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We present an investigation of an InP quantum-well-based
integrated extended cavity passively mode-locked laser
which shows extra broad frequency comb generation.
The ring laser was characterized in frequency and time
domains for a range of the current levels injected in the
semiconductor optical amplifier. The study showed an in-
crease of the bandwidth to over 40 nm at the −20 dB level.
The coherence between the longitudinal modes in the wide
comb is demonstrated by the characterization of a spectrally
filtered signal in time and RF domains. The relative time
delay across the optical comb was measured. © 2017

Optical Society of America
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Optical coherent frequency combs are attractive for many ap-
plications in fields of telecommunication [1,2], metrology [3],
sensing [4], and microwave generation [5]. To achieve a coher-
ent frequency comb various mode-locking schemes can be
used. One of them is passive mode locking. The main advan-
tage of this method is that it does not require an external RF
source, and a mode-locking regime can be achieved in relatively
simple configuration, which can be realized as a compact pho-
tonic integrated circuit (PIC) on a monolithic semiconductor
chip. Conventional integrated mode-locked lasers (PMLs)
consist of only two sections, namely a semiconductor optical
amplifier (SOA) and a saturable absorber (SA). Integrated lasers
are very compact. They do not require an optical pump; they
can generate pulses with repetition rates of hundreds of giga-
hertz, and their costs can be reduced when such lasers are fab-
ricated in high volumes. In this Letter, we focus on a study of a
passively PML realized in an active-passive InP integration plat-
form. Since both active and passive optical elements can be fab-
ricated on the same chip, this technology allows for more
freedom in the design of PMLs, for instance, by including
passive waveguides [6], on-chip mirrors [7], phase shifters
[8], passive filters [9], and array-waveguide gratings [10] in

the laser cavity. Moreover, the capabilities of the active-passive
integration platform enable the realization of PICs of higher
complexity for particular applications by combining one or
more PMLs with other circuitry on the same chip. All the active
components in this platform are based on a quantum-well
(QW) core. The performance of conventional two-section
QW-based PMLs is not as good as that of quantum dash
(Q-dash) or quantum-dot (QD)-based lasers. QD and Q-dash
lasers show a superior performance in terms of the optical
bandwidth, stability, pulse width, and output power [11,12].
A QD-based PML with a 12 nm 3 dB optical bandwidth was
presented in [13]. A frequency comb of more than 16 nm was
demonstrated from a Q-dash laser in [14]. Previously, we have
shown in [15] that by using an extended cavity design for a
20 GHz QW-based PML we can achieve a 3 dB optical
bandwidth of 11.5 nm, which was a record value for QW-based
PMLs, and it is comparable to the bandwidth of QD-based
PMLs. In this Letter, we present an extended cavity ring PML
which was fabricated using the same integration platform, as
presented in [15]. We present a 12 GHz QW-based PML that
generates an extra-wide coherent optical comb, which is wider
in width to those from Q-dash lasers. The reasons for such a
difference in performance between the PML presented here and
the PML presented in [15] will be discussed.

As it will be shown later, the optical comb produced is not
flat, however it could still allow for using the PML in various
applications, for example, for terahertz generation. The optical
comb of more than 40 nm at the −20 dB level was observed.
For reference, 20 dB linewidth of the comb demonstrated in
[14] was in the order of 25 nm.

In order to prove coherence between all modes of the comb
shown in this Letter, we present a series of measurements in
time and frequency domains. Moreover, we examine the chirp
of the output pulses by measurements of relative time delay
between the spectral components of the comb [16].

The passively mode-locked ring laser was designed as an InP
PIC using a library of standardized building blocks and was
fabricated within a multiproject wafer run in the COBRA
active-passive integration platform. The platform uses shallowly
and deeply etched ridge waveguides that are 2.0 and 1.5 μm
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wide, respectively, and butt-joint technology with one regrowth
step and one overgrowth step to achieve the active-passive
integration. The layer stack has a 500 nm thick InGaAsP Q �
1.25 waveguiding layer. The mask layout of the PML is shown
in Fig. 1.

The laser cavity is formed by two SOA sections of 325 μm, a
40 μm long SA section and deeply (curved) and shallowly
(straight) etched passive waveguides. The SA was 30 long.
The light is coupled out using a 2 × 2 multimode interference
coupler (MMI). In order to avoid back reflections coming from
the edge of the chip, the output waveguides were 7° tilted in
respect to the facet. The intracavity reflections were reduced by
using angled active-passive interfaces, adiabatic bends, an
optimized MMI structure, and optimized deep to shallow
waveguide transitions.

The laser geometry supports two counter-propagating pulses
that interact within the SA, simultaneously saturating it. This
so-called symmetrical ring colliding pulse geometry allows us to
reduce the signal intensity inside the SOA but, at the same
time, provide full optical power to the SA. This is particularly
beneficial in comparison with the linear configuration of PMLs
due to the less saturated gain which is in favor of stable
mode-locking operation [17].

The chip with the laser was placed on an aluminum sub-
carrier, and electrical contacts were wire-bonded to a printed
circuit board. The results presented here were obtained when
the sub-carrier was water cooled to 18°C. The PML was oper-
ated by the current injected in the SOAs, and reverse bias was
applied on the SA. The light out of the chip was coupled using
an AR coated lensed fiber which was connected to the instru-
ments through the optical isolator to avoid back reflections.
The experimental setup is shown in Fig. 2.

The device was characterized in four ways: by measuring the
optical spectrum, the RF spectrum of the signal from a photo-
diode, a time trace produced in a sampling oscilloscope (SO),
and autocorrelation. The optical spectrum was measured using
a 20 MHz resolution optical spectrum analyzer (OSA). RF beat
tones were produced in a 50 GHz photodetector (PD) and re-
corded using an electrical spectrum analyzer (ESA). The ampli-
fied electrical signal from the PD divided by a 1/10 frequency

divider was used as a triggering signal for the SO with a 30 GHz
bandwidth photo receiver. In order to record autocorrelation
traces, the signal was first passed through the erbium-doped
fiber amplifier (EDFA) and the polarization controller. The
configuration of the output waveguides allowed for the signal
to be collected from both facets. The signals coupled from both
directions show similar performance in terms of coupled optical
power, distribution of optical modes, and RF spectrum. All re-
sults presented below were obtained for the signal collected
from the same facet.

In addition, the optical power and photocurrent generated
in the SA were measured as a function of the current injected
into the SOA. The dependencies measured at U SA � −3.4 V

are shown in Fig. 3(a). The lasing threshold for this voltage was
observed at I SOA � 36 mA. At the injected currents above
80 mA, the curves indicate thermal rollover.

Figures 3(b) and 3(c) show the evolution of the RF spectrum
around the fundamental frequency and the optical spectrum
with the SOA current. An increase of the SOA current up
to around 66 mA results in a decrease of the fundamental fre-
quency and dramatic reshaping of the optical spectrum. Above
65 mA, the behavior stabilizes, and no significant changes are
observed. As discussed in [18], repetition frequency tuning oc-
curs due to variation in the saturation processes inside the SA
and SOA when the pulse intensity is changing. The time varia-
tion of the gain and absorption also can result in a distortion of
the optical spectrum [19] due to the self-phase effect in both
the SA and SOA. For instance, in [20], it was shown that self-
phase modulation effects in an SOA result in an oscillatory
shape of the optically amplified pulse spectrum. The effect in-
creases with an increase of the pulse intensity. Similar observa-
tions have been made in our case. An increase of the optical
power leads to the appearance of spectral wings on the high

Fig. 1. Mask layout of 12 GHz ring PML.

Fig. 2. Experimental setup used for the PML characterization. PD,
photodetector; ESA, electrical spectrum analyzer; SO, sampling
oscilloscope; EDFA, erbium-doped fiber amplifier; PC, polarization
controller; AC, autocorrelator; OSA, optical spectrum analyzer.

Fig. 3. (a) Fiber-coupled optical power and photocurrent generated
in the SA as a function of the SOA current U SA � −3.4 V. (b) RF
spectra for the range of I SOA � 35∶100 atU SA � −3.4 V. (c) Optical
spectra for the same operating conditions as in (b) and (a). (d) Example
of autocorrelation for ISOA � 59 mA. The autocorrelation full width
at half-maximum is 2.0 ps.
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energy side from the spectral peak. Above 66 mA, the spectral
shape remains relatively stable, which we attribute to a stabi-
lization of the peak intensity of the pulse. For the same reason,
above 66 mA, significant variation of the repetition frequency
was not observed.

We expect that the reason for such a broad optical comb can
be the high intracavity peak power of the pulse. In [15], we
presented a 20 GHz PML which was realized in the colliding-
pulse ring geometry. This laser had a shorter cavity length,
the same length of the SOAs and a 30 μm long SA. Even
though a similar geometry was used, the PML presented in
[15] showed a more than twice narrower bandwidth (below
20 nm at 20 dB level); the threshold current was more than
70 mA which is two times higher, and the optical power
was almost 3 dB lower than the one presented here at the same
current levels. Notice that the laser presented in [15] was
operating at higher repetition rates. This means that the peak
intensity of the pulse in the case of PML in this Letter is more
than three times higher.

One of the reasons for such an increased peak power can be
an improved quality of the integration technology used. The
electrical contacts were showing a decreased series resistance
from 3.8 · 10−3 to 2.9 · 10−3 Ω ·m, which results in a
reduction in heat dissipation and a higher net gain.

Operation at a different temperature can lead to a significant
difference in performance such us different central wavelength
[21]. The PML described here operates around 1565 nm which
is a 20 nm longer wavelength than the operating wavelength of
the previous PML. The small signal absorption of the SA is
strongly wavelength dependent and, as was shown in [22],
can increase by more than two times within this spectral range.
Thus, the reduced absorption of the SA leads to the increased
peak power which, consequently, leads to the stronger self-
phase modulation and the appearance of additional spectral
components in the optical spectrum.

The pulse formation was confirmed by the measurements of
the AC trace and time trace in the SO. An example of the AC
trace is shown in Fig. 3(d). The AC trace width at half-maxi-
mum is 2 ps. However, the signal was sent through the EDFA
first. The EDFA covers the C and L bands but, at 1565 nm, it
has a dip in its amplification spectrum. The signal produced by
the PML covers a spectral range from 1530 to 1580 nm. Thus,
the EDFA can significantly distort the pulse due to the inho-
mogeneous gain and, in addition, a dispersion caused by the
pulse propagation through 42 m of low-noise C� L band
erbium-doped fiber. Therefore, AC measurements can be used
only for a confirmation of pulse formation.

Since the observed optical comb has an oscillatory shape, the
width measured at 3 dB level is below or comparable to state-of-
the-art values reported in [15,23]. However, at −20 dB level the
width reaches more than 40 nm which exceeds the measure-
ments made with Q-dash lasers [14]. Figure 3(e) shows an
example of the optical comb with the width of 42 nmmeasured
at 20 dB below the top, measured at the same conditions as
Fig. 3(d).

In order to examine the coherence across the optical comb,
the following measurements were performed. First, we charac-
terized the RF spectrum of the signal which was sent through
the tunable bandpass filter (BPF) of 1.5 nm bandwidth. The
BPF is able to filter out around 10 longitudinal modes. The
results of these measurements are presented in Fig. 4.

Figure 4(a) shows RF spectra depending on the spectral posi-
tion of the tunable filter. Figure 4(b) shows the optical comb
which was investigated. The RF peak position showed an in-
crease of 200 kHz across the comb, which might be attributed
to a temperature drift, since the measurements took around
1 h. As can be seen from Fig. 4(a), the position of the funda-
mental RF peak does not show significant variation. This
stability indicates that all the spectral components are locked
at the same frequency. Moreover, the height of the RF peak
as a function of the filter wavelength is very similar to the varia-
tion of the optical power across the comb. From this, one can
conclude that there is no significant loss of coherence at the
edges of the comb, and the comb is not formed by several
mutually incoherent combs, as was observed in [24].

In order to investigate the chirp of the optical comb, the
measurements of the relative time delay between the spectral
components were studied.

The principle of these measurements is similar to the one
presented in [16]. In this method, the output signal from
the PML was divided into two parts. The first part is used
as a trigger signal for the SO, as is shown in Fig. 2 (upper
branch). The signal from the second path passes through
the BPF of 1.5 nm bandwidth to the SO and other instruments
(OSA and AC). By tuning the BPF across the comb, a relative
time delay between spectral components can be measured.
Moreover, in the same time, the AC traces of the filtered signal
were measured.

Figure 5(a) shows a time trace using the full spectral band-
width measured at I SOA � 90 mA and U SA � −3.5 V using
the 30 GHz SO. The period of the time signal produced is
around 80 ps which corresponds to the round-trip time of
the cavity. The RF spectrum of the same operating point is de-
picted in Fig. 5(b) and, in detail, in Fig. 5(c). The power ratio
between the peak at the fundamental frequency and noise of
the low frequency components is more than 40 dB. The line-
width of the fundamental peak measured at the 10 dB level is
390 kHz. The width of the autocorrelation trace of the non-
filtered signal was 1.9 ps. Measured AC traces of the filtered

Fig. 4. (a) RF spectrum as a function of the BPF position measured
at I SOA � 73 mA and U SA � −3.7 V. (b) Optical spectrum
measured for the same operating conditions as (a).
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tuned signal demonstrated pulse formation across the comb
and therefore also confirmed the spectral coherence of the
comb. The coherence was confirmed further by the measure-
ments of the time trace of the filtered signal using the SO. The
pulses were observed across the whole spectral range.

Figure 5(d) shows the optical spectrum (orange) and relative
phase delay (blue) measured at the same operating conditions as
Figs. 5(a)–5(c). The total time delay over 25 nm is 2.3 ps,
which corresponds to a chirp of 0.09 ps/nm. The optical path
from the laser to the SO included a total length of 4 m of single
mode fiber. The dispersion of such a fiber is 17 ps/nm/km. The
dispersion of the InP/InGaAsp output waveguide can be ne-
glected. Therefore, the contribution to the time delay from
the optical components outside the laser cavity is 1.7 ps.

A study of the coherent optical comb generated by a
12 GHz passively mode-locked ring laser is presented. We
demonstrate that QW-based passively PMLs can generate co-
herent optical combs wider than those demonstrated by QD
and Q-dash PMLs.

First, the laser was characterized under a range of injected
currents. It was shown that an increase of the injected current
leads to the broadening of the optical combs. An optical comb
of 42 nm width measured at −20 dB level from the top was
achieved.

Previously, in [15], we presented a ring 20 GHz PML fab-
ricated within the same integration platform. This laser showed
a flat frequency comb with a less than half the width of the laser
presented here. Moreover, the PML presented in this Letter
showed reduced threshold currents and an almost twice higher
output power at the same injected current levels. We explain
this increased performance by a decrease in resistance of the
electrical contacts and a decrease in SA absorption of the SA
due to the fact that the PML is operating at a longer wavelength
than the one in [15].

In this Letter, by measuring the RF signal, autocorrelation,
and time traces using a SO, we confirm the coherence across
the whole width of the optical comb. A time delay of 2.3 ps was
measured across optical comb.
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