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Abstract In this paper, we review recent results on
hybrid silicon mode-locked lasers with a focus on low
phase noise optical pulse generation. Taking a high level
design approach to lowering phase noise, we show the
need for long on-chip optical delay lines for mode-locked
lasers to reach and overcome material limits. Key results
include demonstration of the longest (cavity length 9 cm)
integrated on-chip mode locked laser, 14 dB reduction of
Lorentzian noise on a 20 GHz radio-frequency (RF) signal,
and greater than 55 dB optical supermode noise suppres-
sion using harmonically mode locked long cavity laser, 10
GHz passively mode locked laser with 15 kHz linewidth
using on-chip all optical feedback stabilization.

Keywords optoelectronic devices, mode-locked lasers,
semiconductor lasers

1 Introduction

Mode-locked laser diodes (MLLDs) are gaining interest as
compact microwave signal sources for high bit rate
communication systems, optically sampled analog to
digital converters (ADCs), frequency metrology, and
arbitrary waveform generation. In the case of ADCs, the
aperture jitter present in complementary metal-oxide-
semiconductor (CMOS) and SiGe electronic technology,
which is around 1 ps [1], is a major limiting factor in
reaching higher sampling rate and resolution. Figure 1
shows the requirement for timing jitter of the source versus
sampling frequency for different number of resolving bits.
This dictates that for an 8 bit resolved ADC, the timing
jitter should be 100 fs or less for sampling frequencies in
the X/Ku band.
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Fig. 1 Plot of timing jitter requirement versus sampling rate for

different bits of resolution

The short cavities of MLLDs enable very high repetition
rates, such as ~100 GHz demonstrated in Ref. [2]. They are
also robust and have long lifetimes. This is particularly an
important feature for low-noise lasers as they require
minimum start-up and monitoring. Monolithic semicon-
ductor lasers usually consume much less power than their
bulk counterparts with assembled components. Semicon-
ductor manufacturing techniques allow for large scale
production of these lasers with tightly controlled perfor-
mance variations.

Despite all the beneficial factors listed above, there have
been only a few demonstrations where high frequency
operation and low timing jitter have been simultaneously
achieved [3—6]. Moreover, these demonstrations often
involve external cavity arrangements that are not readily
scalable in terms of large scale manufacturing. To drive
down cost, we need to integrate the external cavity
elements on-chip. Two suggested substrates for integration
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include InP and Si. Although a variety of active and
passive elements, viz. laser, amplifier, filter, multiplexer
etc., have been integrated on InP substrates, the cost is still
limited by the substrate sizes. The hybrid silicon platform
[7] based on oxygen plasma assisted wafer bonding [8]
allows for fabrication of both active and passive elements
on large substrates (200 mm or more), and therefore has
attracted many researchers to utilize this technology for
various applications from telecommunications to sensing.
It also allows for close integration with electronic
integrated circuits to lower losses and increase perfor-
mance [9]. Figure 2(a) shows a photograph of a 200 mm
silicon-on-insulator (SOI) wafer before bonding with pre-
patterned waveguide circuits with long delay lines and
Fig. 2(b) is a schematic of the cross-section of the gain
section showing evanescent coupling to the quantum well
active region. In this paper, we will review our progress in
monolithic integration of mode locked lasers using the
hybrid silicon platform and show the utility of long delay
lines in reducing microwave phase noise. All the lasers
have an eight quantum well active region sandwiched
between two 125 nm 1.3Q separate confinement hetero-
structure (SCH) layers, with a photoluminescence (PL)
peak around 1550 nm and allow for a reasonable one-to-
one correspondence.

Following the demonstrations of the first hybrid silicon
MLLDs in 2007-2008 [10,11], we have progressively
investigated the performance of fabricated extended cavity
MLLDs to reduce timing jitter while maintaining the
repetition rate in the range of 8 to 20 GHz. Our focus is
passively mode locked lasers for microwave signal
generation. We compare linear to ring cavity designs,
short and long cavity designs, and cavities with and
without intracavity filters. We also compare passive to
active mode locked lasers. After presenting the structures
and results, we discuss the comparisons and finally
summarize our conclusions.

@

2 Device designs and measurement results

2.1 Colliding pulse mode locked laser: linear and ring
cavity

A key requirement to integrating lasers with other passive
elements on the silicon layer is to efficiently transfer the
hybrid mode inside the gain section (see Fig. 2(b)) to the
fundamental mode in the silicon waveguide. This is
achieved by tapering the III-V mesa structure gradually
to a width limited by the resolution and alignment
tolerance of the lithography tool. The silicon waveguide
width underneath can also be altered to draw the mode
center toward or away from the silicon waveguide. This is
an essential advantage of this platform and can reduce
reflections at the taper tip and also alter the confinement of
the optical mode in the quantum wells and thereby change
the round trip gain or loss. Some mode locked lasers have
gain regions everywhere, but with segmented contacts for
active or passive mode locking [10,11]. These designs
suffer from excess self phase modulation and excess
dispersion. The lasers described here use tapers between
gain regions and low loss passive waveguides with lower
loss, dispersion, free carrier absorption and two photon
absorption, thereby reducing the net spontaneous emission
noise.

The first device is a linear cavity colliding pulse mode-
locked hybrid silicon laser [12] that incorporates a passive
waveguide section as shown in Fig. 3. The laser consists of
a 1 mm hybrid silicon/III-V active section with 1.5 mm of
silicon waveguide on either side adding up to a total cavity
length of 4 mm corresponding to a fundamental repetition
rate of 9.16 GHz. The silicon waveguide facets are
polished, forming the laser cavity. Centered in the gain
section is a 30 pm saturable absorber, allowing for
operation in a colliding pulse mode-locking regime, i.e.,
operating at 18.32 GHz. The optical spectrum from the
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Fig. 2 (a) Photograph of 200 mm SOI wafer with pre-patterned waveguides. The orange lines have been added to demarcate die
boundaries; (b) schematic cross-section of the gain section identifying the different layers with the optical mode overlaid



Sudharsanan SRINIVASAN et al. Low phase noise hybrid silicon mode-locked lasers

saturable absorber

267

taper Si waveguide

/ P-contact

|\ 1 \

| . .
—

£ N-contact —'_H’_\

/_\\ \\

Fig. 3 Schematic diagram of colliding pulse mode-locked laser with an isolated saturable absorber in the middle
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Fig. 4 Optical spectrum of the laser shown in Fig. 3 with nearly
10 dB of supermode suppression [12]

laser, when the gain section was biased with 96 mA and the
saturable absorber was at —3V, is shown in Fig. 4. No
microwave signal is applied to the absorber. The spectrum
shows colliding pulse operation with the evidence from
enhancement of modes spaced twice the fundamental
frequency of the cavity. The optical bandwidth is 100 GHz.
On-chip mirrors, described below, would provide control
of repetition frequency and increase supermode suppres-
sion because the position of the saturable absorber is
precisely in the center of the cavity.

The output of the laser diode was detected using a
50 GHz photodiode and observed on an electrical spectrum

analyzer (ESA) (see Fig. 5(a)). The power at the
fundamental frequency of the cavity, 9.16 GHz, is
suppressed to 30dB below the second harmonic. The
3dB radio-frequency (RF) linewidth was 250kHz.
Figure 5(c) shows the single sideband phase noise of the
microwave signal at 18.32 GHz. The corner frequency as
defined by the intersection of the shot noise floor and the
1/f noise is at 200 MHz.

The second device is a ring cavity mode-locked laser
(see Fig. 6), which consists of a 4 mm long ring resonator
on silicon coupled to a bus waveguide using an 85/15
multi-mode interference (MMI) coupler. A 1 mm long
hybrid silicon/III-V active section of the ring resonator
provides gain. The saturable absorber is 50 um long and
centered in the semiconductor optical amplifier (SOA) for
stable mode locking operation [13]. The output wave-
guides are angled and anti-reflection coated to minimize
reflections.

The cavity length of this laser is precisely determined
compared to the earlier case, which depended on the
location of the polished facets. The laser showed lower
optical bandwidth, as shown in Fig. 7(a). The gain section
was biased with 189 mA and the saturable absorber was at
0 V. The fiber coupled output power was 1 mW with an
estimated 6 dB coupling loss. The electrical spectrum in
Fig. 7(b) is obtained from collecting the laser output using
a 50 GHz photodiode followed by 21 dB RF gain to lift the
spurs above noise floor. We see two tones corresponding to
the fundamental and its harmonic. Additionally we see
spurs at ~1.5 GHz and its beat note (~18.5 GHz) with the
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Fig. 5 (a) Electrical spectrum of the laser shown in Fig. 3 with 30 dB suppression of the fundamental; (b) detailed view of the RF peak at
18.32 GHz. Resolution bandwidths in (a) and (b) are 2 MHz and 20 kHz respectively [12]; (c) single side-band phase noise of 18.32 GHz

signal
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Fig. 6 (a) Photograph of the ring cavity colliding pulse mode-locked laser. The letters are added for clarity and denote the P and N
contacts for the centered absorber and the two gain sections on either side; (b) schematic of the gain, absorber and waveguide sections
inside the laser cavity. SA-saturable absorber, SOA-semiconductor optical amplifier
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Fig. 7 (a) Optical spectrum of the ring cavity laser showing 20 GHz spaced optical lines (resolution bandwidth 20 MHz) and (b)
electrical spectrum showing the fundamental and its harmonic. Notice the spurs at 1.5 and 18.5 GHz

fundamental, within the analyzer bandwidth. The power at
these spurs increases with increasing injection current into
the SOA. We believe these spurs are due to a group of
optical modes that not locked with the main group of
modes and have a pulse repetition rate offset of ~1.5 GHz
from the fundamental frequency. The 3 dB RF linewidth
was 1.5 MHz, significantly larger than the previous case
because of the longer absorber length and the detrimental
effect of the parasitic pulse, i.e., through cross-phase and
cross-amplitude modulation. The corner frequency for a
given phase noise floor, i.e., RF power, however, is similar
to the previous device, as this parameter depends on cavity
length and total internal round-trip loss.

Both these lasers form an essential building block to
realizing complex photonic circuitry using mode-locked
lasers. The major pulse broadening effects are spectral gain
narrowing, caused by the finite gain bandwidth of the laser
medium, and cavity dispersion. We hypothesize the
limitation in optical bandwidth is coming from the tapers
that not only control propagation loss, across wavelength,
through mode mismatch but also through absorption by the
quantum wells if insufficiently pumped. The net effect is
the lasing wavelength is red-shifted, and the excitation of
higher order modes modulates the gain spectrum across
wavelength. The optical and the RF linewidth on the other
hand can be reduced by increasing the cavity length, which

takes us to our next sub-section on long cavity mode-
locked lasers.

2.2 Long cavity mode locked lasers
We will present results from two long cavity MLLDs with

cavity lengths of 9 cm [14] and 4 cm respectively, of which
the longer cavity is to our knowledge the longest ever

Fig. 8 Schematic of 9cm long actively mode-locked laser
showing the various active and passive components. Black
lines—silicon waveguides, black box—50/50 MMI couplers [14]
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reported for an integrated MLLD, surpassing the length
reported in Ref. [15] by a factor of two. A schematic of the
9 cm long MLLD is shown in Fig. 8. Two 1200 um SOAs
and one 800 um (center) are located inside the 9 cm ring
cavity to provide the gain of the laser. Two 50/50 MMI
couplers are used to couple light out of the cavity. Booster
SOAs are located at the output waveguides, which have a
7° angled facet and an anti-reflection coating for minimiz-
ing reflections back into the laser cavity. The size of the
chip is 0.6 cm x 1 cm.

The SOI passive waveguide loss is around 1.7 dB/cm
and the SOA maximum gain is around 6 dB for the 800 um
SOA and 8dB for the 1200 um SOA, limited by the
heating of the device. The laser is operated at injection
currents of 280 and 160 mA for the 1200 and 800 pm
SOAs respectively. Under continuous-wave operation, the
device lases at 1575 nm. The optical linewidth is less than
7 MHz, as measured by a heterodyne technique.

The laser is actively mode-locked by applying an RF-
signal to the 800 pum center SOA inside the laser cavity.
The optical spectrum around 1575 nm broadens to about
0.1 nm when 12 dBm of RF-power at 927 MHz is applied.
A second group of modes is visible around 1578 nm, 30 dB
below the main group of modes, as shown in Fig. 9(a). The
output of the laser is amplified by an L-band amplifier and
a 50 GHz photodiode is used to record the RF spectrum on
an ESA. The spectrum shows a distinct comb of modes for
a drive power of 20 dBm, as shown in Fig. 9(b). A
supermodulation envelope with a period of around 15 GHz
is visible. The harmonics show a side-peak at ~60 MHz
higher frequency, which rises at the expense of the main
peaks for increasing frequency. We hypothesize that these
side-peaks arise as a result of the small group of modes
around 1578 nm, which travel at a different group velocity
and are likely not synchronized with the main group of
modes. The interference between these two groups of
modes may explain the 15 GHz supermodulation.

The pulse shape was examined using a digital
component analyzer (DCA) with 53 GHz bandwidth.
Figure 9(c) shows pulses with duration of about 200 ps
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and a 1.1 ns period. Given the optical bandwidth of 0.1 nm,
the pulses are highly chirped, which is due to the dispersive
9 cm long cavity. In Fig. 10(a), the RF spectrum for locking
at the 8th harmonic is shown. The spectrum was optimized
for minimization of the supermodes, i.e., the modes in
between the harmonics. The power at the supermode
frequencies can be suppressed to 30 dB below the power at
the locking frequency. The single side-band phase noise
of the fundamental and the 8th harmonic are plotted in
Fig. 10(b). For frequencies below 30 kHz, the phase noise
of the synthesizer dominates. The effect of the long cavity
is evident in the corner frequency, which is roughly a factor
of 20 better than the lasers in Section 2.1. The quadratic
scaling of phase noise with harmonic number is also
evident with an 18 dB increase in the phase noise at all
offsets.

The second device is a 4 cm long passively mode-locked
laser [16]. This laser has a 30 pm long centered absorber in
a single 1500 um long gain section as shown in the
schematic of Fig. 11. Light from the ring laser is coupled
out to a bus waveguide using directional couplers with a
10:90 splitting ratio. The output waveguides have a 7°
angled facet and an anti-reflection coating for minimizing
reflections back into the laser cavity. The device size is
7mm X 1.5 mm.

The output light (CCW) is fed into a 50 GHz photo-
detector followed by an RF amplifier (18 dB gain, 25 GHz
bandwidth) and an ESA. Figure 12 shows data from a high
resolution optical spectrum analyzer (RBW-20 MHz), an
electrical spectrum analyzer and an autocorrelator, all at
140 mA of SOA current and —1.3 V on the absorber. The
time-bandwidth product (TBP) is 1.8, indicating that the
pulse is chirped. The electrical spectrum shows equidistant
peaks at multiples of 1.99 GHz. The RF linewidth (3 dB) of
the 1.99 GHz signal is roughly 14 kHz.

The laser is actively mode-locked at higher harmonics,
to generate high repetition rate pulses, by modulating
the absorber. The best harmonic mode locking was seen
at 7.96 GHz (the 4th harmonic); both in terms of pulse
train quality and suppression of the fundamental tone
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Fig. 9 (a) Optical spectrum at 12 dBm RF-power at 927 MHz. The resolution bandwidth used was 0.06 nm; (b) RF-spectra obtained at
20 dBm RF-power. Resolution bandwidth was 5 MHz; (c) corresponding time-domain trace obtained with a 53 GHz DCA [14]
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(1.99 GHz) on the ESA (see Fig. 13(a)). However, the
optical spectrum (see Fig. 13(b)) reveals that the power in
the supermode noise spurs is significant compared to the
power in the main group of modes, with only a 10dB
reduction seen near the peak of the spectrum. The bias
current on the SOA and voltage on the saturable absorber
was the same as stated in the passively locked case.
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For the 10th harmonic, the RF input power was
increased to 10 dBm and a maximum of 25 dB suppression
of all other harmonics was achieved. However, the optical
spectrum shows near to no suppression of the supermodes
noise spurs as seen in Fig. 13(d). The SOA bias current was
206 mA and the saturable absorber voltage is —1.4V.
Unlike a fundamental mode-locked laser, the distribution
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Fig. 10 (a) RF-spectra obtained with 20 dBm injection at 7481.8 MHz (8th harmonic). Resolution bandwidth was 5 MHz [14]; (b) single
sideband phase noise for fundamental (blue) and 8th (black) harmonic mode-locking. Red diamonds show the synthesizer floor specified
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Fig. 11 Schematic of 4 cm long ring cavity colliding pulse mode-locked laser showing the various active and passive components. Black
lines—silicon waveguides, SA-saturable absorber, SOA-semiconductor optical amplifier [16]
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bandwidth 20 MHz); (b) electrical spectrum showing the fundamental and its harmonics and (c) autocorrelation trace of the optical output

[16]



Sudharsanan SRINIVASAN et al. Low phase noise hybrid silicon mode-locked lasers

RF power/dBm
A
(=)

-70 : :
0 5 10 15 20 25
frequency/GHz
(a)
=20
740 L
=)
% -601
5]
z
2
-80
o

-100

,120 L 1 A
0 10 20 30 40

frequency/GHz
(©)

271

,50 -

optical power/dBm

-70+

-80 '

~90 . ) . .
1572.0 1572.5 1573.0 1573.5

wavelength/nm

(b)

,50 -

,60 L

optical power/dBm

,70 =

,80 -

15735 1574.0

790 L 1 1 1
1571.5  1572.0 15725 1573.0

wavelength/nm

(d)

Fig. 13 Hybrid mode locking results for 2 GHz cavity laser. (a) and (c) show the RF spectra obtained with 0 dBm injection at 7.96 GHz
(the 4th harmonic) and 10 dBm injection at 20 GHz (the 10th harmonic) respectively. Resolution bandwidth was 3 MHz; (b) and (d) show
the corresponding optical spectra with a resolution bandwidth of 20 MHz [16]
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Fig. 14 Schematic of 4 cm long ring cavity colliding pulse mode-locked laser showing the various active and passive components.
Black lines—silicon waveguides, SA-saturable absorber, SOA-semiconductor optical amplifier [16]

of energy among the optical modes in a harmonically
mode-locked laser depends on the distribution of spectral
phase. To achieve perfect harmonic mode-locking, the
spectral phase has to be constant across all the modes.
Supermode noise is an undesired feature of all harmoni-
cally mode-locked long cavity lasers and contributes to the
integrated timing jitter. We now show that this can be
resolved with the following laser designs.

2.3 Long cavity mode locked laser with intracavity filter

The laser design shown in Fig. 14 is identical to the
previous laser, except that it incorporates a ring resonator
inside the cavity which has a FSR that is a multiple of the
repetition rate of the laser. In our case, we designed a
20 GHz filter with an FSR that is 10 times the fundamental.
The optical and electrical spectrum for passive mode
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locking at an SOA current of 215 mA and absorber voltage
of —1.3 V is shown in Fig. 15. With this design, we were
able to achieve up to 55 dB optical side mode suppression
at the peak of the comb. The ESA shows a clean spectrum
with a peak at 19.951 GHz and no harmonics of the 2 GHz
cavity seen. The 3 dB RF linewidth estimate is 52 kHz.
This result is a factor of 30 better than the linewidth of 1.5
MHz obtained for a passively locked fundamental 20 GHz
ring cavity with the same absorber length.

The optical linewidths from a heterodyne measurement
are shown in Fig. 16(a), for both this laser and the
fundamental 20 GHz ring laser discussed in Section 2.1.
We see a 10x improvement in optical linewidth from the
increased cavity length. The linewidth also grows quad-
ratically around the central mode as expected. The phase
noise of the microwave frequency generated from these
two lasers is shown in Fig. 16(b). 20 dB of off-chip optical
gain was used in the case of the harmonically mode locked

laser for this measurement. The 30x improvement in
linewidth shows up as 14 dB (= 10log,((30)) improvement
in the 1/f phase noise and a ~5.5x ( = +30) reduction in
corner frequency. These results are similar to the state of
the art results for semiconductor passively MLLDs.

Furthermore, on driving the absorber with a signal
generator, the phase noise close to carrier is reduced as
shown in Fig. 17. The total integrated jitter from 10 kHz to
10 GHz is 540 fs. We hypothesize the reason for the
peaking at ~7 MHz in Fig. 17 and the deviation from the
1/f line in Fig. 16(b), is spurious reflections from the
tapers within the laser cavity.

2.4 Feedback stabilized coupled cavity mode-locked laser
An alternative approach to stabilizing a MLLD is to add a

long external cavity, as shown in Fig. 18. The photonic
circuit consists of a 10 GHz mode-locked laser and a
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Fig. 17 Single sideband phase noise of 20 GHz signal for the
harmonic MLLD when the saturable absorber is driven with 10
dBm input power

3.855 cm long delay line with a y-branch loop mirror at the
far end of the spiral. Silicon rib waveguides were used for
the passive sections. The MLL is formed by two Sagnac
loop mirrors, a 1 mm hybrid silicon/III-V gain section, and
a 30 um saturable absorber in the center of the gain section.
The directional coupler based loop mirror allows partial
reflection, and is designed for a 50% power reflection
coefficient. The taper has 0.9 dB of loss, and a power
reflection of 1%.

The coupled cavity is 3.855 cm long and is terminated
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with a y-branch loop mirror that is designed for 100%
reflection. This gives the coupled cavity a total round-trip
length that is 20 times the length of the mode-locked laser,
and a free spectral range of 500 MHz. The loss in the
silicon waveguides is 2 dB/cm. To provide an optimal level
of feedback, an 800 um long SOA was placed at the output
of the laser to adjust the amplitude and a Ni/Cr heater was
used to thermally control the phase in the delay line. The
waveguide output is anti-reflection coated with a power
reflection coefficient of 0.5%. The coupling loss to the
lensed fiber used during measurement is 8 dB.

The passive mode-locked performance of the laser
without the coupled cavity was measured by leaving the
SOA in the coupled cavity un-biased, which introduces an
additional 18 dB loss each way. The feedback in this case is
negligible, as verified by adjusting the thermal phase tuner
in the coupled cavity does not change the mode-locking
behavior. The 3 dB width of the RF peak is 1.06 MHz,
shown in red with the label “decoupled” in Fig. 19(a).
Next, the SOA and thermal tuner in the coupled cavity
were tuned to minimize the RF linewidth down to 15 kHz,
shown in blue with the label “coupled.” Due to its
proximity to the mode-locked laser, activating the SOA
causes the operating frequency of the MLL to shift to
9.95 GHz because of thermal crosstalk. The optical
spectrum of the laser under optimal bias conditions is
shown in Fig. 19(b). The optical linewidth without and
with feedback stabilization (see Fig. 19(c)) reduced from
~1 GHz to below the resolution limit of the analyzer
(20 MHz).

(o)

SOA >

Fig. 18 Schematic of coupled linear cavity colliding pulse mode-locked laser showing the various active and passive components. Black
lines—silicon waveguides, SA-saturable absorber, SOA-semiconductor optical amplifier
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Fig. 19 (a) RF spectra showing the laser operation with the coupled cavity SOA off (“decoupled”) and the SOA biased at 300 mA
(“coupled”); (b) wide span view of the optical spectrum in coupled cavity operation and (c) close—up into a single spectral line with and

without feedback stabilization
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Table 1
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Phase noise data for the various mode locked lasers discussed in the text showing the improvement from long cavity lengths

laser cavity

phase noise at | MHz integrated jitter (100

No. pe ength/mm repetition rate/GHz  locking mechanism /(dBe-Hz Y KHz— 100 MHz)/ps
1 linear 4 18.32 passive =75 6.8
2 ring 4 19.95 passive =75 431
3 ring 40 20 passive -90 1.3
4 ring 40 20 active —-110 0.31
5 ring 90 0.927 active —110 4.04
6 ring 90 7.482 active -92 2.27

3 Discussion

In this section, we discuss advantages of the various
designs, identify bottlenecks and suggest solutions to
resolve them. Table 1 shows the phase noise and jitter data
for the short cavity and harmonically locked long cavity
lasers. The longest cavity (9 cm) showed the lowest corner
frequency compared to all other designs. However, to
utilize the benefit of the long optical delay for higher
frequency generation (>8 GHz), we require a mode
locked laser design with the intracavity filter to dictate
the desired repetition rate while keeping the supermode
noise low and stabilize the laser. We demonstrate this in
Section 2.3. The root-mean-square (RMS) jitter obtained
from integrating the single-sideband phase noise from 100
kHz to 100 MHz, for the intracavity filter based long cavity
laser, is 1.3 ps as stated in row 3 of Table 1. The state-of-art
passively mode-locked laser shows similar value of jitter
(~1.31 ps) in the same frequency range. The fundamental
MLLDs shown in Section 2.1 have phase noise levels 30
times worse than the best demonstrated. However, we
show that we can overcome this by optimizing the design
of the laser at a circuit level.

Although these long cavity lasers are promising, the
output power suffers from the excess loss associated with
the delay line and the filter. These are useful for complete
on-chip processing, which does not suffer from coupling
losses. A more desirable design is the coupled cavity
MLLD discussed in Section 2.4. This laser has three
significant advantages. First, the long delay line and
associated losses are external to the main cavity and the
output power is significantly higher. Second, the funda-
mental laser cavity acts as a high quality factor filter to
reduce supermode noise. Calculations show that with
sufficient feedback strength and proper phase tuning, we
should be able to achieve the same improvement in
microwave phase noise as in the case with the delay line
inside the laser cavity [17]. However, this is yet to be
demonstrated. Third, the reflection from the coupled cavity
suppresses the influence of taper reflections inside the
laser, thereby improving laser stability. The effect of
amplifier noise in the coupled cavity to the generated
microwave phase noise will be studied in future. This work
will also be extended to longer delay line lengths of 1 m or

more using low loss nitride waveguides [18] heteroge-
neously integrated with hybrid silicon gain sections [19]
that should reduce the net jitter to below 100 fs.

The presented mode locked laser performance needs
improvement in terms of increasing the optical mode comb
bandwidth and expanding the region of mode locking in
the SOA current vs. saturable absorber voltage bias space.
The lasing wavelength is also significantly red shifted from
the photoluminescence peak. Inverse Fourier transform
applied to optical and electrical spectral data assuming
constant phase across all modes suggest the existence of
secondary satellite peaks in the pulse train generated in
regions around the stable mode locking region. The
tapered mode converters are the prime question of study
in this regard. We observe that while longer taper lengths
are required for low reflections the red shift in lasing
wavelength is also proportionally larger. A blunt taper tip
also excites unwanted higher order modes. A detailed
study on effect of taper length on lasing wavelength and
intracavity reflection is underway. Modern deep ultraviolet
(DUV) lithography tools should also allow for better
alignment and sharper taper tips for efficient mode
conversion while keeping the taper lengths short.

4 Conclusions

In conclusion, we have reviewed our recent progress in
generating low phase noise microwave signals using long
cavity mode-locked lasers. Results from the longest on-
chip laser cavity mode locked laser showed significant
improvement in the corner frequency. We successfully
showed that supermode noise from harmonically locking a
long laser cavity can be suppressed using an intracavity
filter. A novel on-chip feedback stabilized coupled cavity
mode locked laser is presented as a promising design
solution to preserve high output power while drawing the
benefit of long feedback delay to reduce phase noise.
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