 1% output port of
the 99:1 OS is used to connect an Optical Power Meter (OPM)
to constantly monitor the optical power of the laser while the
other 99% output port is connected to a 90:10 OS. Next, an
Optical Spectrum Analyzer (OSA) is connected to the 10%
output port for the measurement and recording of the optical
signal whilst the 90% branch is followed by another OS used
to split in two the optical signal with a 50:50 ratio. The reason
for splitting the optical signal is that the R&S FSW-50
Electrical Spectrum Analyzer (ESA) used for the measurement
and recording of the generated electrical signal has a full
bandwidth of up to 50.1 GHz. However, this ESA has the
option of measuring electrical signals above its maximum
frequency using an external mixer head with the required
frequency band. The MCPMLL generates an optical spectrum
with frequency spacing of 25, 50 and 100 GHz. Therefore, a
W-band (75 — 110 GHz) mixer head to downconvert high-
frequency signals is used. Two optoelectronic (OE) converters
to turn the optical signal into an electrical signal are used.
These OE converters are type PIN-photodiode and have
different -3 dB bandwidths for each frequency range.

IV. MEASUREMENT RESULTS

In this work, firstly, the optical power is measured at the
output port OutPO_0. The boost located at the other output
port is kept open, i.e. without DC current injection. The
measurement of light vs current (LI) characteristic curves of
the laser is presented in Fig. 2. The current injected into the
outer SOASs (lsoa_To) is set to 10 mA (Fig. 2(b)), 20 mA (Fig.
2(c)) and 30 mA (Fig. 2(d)) while the current injected into the
inner SOAS (lsoa T1) is sSwept from 0 to 100 mA in 2 mA steps
and, at the same time Vsa is set to different reverse-bias
voltage from 0 to 2 V in 0.5 V steps. As shown in Fig. 2(b),
for Isoa 1o = 10 mA, the laser has a threshold current level
from 35 to 50 mA as the SAs reverse-bias voltage goes from 0
V to 2V. The highest fiber-coupled power exceeds 0.15 mW
for Vsa = 0 V, however, as Vsa reverse-bias voltage is greater
than 0 V, the output power drops almost a third of the
maximum optical power. The optical output power decreases
up to ~0.04 mW as Vsa is set to -2V. When Isoa 1o IS greater
than 10 mA, as shown in Fig. 2(c) and Fig. 2(d), the threshold
current level decreases with respect to the first case for both
cases as Vsa goes down from 0 to -2V. For Isoa 10 = 20 mA
the threshold current level goes from 25 to 28 mA, as for
Isoa o = 30 mA the threshold current level goes from 22 to 25
mA. In the same manner, the output optical power delivered by
the device under both different biasing conditions increase, but
decreasing for SAs reverse-bias voltage of 0 VV down to -2 V.
Next, in order to know the influence of the boost on the output
optical power at the output port OutPO_1 when a DC current
signal is injected into its gain section, the LI characteristic
curve of the boost is measured. The biasing conditions of the
rest of the optical components involved in the MCPMLL
structure are kept off, i.e. both the current sources and the
voltage source their output are set off. As we can see in Fig.
3(a), the current injected into the gain section is swept from 0
to 120 mA in 2 mA steps getting a threshold current level
about 4 mA increasing the optical power as the injected DC
current increases. However, the maximum optical power
generated by the boost is achieved when the saturation
condition is reached (lsoost ~ 88 MA). By going further the
saturation condition the optical power decreases thus, for the
safety of the boost, the maximum DC current injected should
be less than 88 mA. Secondly, in order to find out what is the
minimum DC current value injected into the boost to
overcome the losses introduced by the 2x2 MMI an LI curve is
done. The LI curve is depicted in Fig. 3(b) for Isoa 10 = 10
MA, Isoa 11 from 0 to 100 mA, Vsa = 0 V and lgeost at 10 mA,
20 mA and 30 mA. As we can see in Fig. 3(b) the maximum
optical power delivered by the device is ~160 pW (red solid
line) at the output port OutPO_0. Injecting 10 and 20 mA into
the boost the optical powers reached for both cases with
respect to the red solid line are ~4.2 dB and ~0.8 dB
Therefore, to overcome the losses introduced by the 2x2 MMI,
the Igoost DC current injection must be greater than 20 mA.
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Fig. 2. (a) Sketch of the experimental setup. Four DC sources bias the active sections of the MCPMLL. Three independent current sources Isoa_To, Isoa 11 and
Isoost to forward-bias the outer SOAs, the inner SOAs and the boost are used. One voltage supply for reverse-biasing of the SAs via 67 GHz bias tee which is
connected to 40 GHz RF GSG probe is used. Fiber-coupled average optical laser output power at the output waveguide OutP0_0 versus Isoa T1 as Isoost =
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open, Vsa is swept from 0 to -2V in 0.5 V steps and Isoa_to is set to (b) 10 mA, (c) 20 mA and (d) 30 mA.
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Fig. 3. LI characteristic curve of the boost when (a) Isoa To, Isoa T1and Vsa
are kept off, the saturation condtion is reached Inoost ~ 88 mA and the dP/dI
slope is about 0.0655 pW/mA. (b) Optical output power at output port
OutP0_1 as Isoa 1o = 10 mA, Isoa_t1 is swept from 0 to 100 mA, Vsa =0V
and Isoost is set to 10 mA, 20 mA and 30 mA.

V. PASSIVE MODE-LOCKING OPERATION REGIME

The MCPMLL is characterized in the passive mode-locking
operation regime, i.e. without RF signal injection. The passive
mode-locking operation regimes of the device at different
biasing conditions are recorded and depicted in Fig. 4 and Fig.
5. Depending on each gain current injected into each gain
section of the multi-section device and the applied SAs
reverse-bias voltage the device generates different RRs and
optical spectra. For all cases, lsoa 11 IS swept from 20 to 100

mA and Vsa from 0 to -2 V in 0.2 V steps. As we can see in
Fig. 4 and Fig. 5, the blue dark zone denotes no optical
spectrum is generated by the device, i.e. no optical lasing
mode is generated, while the light blue zone shows the
generation of a single lasing mode only. As is depicted in Fig.
4(a) and (b), for low gain current values at lsoa 11 and
increasing the SAs reverse-biasing voltage, no lasing mode is
generated when lgeost is < 20 mA. High gain current levels
injected into lspa 11 are needed to get the generation of optical
spectrum with a frequency spacing of 25 GHz which
correspond to the fundamental RR. When the same bias
condition for lsoa 1o, lsoa 71, and Vsa are kept, but the DC
current signal injected into lgeest i doubled, as shown in Fig.
5(a) and (b), and comparing both cases we note then that the
optical spectrum mapping change completely, showing the
generation of optical spectra with frequency spacing of 25
GHz, 100 GHz, and > 100 GHz. When lsoa 1o is set to 20 mA
the 25 GHz optical signal appears more, as shown in Fig. 5(b)
eliminating the red zone where two single modes with a
frequency spacing greater than 100 GHz are generated.
Doubling both the DC current injected into lspa 1o = 40 mA
(Fig. 4(c)) and the current injected into lgeost = 20 MA (Fig.
4(d)), the orange zone (100 GHz) dominates in both cases,
thus multiple colliding conditions have a strong effect under
these bias conditions generating the fourth harmonic of the
fundamental RR. The generation of an optical signal with a
frequency spacing >100 GHz in Fig. 5(c), compared with Fig.
5 (a) is reduced by the increase of lsoa 1o. The DC current
signal injected into the boost has an influence over the
performance of the MCPMLL structure. The strong influence
of the boost over the performance of the whole structure is not
deeply studied in this work. For evaluating the spectral
performance on the wavelength domain the optical spectra
generated by the device under different bias conditions are
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depicted in Fig. 6. Different optical spectra generated by the
device are shown in Fig. 6(a) (Single-mode lasing), Fig. 6(b)
(25 GHz), Fig. 6(c) (100 GHz) and Fig. 6(d) (>100 GHz). For
all cases, the side mode suppression ratio (SMSR) is greater
than 25 dB. The multi-section semiconductor laser generates
lasing optical modes around 1576 nm. When the optical
spacing is greater than 0.8 nm (100 GHz) there is a mode-
hopping of the lasing modes generating a dual lasing mode
with frequency spacing in the order of THz, i.e. an optical
spacing of 5.8794 nm which corresponds to 1.1372 THz is
generated, as shown in Fig. 6(d). Regarding the optical
frequency comb shown in Fig. 6(b), twenty comb lines are
observed where the mode spacing between each optical mode
is approximately 0.2 nm, equivalent to 25 GHz in frequency.
An inset on the left side of the optical spectrum shows the
modal spacing between three optical modes
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Fig. 4. Optical spectrum mapping of the device measured at output port
OutP0_1 at different values of (a) Isoa_to = 10 mA , (b) Isoa_to = 20 mA,
(c) and (d) Isoa_to = 40 mA. lgoost is set to 10 mA from (a) to (c) and 20 mA
for (d). For all cases Isoa_t1 is swept from 20 to 100 mA in 2 mA steps and
Vsa=01t0-2Vin 0.2 V steps.
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Fig. 5. Optical spectrum mapping of the device measured at output port
OutP0_1 at different values of (a) Isoa To = 10 mA, (b) Isoa To = 20 mA,
and (c) Isoa_to = 50 mA , For all cases Igoost is set to 20 mA, Isoa_T1 is swept
from 20 to 100 mA in 2 mA steps and Vsa=0t0-2 V in 0.2 V steps.

As we can see in Fig 6(c), the optical spectrum shows seven
comb lines and the modal spacing between each lasing mode is
around 0.8 nm, which is equivalent to 100 GHz in frequency,
the fourth harmonic of the fundamental frequency. The seven
lasing modes constitute an optical frequency comb which
exhibits a suppression ratio of around 25 dB with respect to
the level of the suppressed modes that are associated with the
fundamental cavity round-trip frequency of 25 GHz. Only,
three lasing modes in every four lasing modes are suppressed,
and thus, only one mode in every four lasing modes is excited.

VI. 100 GHz OPERATION REGIME

The fabricated device generates an optical spectrum with an
optical spacing of 0.8 nm which correspond to ~100 GHz, four
times the fundamental RR (~25 GHz). The measured optical
spectrum, depicted in Fig. 7(a), is generated under the passive
operation regime. The bias conditions used for obtain this
result are the following: ISOA_TO =30 mA, ISOA_Tl =50 mA,
lgoost = 20 MA and Vsa = -1.6V. The generated optical
spectrum is strongly symmetric with respect to the central
lasing mode which lases around 1576 nm. For the RF spectra
analysis, the electrical spectrum has been measured and
recorded as shown in Fig. 7(b). In fig. 7(b), we can observe the
electrical beat-tone generated by the device at 100 GHz in
passive operation regime with an electrical linewidth (ELW) of
~400 kHz @-3dB, red solid line. This latter value is less than
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the ELW in [22] improving the performance of the device. In
order to verify if electrical tones of 50 and 25 GHz are
generated at the same time, the electrical spectrum at this
frequency range is measured. The result is that no RF electrical
tones are observed. To measure the stability of the generated
electrical signal, the max-hold operation is carried out thus, the
100 GHz electrical tone has a drift of £2.5 MHz over 10 min,
as shown in Fig. 7(c)._The hybrid mode-locking operation

In this work, we want to show that using a subharmonic RF
signal to lock the optical modes to get hybrid mode-locking
operation regime can be achieved. The subharmonic RF
signals used for this experiment are the fundamental cavity
round-trip frequency and twice the fundamental cavity round-
trip frequency i.e. the RF signal frequency should be around
25 and 50 GHz. The RF signal is injected into the SAs via
GSG RF probe. The synchronization of the pulses generated

regime _using electrical injection is achieved when the RF

by the device with the RF generator connected to the bias tee

signal injected into the SAs is equal to the frequency spacing

(Fig. 2(a)) allows us to strongly decrease the phase noise of the

of the optical spectrum generated by the laser i.e. if laser

electrical beat-tone. To get the first hybrid operation regime,

generates an optical spectrum with a frequency spacing of 100
GHz, 100 GHz RF signal must be injected into the SAs. Such
an RF signal generator with a very low ELW (< 10Hz) and
phase noise in order to improve the quality of the generated
electrical beating signal is not easy to find.
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Fig. 6. Optical spectrum of the multi-section semiconductor laser at

different bias conditions. (a) single mode lasing. Optical freqeucny comb
with a modal spacing of (b) 0.2 nm (25 GHz) and (c) 0.8 nm (100 GHz), (d)
Dual lasing mode with optical spacing of 5.8794 nm (1.1372 THz)

an RF signal of 49.9389 GHz with a power level of 25 dBm is
injected. The electrical beat-tone generated by the device in
the hybrid mode-locking operation regime is shown in Fig.
7(b) blue solid line. The measured RF signal peak is -48 dBm.
For the passive and hybrid operation regimes an RBW = 2
kHz, VBW = 30 Hz and a span = 20 MHz and a central
frequency at 49.9389 GHz is used. Under different bias
conditions in the passive mode-locking operation regime, the
ELW of the beat-tone goes down from 400 to 150 kHz while
the peak RF power increases from -70 to -60 dBm. In fact,
injecting an RF signal the RF power increases up to -50 dBm
and the ELW of the beat-tone is decreased up to the Hz range
which is only limited by the quality of the RF generator signal
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spectrum with lasing modes separated each 0.8 nm (100 GHz) (b) RF
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achieved electrical linewidths are ~400 kHz and less than 1 Hz, respectively.

(c) Maxhold of the electrical beat-tone over 10 min.

Fig. 7.
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The measured ELW is <1 Hz which is related to the
electrical ELW of the RF generator used during this
experiment. In fact, an RF signal greater than 20 dBm ought to
be injected into the SAs in order to reach almost the maximum
noise pedestal suppression._We also tested the device injecting
a 25 GHz RF signal to lock and synchronize the pulses
generated by the laser to the RF generator but unfortunately,
an RF power greater than 25 dBm must be injected to stabilize
the electrical beating generated by the laser and thereby
reducing the phase noise. In order to know how much RF
power must be injected to reduce the phase noise of the
electrical beating signal using a lower harmonic of the 100
GHz microwave signal, we have measured the noise pedestal
as a function of the RF driving power, as well as the RF output
power as a function of the RF input power.In Fig. 8(a), we can
see the locking of the electrical beat-tone in passive operation
regime via RF driving power in order to get the hybrid
operation regime. The RF input power driven by the generator
goes from 0 to 25 dBm in 5 dBm steps. As the RF input power
increases the RF output power increases up to ~ -47 dBm. In
fact, the SMSR increases as the noise pedestal decrease. The
higher the RF input power the lower the noise pedestal The
effect of decreasing the noise pedestal is due to the increase of
modulation depth of the SAs. The performance of the RF
output peak signal and the noise pedestal is shown in Fig. 8
(b). The optical spectra generated by the multi-section
semiconductor laser as the RF input power is swept from 0 to
25 dBm at ~50 GHz are shown in Fig. 9(a) (RF = 0) dBm, Fig.
9(b) (RF =5 dBm), Fig. 9(c) (RF = 10 dBm), Fig. 9(d) (RF =
15 dBm), Fig. 9(e) (RF = 20 dBm) and Fig. 9(f) (RF = 25
dBm). From Fig. 9(c) to Fig. 9(f), the optical spectrum exhibits
that the optical lasing modes with a frequency spacing linked
to the RF generator signal are risen up and is partly attributed
to the efficient microwave coupling into the device [25].
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Fig. 8. (a) Electrical spectrum of the hybrid mode-locking regime at

different RF input power. Higher RF input power higher SMSR. The locking
range was found to be about 6 MHz. (b) Analysis of the RF output power
and Noise pedestal versus RF input power injected into the SAs.
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Fig. 9. Evolution of the optical spectrum generated by the structure at

different values of RF input power. The RF input power is swept from 0 to
25 dBm in 5 dBm steps. (a) Prr = 0 dBm, (b) Prr = 5 dBm, (c) Prr = 10
dBm, (d) Prr = 15 dBm, (e) Prr = 20 dBm and (f) Prr = 25 dBm

VII. CONCLUSIONS

We have successfully presented an InP mode-locked
semiconductor laser for 100-GHz optical frequency comb
generation. The laser cavity features multiple segments in a
symmetric arrangement in which short SOAs separate the
overall 1.66-mm-long resonator into four shorter divisions in
equal length to achieve fourth harmonic generation. The on-
chip multimode interference reflectors have shown the
potential to replace the cleaved facets.
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