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Integrated mode-locked lasers are useful tools in microwave
photonic applications as a local oscillator. In particular,
hybrid integrated lasers could easily be integrated with pas-
sive processing circuits. In this Letter, we report on the
self-mode-locking of a hybrid integrated laser comprising
two indium phosphide gain sections and a silicon nitride
feedback circuit that filters light using two ring resonators.
The hybrid laser is shown to mode-lock and to have a mostly
frequency-modulated field in the cavity using a stepped-
heterodyne optical complex spectrum analysis. A mostly
frequency modulated field output is good for high powers
per line due to a more continuous emission, compared with
mode-locked lasers using a saturable absorber; additionally,
the filter limits the bandwidth of the comb, condensing the
power to the fewer comb lines. © 2021 Optical Society of Amer-
ica

https://doi.org/10.1364/OL.440898

Optical frequency combs (OFCs) have found importance in a
wide range of applications including precision spectroscopy
[1], accurate time and frequency measurements [2], accurate
optical ranging in LIDAR [3], and dense data transmission [4].
Recently, more effort has been spent in integrating OFCs in pho-
tonic circuits, for example, by including nonlinear resonators
[5–7] and by integrated mode-locked lasers (MLLs) [8,9]. In
particular, integrated MLLs can give unique comb characteris-
tics for lower frequency ranges, which is particularly important
for applications such as microwave photonics (MWP) [10]. The
coherence between the comb lines will affect the purity of the
radio-frequency (RF) signals generated from such a MLL.

Integration of lasers with larger-scale processing circuits can
be achieved through hybrid integration. For example, combining
semiconductor optical amplifiers (SOAs) in III-V with low loss
circuits [11] can lead to a single-frequency laser with extremely
low fundamental noise [12,13]. Recently, there has been interests
in the demonstrations of mode-locking using hybrid integra-
tion approach [14–19], with the promise of integrable low-noise
MLLs. However, despite recent progress, a few key ingredi-
ents leading integrable MLLs are missing. Most notably, the
comb behavior in such hybrid lasers is not well studied and

the clear indication through investigation of the mode-locking
behaviors in such lasers is, to the best of the authors; knowl-
edge, currently missing. The understanding of this comb and
mode-locking behaviors will lead to markedly improved design
with significant impact towards future implementation in MWP
systems.

In this Letter, we show the mode-locked operation of a hybrid
integrated laser comprising two gain sections, recently devel-
oped for high-power operation [20]. To ensure mode-locking
and find the temporal behavior of the laser, we further study
the MLL behavior through stepped-heterodyne optical complex
spectrum analysis [21]. We found that the intracavity field of the
laser during mode-locked operation is mostly frequency modu-
lated, which is a property also observed with continuous-wave
(CW) mode-locked diode lasers that lack filtering low-loss feed-
back circuit [22–24]. The result of this work paved the way to
incorporate hybrid MLLs onto a low-loss silicon nitride platform
for microwave photonic processing.

Our dual-gain laser has two indium phosphide (InP) gain sec-
tions connected to a silicon nitride (Si3N4) feedback circuit [25].
The feedback circuit performs a number of key functions includ-
ing forming the laser cavity by connecting high reflective facets
at each gain section and filtering the generated light via a ring
resonator-based Vernier filter. The feedback circuit is controlled
using thermo-optic tuning and the output, marked as P3 in Fig. 1,
was primarily used for CW operation. The emission at this out-
put can be controlled by the set of tunable couplers, TC1 and
TC2, that regulates the fraction of power coupled out of the laser
cavity and interferes the backward and forward propagating field
coupled out from the cavity, respectively. To control detuning
between the laser cavity resonance and Vernier filter peak, the
laser is also equipped with on-chip phase shifters located directly
after each gain section, as indicated by phase 1 and phase 2 in
Fig. 1.

The laser predominantly showed two modes of operation,
when operated under the condition where a single laser cav-
ity mode is located in the passband of the Vernier filter, the
laser shows single frequency behavior [20]. However, under the
operation where the two cavity modes with lowest loss reach
comparable attenuation by the ring resonators, we observed
lasing at multiple frequencies. For such multiple-frequency
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Fig. 1. (a) Photo of the assembled hybrid integrated laser [11]. (b)
Schematic view of the hybrid laser comprising two InP gain sections
and an Si3N4 feedback circuit that extends the cavity length optically
via two ring resonators. The cavity mirrors are formed by the highly
reflective (HR) coating on the back facet of each gain section. The
light is coupled out of the cavity using a set of tunable couplers. P3
to P8 are test ports of the laser cavity over which the output field
can be monitored.

lasing, we want to confirm that mode-locking appears. In any
MLL the necessary condition to meet is that the output field
EMLL has both an envelope and instantaneous frequency that
varies periodically, where the spacing between the lasing modes
Ω determines the period of the envelope and instantaneous
frequency.

In a MLL, the lasing modes can be described as phase-locked,
as the phases of the different modes have a set relation ϕm after
each period 2π/Ω. This can be summarized in the following

Fig. 2. Schematic of the setup both as a physical measurement and the digital processing of the acquired real-time oscilloscope (RTO)
signal as described in [21]. In the measurement we combine a tunable laser source (TLS) with the mode-locked laser (MLL) which has an
optical isolator (OI) placed at the output, in this case the hybrid laser, using a 2×2 50:50 directional coupler. The TLS is stepped in between
each pair of comb lines which is monitored using an optical spectrum analyser (OSA) at one of the directional coupler outputs. On the other
coupler output, the light is mixed in a photodiode (PD) and the resulting RF signal is sampled and saved by a RTO. After retrieving, the
digital signal is then filtered for three frequency components, δ, Ω–δ and Ω, where δ and Ω–δ are the frequency difference between the LO
and the comb lines the LO was placed in between. After filtering frequency components δ and Ω–δ are mixed which retrieves the beating
signal of the comb lines the LO was placed in between. This signal is then compared with the fundamental beat signal of the comb in order
to retrieve the phase difference dϕ.

expression [24]:

EMLL(t) = exp (iωst + ϕs(t))
NU∑︂

m=−NL

(Em exp (i (mΩt + ϕm))) , (1)

whereωs is the frequency of the center mode, ϕs(t) represents the
optical phase noise, and Em is the amplitude of each mode field.
Although the spectral phase of each optical mode is dependent
on time, the phase difference of the different modes should be
independent of time given by dϕk = ϕk+1 − ϕk. This phase dif-
ference could be retrieved using heterodyne detection of modes
k and k + 1. By retrieving this information for all pairs of neigh-
boring modes, the complex spectrum of the laser output can be
characterized and the time trace can be reconstructed. However,
for the heterodyne detection of dϕk for each pair of neighboring
modes, these modes need to be isolated.

Stepped-heterodyne optical complex spectrum analysis,
developed by Reid et al. [21], is the technique we implement
to investigate experimentally the mode-locking behavior of our
laser. The setup used is shown in Fig. 2, in this method a tun-
able CW light source is added as a local oscillator (LO) tuned
in frequency between a pair of comb lines of the MLL, each
measurement will give the phase difference dϕk for the pair of
comb lines the LO is placed between. Mixing the combined
light source in a photo-diode will result in three tones of interest
which are digitally filtered from a recorded oscilloscope trace
using a band-pass filter, we used a raised cosine finite impulse
response (FIR) filter with a bandwidth of 50 MHz. Two of the
tones are a result of the LO mixing with the comb lines resulting
in frequencies δ and Ω–δ, mixing the filtered tones in turn leads
to a sum frequency signal representing the beating between the
comb lines itself at a frequency Ω with the phase to measure
dϕk. As a reference signal for the phase measurement we use the
fundamental beat note Ω of the MLL, which if properly mode-
locked should be of the same frequency and phase-locked to the
beat note of the two comb lines.

We validate the mode-locking condition by showing the phase
relation between two neighboring comb lines when the laser
operates in two different states by tuning the heaters on the
rings, tunable couplers, and phase section, one state with an
optical spectrum of clearly visible lines and one where the laser
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Fig. 3. Optical spectra found at the laser output (port P3) for two
operation points (a) and (b) and the recorded phase difference when
the local oscillator (LO) is placed at the frequencies as indicated
with the dashed lines in (a) and (b). For the frequency comb shown
in (a) the phase difference between the comb lines neighboring the
LO is shown in (c); the wide trace gives an initial measurement
and the narrow trace is a measurement performed 2 hours later
with a higher sensitivity of the oscilloscope. For the low-coherence
spectrum shown in (b), the phase difference is shown in (d) with an
inset zoomed into the first 0.5 µs.

operates with a broad spectrum with barely visible lines, see
Figs. 3(a) and 3(b), respectively. In Fig. 3(d) it is shown that the
phase difference for the low-coherence comb does not observe a
phase lock and has a predominantly linear relation signifying a
frequency difference between the frequency of the largest beat-
ing power of the comb and the beating of the pair of comb lines
investigated, in this case the slope accounts to a frequency differ-
ence of 29.8 MHz. For the comb with distinct lines in Fig. 3(a),
we measured the phase difference between a pair of comb lines
that are positioned next to the LO indicated in the figure, this
phase difference shown in Fig. 3(c) shows stability over the max-
imum recording duration of the real-time oscilloscope (2 ms at
20 GSa/s). Moreover, the phase difference of the same pair is
recorded 2 hours later with a higher resolution, i.e., 8 bit with a
range of −25 to 25 mV instead of −175 to 175 mV and is shown
as the narrow trace of Fig. 3(c) showing the value falls within

the same range as the prior measurement for dϕ represented as
the wide trace. With the phase locking of the individual comb
lines to the rest of the comb it is shown that the laser is operating
in a mode-locked condition.

A reconstruction of the intracavity optical field is performed
on a complete measurement of the complex optical spectrum
shown in Fig. 4 using Eq. (1), and gives insight into the modu-
lation present on the light. The complex spectrum is measured
at test ports P5–P8 and corrected for the filtering induced by
the ring resonators acting as add-drop resonators, to find the
complex spectrum in the cavity just before the rings. For the
laser operating point investigated with 150 mA on each gain
section, the measured output spectra are shown as solid lines
in Figs. 4(a) and 4(b). In this state, the power leaking from the
filter and limited injection current limits the output power to 9.3
dBm in port 4 compared with the 19.3 dBm as demonstrated
in [20]. After correcting for the filtering of the rings both with
the frequency-dependent attenuation and phase delay, the power
per spectral line and phase differences are shown as crosses
and pluses, such that in Fig. 4(a) it shows the complex spec-
trum for the forward direction and in Fig. 4(b) for the backward
direction with the directions as indicated in Fig. 1. The Vernier
filter transmission corresponding to the correction applied on
the spectra in Figs. 4(a) and 4(b) can be found in Fig. 4(c)
shown as the solid line. In addition the Vernier filter adds an
additional delay per round trip around the pass band, in Fig. 4(c)
this band is shown as the reduction of the inverse group delay,
where the inverse group delay is a first-order approximation
of the free spectral range (FSR; see Supplement 1 for details).
Close to the transmission peak of the Vernier filter the inverse
group delay is close to the measured repetition rate of the opti-
cal signalΩ/2π = 2.48 GHz. Finally, in Fig. 4(d) the intracavity
power and instantaneous frequency difference from the carrier
frequency over time can be found, which is reconstructed from
the spectra measured at port 5. The instantaneous frequency
difference from the carrier frequency in this case is defined
as

df (t) =
1

2π

(︃
d
dt

(arg (EMLL(t))) − ωs

)︃
. (2)

Fig. 4. (a) In the top plot is the optical spectrum of the laser at output ports 5 and 7 at a mode-locked operation point. The solid line is the
measured spectrum and the crosses give the power of each line when compensated for the Vernier filter, representing the optical spectrum for
the intracavity field in the forward direction. In the bottom plot is the phase difference for each line pair plotted at the frequency central to the
corresponding lines for the intracavity field. (b) The same as (a) except it is the complex spectra for ports 6 and 8, and the intracavity field is
for the backward direction. (c) The solid line corresponding to the left axis gives the vernier filter transmission as used for the compensation in
(a) and (b) with the vertical dashed lines giving the resonance frequencies of ring 1 (νMRR1) and ring 2 (νMRR2). The solid curve corresponding
to the right axis is the inverse group delay per cavity roundtrip calculated as described in Supplement 1. The horizontal dashed line gives
the fundamental beating frequency found corresponding the spectra of (a) and (b). (d) Optical power (left axis) and instantaneous frequency
(right axis) of the output (dashed, top) at port 5 and intracavity (solid, bottom) field propagating in the forward direction is reconstructed
based on the values of spectral power per line and phase difference between comb lines measured at port 5. See Supplement 1 for uncorrected
measurements of dϕ and the reconstructed time traces of all other ports.
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The reconstructed time trace shown in Fig. 4(d) is mostly
frequency modulated which is in-line with the self-mode-
locking observed in single gain section Fabry–Pérot diode lasers
[22,23,26], even though the relation of dϕ to frequency is quite
different as here it is observed constant except for a π phase
shift between the upper and lower half of the comb, whereas the
single gain section Fabry–Pérot diode lasers are found to have a
linear relation between dϕ and frequency [24], i.e., a quadratic
spectral phase relation. For future work, it would be of interest
to see whether the addition of the highly dispersive Vernier filter
can account for the difference in spectral phase or whether it is
also due to the double gain section as the mixing leading to a
phase-locked comb is different in each gain section indicated by
the width of the comb, which is significantly larger leaving gain
1 [see Fig. 4(a)] compared with gain 2 [see Fig. 4(b)].

The repetition rate of the MLL is tunable in at least a 600-
MHz range around 2.2 GHz by changing the overlap of the ring
resonances and the location of the laser central laser cavity mode
in this resonance (see Supplement 1). The tunable repetition
rate is a result of the additional group delay induced by the ring
resonators as can be seen in Fig. 4 (c), this delay can be adjusted
by changing the overlap of the ring resonances.

To conclude, in this Letter we have demonstrated the mode-
locked operation of a hybrid integrated laser comprising two gain
section. Accordingly, we have shown that the intracavity field
in the laser is mostly frequency modulated, which is inline with
single gain section semiconductor lasers [26]. The combination
of a predominantly frequency modulated field and a small comb
width leads to high power per comb line.
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