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ABSTRACT
The lack of optical isolators in photonic integrated circuits is a limiting factor for on-chip laser pulse amplification with a Semiconductor
Optical Amplifier (SOA) power booster. Indeed, in the absence of optical isolation between an on-chip pulsed laser and the SOA power
booster, amplified feedback signals can enter the laser cavity and destabilize the laser output. In this study, we propose an easy-to-implement
and effective solution: a fully integrated Saturable Absorber (SA)-enhanced power booster that efficiently amplifies on-chip modelocked laser
pulses while isolating the laser cavity from amplified feedback. Our booster design consists of an InP SOA preceded by a short (20–40 μm)
InP SA. We demonstrate both experimentally and numerically that the presence of the short SA between the laser cavity and the SOA indeed
prevents feedback-induced laser destabilization while still allowing efficient power amplification. The SA is found to induce a small power
penalty of the order of 1 dB but, at the same time, allows using higher booster currents while maintaining stable laser operation. As such, our
novel SA-enhanced booster design enables the on-chip generation of high-power stable laser pulses for a wide range of application domains.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0296267

INTRODUCTION

InP integrated photonics has emerged as a key technology for,
among others, high-performance optical communication and signal
processing, and allows integrating both active photonic devices, such
as lasers and amplifiers, and passive components on a single chip.1

Integrated InP Mode-Locked Lasers (MLLs) have garnered
significant attention, as they enable on-chip generation of ultra-
short pulses and Optical Frequency Combs (OFCs).2–5 Compared
to traditional MLLs based on solid-state or fiber technologies, inte-
grated MLLs, and particularly those based on passive modelocking
by means of an intracavity Saturable Absorber (SA), offer a more
compact and energy-efficient solution while maintaining high repe-
tition rates and short pulses, as required for addressing the growing
demands in optical communication and data processing.2,3,5

Despite the advantages of integrated InP MLLs, a major chal-
lenge remains their limited pulse energy, typically on the order of
1 pJ.3,5 In InP Photonic Integrated Circuits (PICs), there is a trade-
off between efficient light generation and inherently lossy waveguide
transmission. Moreover, the high optical confinement in InP PICs,
while beneficial for compactness and efficiency, also results in lower
saturation power.5 The output pulses of an integrated InP MLL
can be amplified by an on-chip InP Semiconductor Optical Ampli-
fier (SOA). However, in the absence of optical isolation between
the laser and the SOA, amplified feedback signals can enter the
laser cavity and destabilize its output. Whether the feedback orig-
inates on-chip or off-chip, it will in either case be amplified by
the SOA before entering the laser cavity. Controlled feedback can
improve the lasing characteristics, e.g., by reducing phase noise
and jitter.6,7 However, uncontrolled feedback can destabilize laser
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sources, induce unwanted mode competition, and degrade overall
system performance, leading to increased noise, linewidth broaden-
ing, and reduced efficiency.8–10 In the presence of an SOA ampli-
fier, the feedback signal can become sufficiently strong to totally
deteriorate the pulsed operation of integrated MLLs.

This stability problem could be solved by means of an optical
isolator, but due to the lack of integrated optical isolators in PICs,
alternative solutions have been explored. These include enhancing
the intrinsic intracavity stability, implementing feedback suppres-
sion techniques, and leveraging non-reciprocal elements such as
active modulators or nonlinear effects to avoid coupling of the back
propagating signal into the laser cavity.10–14 Another interesting
approach, proposed by Heck et al.,15,16 involves the use of a concate-
nated sequence of several SA and SOA sections integrated on a chip.
They employed this concatenated structure in combination with a
pulsed fiber laser and observed amplification and reshaping of the
injected laser pulses.15,16 Although each of the solutions listed above
shows promise, they often come with trade-offs in terms of complex-
ity, power consumption, or effectiveness, and some were only tested
with external lasers that were not integrated on chip. Hence, on-chip
laser pulse amplification without destabilizing the laser itself remains
a persistent challenge.

To tackle this challenge, we propose a custom, fully integrated
power booster architecture for InP MLLs that enables efficient on-
chip amplification of the laser pulses while suppressing detrimental
feedback. The booster design is implemented using standard on-
chip components available in commercial InP photonic foundries,
ensuring compatibility with existing fabrication processes. Our
booster design consists of a 500 μm-long InP SOA, preceded by a
short (20–40 μm) InP SA. The presence of the short SA between
the laser cavity and the SOA effectively prevents feedback-induced
laser destabilization while still allowing efficient power amplifica-
tion. Indeed, in view of the SA’s nonlinear behavior, low-power
feedback signals are absorbed in the SA, while the high-power pulses
coming from the laser are almost fully transmitted by the SA. Our
novel SA-enhanced booster architecture enables the generation of
high-power on-chip pulses while maintaining stable laser operation,
and as such, benefits several application domains, including opti-
cal communications, data processing, metrology, and light detection
and ranging (LiDAR).

The structure of this paper is as follows: in the section Experi-
mental Setup, we describe the InP PIC layout with MLLs combined
with different booster configurations. In the section Experimen-
tal Results, we experimentally analyze the performance of our
SA-enhanced custom booster architecture in comparison to con-
ventional boosters. For this purpose, we study identical MLLs con-
nected with either a “custom” booster or a conventional booster and
investigate the output performance under diverse laser driving con-
ditions. In addition, in the section Numerical Simulation Results,
we present numerical simulation data for a conventional and a
“custom” booster to confirm our experimental observations. Finally,
we provide an overview of our findings and draw conclusions in the
section Summary and Conclusions.

EXPERIMENTAL SETUP

To investigate the performance of the proposed SA-enhanced
booster architecture, we prepared an InP PIC design with building

blocks as shown in Fig. 1(a) and submitted it to the Smart Photonics
foundry for fabrication in a multi-project wafer run. The PIC con-
tains several identical MLLs with a symmetrical racetrack resonator
layout. The MLL cavity contains two 570 μm-long SOAs, with a
35 μm-long SA in between to establish modelocked operation, and
also comprises a 50/50 multi-mode interference (MMI) coupler. The
passive waveguide sections in the laser cavity have a nominal wave-
guide width of 2 μm. The cavity length equals 4700 μm, and the pulse
repetition rate is ∼17.2 GHz at 1550 nm. The identical MLLs are
studied in three configurations: (a) Reference, i.e., the MLL is directly
connected with an output waveguide toward the chip output facet;
(b) Conventional “Only SOA” Booster, i.e., the MLL is followed by
a 500 μm-long InP SOA booster and an output waveguide; and (c)
Custom Booster, i.e., the MLL is followed by an SA-enhanced booster
and an output waveguide, with the booster composed of a short InP
SA (different lengths between 20 and 40 μm) and a 500 μm-long
InP SOA next to it. The SA lengths are made as short as allowed by
the foundry’s fabrication rules to minimize the SA-induced power
penalty (see further). The selected SOA length of 500 μm, which
is of the same order of magnitude as the length of the intracavity
SOAs, allows for significant gain while keeping the booster section
compact. A picture of one of the fabricated PICs containing the
structures mentioned earlier is presented in Fig. 1(b).

The output waveguides have an angled output facet with an
anti-reflection (AR) coating to minimize reflections, and the emitted
radiation is coupled to a lensed fiber (OZ Optics) that is AR-coated
as well. The manufacturer of the lensed fiber specifies a resid-
ual reflection of around 0.25%. The fiber-coupled radiation is then
directed via a fiber-based 50/50 power splitter to two different spec-
trum analyzers: we monitor the optical spectra and the output power
with an Optical Spectrum Analyzer (OSA, APEX AP2083A) and its
built-in power meter (PM), and we measure the radio frequency
(RF) electrical spectra with a 35 GHz photodiode (PD, New Focus
1474-A) followed by a 26.5 GHz Electrical Spectrum Analyzer (ESA,
Agilent E4407B). The driving currents for the SOAs and voltages for
the SAs on the PIC are applied using electrical probes connected to
a Thorlabs Pro8000 controller.

To compare the amplification and stability provided by the
“only SOA” and “custom” boosters, we select the same driving con-
ditions for all the MLLs and analyze the results obtained when
sweeping the booster current from 0 to 90 mA. In the SA-enhanced
“custom” boosters, the SA bias voltage is additionally varied from 0
to −4 V.

A representative optical spectrum of a reference MLL with
SOAs 1 and 2 driven at 80 and 40 mA, respectively, and with the
intracavity SA at −3 V bias, is shown in Fig. 1(c). As shown in
Fig. 1(a), SOA1 is identified as the SOA that is closest to the MMI in
the clockwise direction, i.e., the measurement direction and, there-
fore, the one that first encounters any feedback that propagates back
into the laser cavity. Although the central emission wavelength of the
laser SOAs is around 1550 nm, the MLL emission spectrum shows
that the spectral absorption of the SA in the laser cavity causes a red-
shift in the MLL emission toward 1575 nm. The spectral separation
of the OFC comb lines in the emission spectrum is equal to the pulse
repetition rate (17.2 GHz), which is determined by the MLL cavity
length.

For completeness, we have measured the MLL pulse dura-
tion with a frequency resolved optical gating instrument (FROG,
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FIG. 1. (a) Schematic illustration of the PIC building blocks and the experimental setup. (b) Picture of a fabricated InP PIC containing MLLs and different booster structures.
(c) Optical spectrum of a reference MLL driven at 80 mA (SOA1), 40 mA (SOA2), and −3 V (SA between SOA1 and SOA2). (d) Typical pulse shape showing a FWHM (full
width at half maximum) pulse duration of 4.2 ps. The pulse shape has been measured with a FROG connected to the chip output with a 10 m fiber patch cord.

Coherent Solutions HR150). Figure 1(d) shows the pulse trace of
one of the MLLs, exhibiting pulse durations of a few picoseconds.
This measurement was achieved with an on-chip “custom” booster;
no additional external amplification was needed to reach the min-
imally required power levels for the FROG (around 100 mW pulse
peak power for this pulse repetition rate).

EXPERIMENTAL RESULTS

We start by studying the MLL followed by the conventional
“Only SOA” booster and show that for such a configuration the laser
can indeed become unstable due to feedback. The laser’s SOA1 and
SOA2 are biased at 90 and 30 mA, respectively, and the intracavity
SA is biased at −3 V in this and all the remaining cases presented in
this section. Figure 2(a) shows the evolution of the RF peak output
power with 5 MHz resolution around 17 GHz as the SOA booster
current is increased from 0 to 90 mA. Our purpose is to evaluate rel-
ative changes in the modelocking stability. Here, we use the power
of the highest RF peak measured with 5 MHz resolution as a rela-
tive measure for changes in modelocking stability and for changes
in optical pulsing power. We note that an analogous approach for
evaluating the modelocking stability was also used in Refs. 17 and
18. The resolution of 5 MHz was chosen so that we can simultane-
ously monitor the evolution of the modelocking stability and pulsing
power.

The RF peak power curve in Fig. 2(a) is not monotonous, and
starting from 60 mA booster current, the RF peak power suddenly

decreases. This strong drop in RF peak power is caused by the desta-
bilization of the laser’s modelocked operation due to feedback, as
explained further on. We investigate this further by studying the
output at 40 and 80 mA booster currents, i.e., below and above the
onset of destabilization, respectively. Figures 2(b) and 2(c) show the
optical spectra at 40 and 80 mA booster currents, respectively, and
Figs. 2(d) and 2(e) display the corresponding RF spectra.

At 40 mA current injection in the booster SOA, the optical
spectrum in Fig. 2(b) shows an OFC envelope that, while not uni-
form, features a smooth, continuous shape. This is a sign of pulsing
stability, as also demonstrated by the narrow RF peak in Fig. 2(d)
with a 10 dB-bandwidth of 10 MHz. We note that Fig. 2(b) shows
signs of having more than one OFC; this is a typical feature of ring
MLLs operated at high currents.4

As the booster SOA current is further increased above 50 mA,
the amplification becomes very strong, and this also implies that any
feedback signal will gain strength before being coupled back into the
laser cavity. This amplified feedback can disrupt the stable pulsing
regime of the MLL. Indeed, Fig. 2(c) shows that the optical spec-
trum at 80 mA booster current is not as smooth as in Fig. 2(b),
with multiple frequency lines emerging from the OFC envelope.
The unstable laser operation at 80 mA booster current is further
confirmed by the RF spectrum in Fig. 2(e), which shows a signifi-
cantly broadened peak with a 10 dB-linewidth of ∼380 MHz and a
reduction in RF peak power by more than 14 dB. We note that the
RF linewidths across the full range of booster currents are also dis-
played in Fig. 2(a), showing a sudden change around 50 mA booster
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FIG. 2. RF peak power and RF linewidth around 17 GHz as a function of booster current for the MLL combined with the conventional “only SOA” booster (a). Output optical
spectra at booster currents of 40 mA (b) and 80 mA (c). RF spectra with a resolution of 5 MHz at booster currents of 40 mA (d) and 80 mA (e).

current, as does the RF peak power. We also note that the 10
dB-linewidth of the individual comb lines broadens from 9 pm at
40 mA booster current to 12 pm at 80 mA.

The optical and RF spectra in Figs. 2(b)–2(e) validate that the
evolution of the RF peak power in Fig. 2(a) provides an accurate and
reliable representation of the evolution of the MLL’s stability and
pulsing performance. To verify the origin of the feedback signal, we
test the influence of the lensed fiber collecting the emitted radiation.
When monitoring in real-time the RF and optical spectra while care-
fully misaligning the lensed fiber at the output facet, we observe that
misaligning the position of the lensed fiber effectively suppresses the
destabilizing feedback and restores stable pulsed operation. Hence,
although we have only 0.25% residual reflection at the AR-coated
lensed fiber, the resulting feedback signal can indeed destabilize the
MLL, as it can get strongly amplified in the conventional “only SOA”
booster before being coupled back into the laser cavity. Further anal-
ysis reveals no evidence that amplified spontaneous emission (ASE)
from the booster SOA or on-chip back reflections would play a role
in degrading the laser performance. In every tested unstable case,
stability is recovered by deliberately misaligning the output lensed
fiber such that the signal reflected back into the chip is strongly
diminished.

Next, we compare the performances of the “only SOA” booster
and “custom” booster configurations under the same laser driving
conditions as used for Fig. 2, i.e., 90 and 30 mA for SOA1 and SOA2,
respectively. Figure 3(a) presents the RF peak evolution as a func-
tion of booster SOA current for the “only SOA” booster (in dashed
line) and for the “custom” booster with a 20 μm-long SA at different
reverse bias voltages (in solid lines).

Figure 3(a) shows that for the SA-enhanced custom booster
with 0 V bias voltage, lasing destabilization occurs at a similar
booster current as for the conventional “only SOA” booster.

When progressively increasing the reverse bias voltage of
the SA in the custom booster (and, therefore, also increasing its
absorption), the custom booster configuration effectively suppresses
feedback-induced instability and preserves stable pulsed lasing

operation across the entire current range of the booster SOA. This
enhanced stability translates into improved RF peak power perfor-
mance across the full booster SOA current range, with maximum
RF peak powers reached at −2 and −3 V bias voltages (green and
purple curves, respectively).

This trend is further supported by the optical spectra shown
in Figs. 3(b)–3(e), representing the different cases in Fig. 3(a) at a
fixed booster current of 90 mA. More specifically, we compare the
output spectrum of the “only SOA” configuration [Fig. 3(b)] with
the spectra of the “custom” booster with reverse bias voltages of
0 V [Fig. 3(c)], −1 V [Fig. 3(d)], and −3 V [Fig. 3(e)], measured at
a booster current of 90 mA. A clear improvement in the smooth-
ness of the spectral envelope is observed across the series from
Figs. 3(b)–3(e). Indeed, the irregularities in the spectral envelope of
Fig. 3(b) are progressively reduced from Figs. 3(c)–3(e), hence con-
firming MLL pulsing stability in the latter figure, in full agreement
with the trend illustrated in Fig. 3(a). We note that the spectrum in
Fig. 3(e) shows signs of having more than one OFC, similarly to the
spectrum in Fig. 2(b). For completeness and in analogy with Fig. 2,
we furthermore provide RF spectra in Figs. 3(f)–3(i) for the same
configurations as in Figs. 3(b)–3(e). We observe narrowing of the
RF spectra, starting from a linewidth of ∼430 MHz in Fig. 3(f) down
to a linewidth of 15 MHz in Fig. 3(i) for a reverse bias voltage of
−3 V. A narrower RF linewidth accounts for stronger phase mode
locking among the lasing modes, lower phase noise,19 and lower
pulse-to-pulse timing jitter.20

The results outlined above highlight both the effectiveness and
tunability of the SA-enhanced custom booster configuration. By
adjusting the SA bias voltage of the custom booster, it is possible to
fine tune feedback isolation while significantly improving the MLL
pulsing stability compared to the case where a conventional “only
SOA” booster is employed. We point out that the SA-enhanced
custom booster enables feedback isolation regardless of the ori-
gin of the feedback signal. A discussion on the output power of
the different booster configurations will follow at the end of this
section.
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FIG. 3. (a) RF peak power around 17 GHz as a function of booster current for the MLLs combined with the conventional “only SOA” booster (blue dashed line) and with the
“custom” booster with a 20 μm-long SA at different bias voltages (solid lines). Output optical/RF spectra at 90 mA booster current for the MLLs followed by the “only SOA”
booster (b)/(f) and the “custom” booster with 20 μm-long SA at 0 V (c)/(g), −1 V (d)/(h), and −3 V (e)/(i) reverse bias voltage.

Another crucial parameter for studying the influence of feed-
back in a ring-cavity MLL with two SOAs is the current balance
between the two SOAs. Since the MLL is subjected to a backward-
traveling feedback signal from the lensed fiber reflection, one of the
SOAs is the first to experience the feedback signal inside the cavity,
and in our setup, this is SOA1 [see Fig. 1(a)]. For this reason, the cur-
rent balance between both SOAs in the cavity, even with a constant
total injected current, plays a significant role in the MLL’s sensitivity
to destabilization.

To illustrate the importance of the MLL current balance,
Fig. 4(a) shows the evolution of the RF peak power for MLLs with
“only SOA” and “custom” boosters with 30 μm-long SAs as a func-
tion of the booster current while applying 70 mA to SOA1 and
30 mA to SOA2. Figures 4(b) and 4(c) show the same curves, but
this time for 50 mA/50 mA and 30 mA/70 mA applied to SOA1
and SOA2, respectively. Hence, Figs. 4(a)–4(c) illustrate three dif-
ferent MLL current balance conditions, with a constant total injected
current of 100 mA.

Figure 4(a) presents a balance of 70% (70 mA) injected into
SOA1 and 30% (30 mA) into SOA2. This scenario is similar to that
of Figs. 2 and 3, and analogously, the “only SOA” booster leads to
destabilization of the laser’s pulsing regime above a certain booster
current, while the SA-enhanced “custom” booster prevents destabi-
lization over the entire booster current range, achieving higher RF

peak power than the “only SOA” booster. We note that, when apply-
ing more current to SOA1 than to SOA2, the laser cavity is very
sensitive to feedback. This is a direct consequence of the laser lay-
out, in which the feedback signal first passes through SOA1 and,
in view of the high current applied to SOA1, experiences a strong
amplification and is more likely to impact the laser’s stability.

In contrast, when the MLL current balance is shifted toward
SOA2, for instance, with symmetric injection (50 mA/50 mA), as
considered in Fig. 4(b), the curve for the MLL with “only SOA”
booster does not exhibit a sharp drop in RF peak power. Neverthe-
less, the curve still suggests that the laser’s stability is not maintained
over the entire booster current range, as the RF peak power levels
off around 60 mA, and when verifying the RF spectrum (not shown
here), the RF peak is found to broaden but is not yet completely
distorted.

When shifting the MLL current balance even more to SOA2 by
applying, respectively, 30 mA/70 mA to SOA1/SOA2, as considered
in Fig. 4(c), neither the “only SOA” nor the “custom” boosters show
signs of MLL destabilization for any booster current value. In this
case, the “custom” booster, although more lossy because of the pres-
ence of the SA in front of the SOA, yields only slightly lower RF peak
powers than the conventional “only SOA” booster.

Figures 3 and 4 demonstrate the effectiveness of the
SA-enhanced “custom” booster for different SA lengths and laser
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FIG. 4. RF peak power around 17 GHz as a function of booster current for the MLLs combined with the “only SOA” booster and “custom” booster with a 30 μm-long SA, at
different MLL current balances between SOA1 and SOA2: (a) 70 mA (SOA1)/30 mA (SOA2), (b) 50 mA/50 mA, and (c) 30 mA/70 mA. The total MLL injected current is kept
constant at 100 mA.

driving conditions. Our new booster design successfully suppresses
destabilization for the most sensitive configurations while incurring
minimal performance penalties for configurations that are less prone
to feedback (a more detailed discussion on the performance penalty
will follow further on). That said, it should be noted that Figs. 3 and
4 present results for only a limited selection of devices and driv-
ing conditions. A comprehensive statistical study covering a larger
number of devices on several PICs, operated under a wider range of
driving conditions, is required to verify the general validity of our
findings.

To this end, we characterize MLLs with “only SOA” and
“custom” boosters featuring 20, 30, and 40 μm-long SAs on eight
different PICs. We measure their maximum RF peak powers while
varying the MLL current balance ratio from 30/70 to 70/30 in 10%
increments and while keeping the total injected MLL current fixed at
100 mA. To determine the maximum RF peak powers, we apply for
each case the optimal SOA booster current (and, for the “custom”
booster, also the optimal SA reverse bias voltage) for which the RF
peak power is maximized. The results are summarized in Fig. 5. The
data points in Fig. 5 represent the averaged RF peak powers for each
configuration, i.e., averaged over eight different PICs, and the error
bars denote the standard deviation.

In Fig. 5, we can distinguish three different scenarios: (1) asym-
metrical bias in favor of SOA1, e.g., 30% current in SOA2, (2)
symmetrical bias, and (3) asymmetrical bias in favor of SOA2, e.g.,
70% current in SOA2. In scenario (1), the majority of the cur-
rent is applied to the SOA that first experiences the feedback signal
(SOA1 in our setup, as discussed earlier), while the opposite occurs
in scenario (3).

In scenario (1), the SA-enhanced “custom” boosters consis-
tently outperform the conventional “only SOA” booster across all
SA lengths, both in averaged RF peak power and in standard devia-
tion. This implies improved stability and reproducibility across the
different PICs. The 20 and 30 μm SA-based boosters yield the highest
average performance, while the 40 μm SA-based booster achieves the
lowest variability, which may benefit stability-critical applications.

Under symmetric bias (2), i.e., scenario (2), the 20 and 30 μm
SA-based boosters continue to outperform the “only SOA” booster
in terms of both averaged RF peak power and variability. In

FIG. 5. Statistical analysis of RF peak power around 17 GHz, averaged over 8
PICs, as a function of the percentage of current applied to SOA2, under a constant
total MLL current of 100 mA. The results are shown for the “only SOA” booster
(blue color) and for the “custom” boosters with 20 (red), 30 (yellow), and 40 μm-
long (purple) SAs.

contrast, the 40 μm version falls slightly below the “only SOA”
booster in averaged RF peak power; however, it still offers enhanced
stability.

In scenario (3), the conventional “only SOA” booster yields
the highest averaged RF peak power, but at the cost of significantly
increased standard deviation across the different PICs. In contrast,
the 30 μm SA-based booster still achieves an averaged RF peak
power that is comparable to that of the “only SOA” booster (within
1 dB) while substantially reducing statistical uncertainty. The 40 μm
variant, however, offers no additional benefit in this scenario as
compared to the “only SOA” booster.

In summary, the statistical analysis presented in Fig. 5 con-
firms the robustness and reproducibility of stable pulsed lasing with
the SA-enhanced “custom” boosters across multiple PICs and cur-
rent balance ratios, particularly for SA lengths of 20 and 30 μm.
A major advantage of the SA-enhanced boosters is that they are
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general-purpose building blocks that can be appended not just to
symmetrical ring cavity MLLs as considered here but essentially to
any integrated pulsed laser in order to solve the feedback prob-
lem. It is important to note that the RF peak powers as shown in
Fig. 5 serve as a direct indicator of the quality and consistency of
the laser’s pulsed operation. A comparison based on total optical
output power shows that average output powers exceeding 2.6 and
2.4 mW, respectively, can be generated with “only SOA” boosters
and “custom” boosters. Hence, the “only SOA” booster can deliver
marginally greater optical output powers than the “custom” boost-
ers. However, the highest optical output powers are obtained for
high booster currents, where the RF peak power for the “only SOA”
booster tends to drop as discussed earlier. For the example above
with optical output powers of 2.6 and 2.4 mW for the “only SOA”
and “custom” boosters, the RF peak power is more favorable for
the “custom” booster by more than 12 dB. This is because the MLL
with the “only SOA” booster features unstable pulsing, and its opti-
cal output power of 2.6 mW comprises contributions from both
CW and pulsed components, which cannot be distinguished by low-
bandwidth power meters. Therefore, the optical output power does
not provide a reliable measure of the pulsed laser performance for
the “only SOA” booster. In contrast, for the “custom” boosters, the
RF peak powers remain high even for high booster currents, so that
the measured optical output power is due to pulsed laser operation
only. The difference in total optical output power (0.2 mW in the
example mentioned above) finds its origin in the SAs included in
the “custom” boosters, which unavoidably induce some loss. Trans-
mission measurements carried out for stand-alone SAs (20–40 μm
in length) with picosecond pulsed input light confirm that this small
power penalty is consistent with the SA’s induced loss in the satu-
rated regime. Finally, we point out that the loss caused by the SA
is only a small fraction of the total amplification enabled by the
SA-enhanced custom boosters, which goes up to 7.3 dB for the case
with 2.4 mW optical output power.

NUMERICAL SIMULATION RESULTS

To support the experimental results discussed in the pre-
vious sections with theoretical insight, we numerically simulate
the booster dynamics using an open-source traveling-wave model
(TWM) presented in Ref. 21, known as PHIsim.22 The model
employs the SOA/SA rate equations presented in Ref. 23, account-
ing for key nonlinear effects such as two-photon absorption, car-
rier heating, and free carrier absorption, featuring a quadratic
dependence on carrier density.22

FIG. 6. Schematic illustration of the numerically simulated setup containing an
SA-enhanced booster.

TABLE I. Parameters employed in the PHIsim simulation.

Simulation

Time step (fs) 25.8
Simulated time (ps) 2500
Active region height (nm) 26.5
Active region width (μm) 2

Injected pulse

Pulse FWHM width (ps) 1
Pulse peak power (mW) 50
Pulse energy (pJ) 0.05
Pulse repetition frequency (GHz) 20

SOA

Carrier lifetime (ps) 598
Gain coefficient (m2) 1.694 × 10−19

Carrier linewidth enhancement factor 4
Carrier temperature linewidth
enhancement factor 2
Two photon absorption (cm/GW) 37
ASE coupling factor to SOA (s−1) 10 × 10−4

Free carrier absorption (m−1/m3) 2.264 × 10−21

Free carrier absorption quadratic
term (m−1/m6) −2.502 × 10−46

SA

Carrier lifetime (ps) 15
Losses (cm−1) 1
Transparency carrier density (m−3) 6.577 × 1023

The simulated setup, represented in Fig. 6, includes an input
sech2-shaped pulse, a 500 μm-long “only SOA” booster or an
SA-enhanced “custom” booster with a 20 μm-long SA and 500 μm-
long SOA, a reflection of 0.25%, replicating that produced by the
AR-coated lensed fiber employed in the experimental setup, and
optical power measurements for the forward and backward prop-
agating signals. The latter corresponds to the feedback signal that,
experimentally, would be injected back into the MLL cavity, and the
forward propagating signal is the one that would be measured at the
output of the chip.

Table I shows the general simulation parameters, as well as the
parameter values for the injected pulse, SOA, and SA used in the
simulation.24

The simulated performance of the custom SA-enhanced
booster relative to the “only SOA” configuration is evaluated in
Fig. 7. The blue curve “Only SOA—Custom Booster forward”
shows the difference in output pulse power after forward propaga-
tion through, respectively, the “Only SOA” booster and “custom”
booster. The yellow curve “Only SOA—Custom Booster backward”
shows the power difference measured in the backward direction,
i.e., after the forward propagating pulse has undergone a 0.25%
reflection and subsequently traveled back through the “Only SOA”
booster and “custom” booster, respectively. The results indicate that
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FIG. 7. Simulated difference in optical power for the “Only SOA” booster vs
the “custom” booster with 20 μm-long SA, in forward (blue color) and backward
(orange) propagation when injecting a 1 ps sech2 pulse with 50 mW peak power.

the SA of the “custom” booster introduces an insertion loss around
1 dB or less in the forward path, in good agreement with our exper-
imental observations, while simultaneously achieving a reduction
of more than 1.5 dB in backward propagating power. This amount
of feedback suppression, provided by the short (20 μm) SA of the
“custom” booster, turns out to be sufficient to prevent laser destabi-
lization as observed experimentally. Figure 7 also indicates that the
feedback suppression exceeds the marginal output power penalty
in the forward direction for the SA-enhanced “custom” booster,
hence supporting the experimentally observed enhancement in out-
put performance enabled by the “custom” boosters. We note that
the feedback suppression represented by the orange curve in Fig. 7
shows a nonlinear dependence on the booster current because
of the SA’s intrinsic nonlinear behavior but remains larger than
1.5 dB over the entire booster current range. Our simulation results
thus confirm that the SA-enhanced “custom” boosters provide suffi-
cient feedback suppression to enable stable laser pulsing even for the
highest booster currents.

SUMMARY AND CONCLUSIONS

In this study, we have introduced a novel SA-enhanced on-chip
power booster design that allows amplifying the emission of inte-
grated pulsed lasers, such as MLLs, while suppressing the impact
of detrimental optical feedback. Through extensive experimental
characterization and numerical simulations, we have demonstrated
the effectiveness of the proposed design in comparison with con-
ventional “only SOA” boosters across a wide range of operating
conditions and device variants.

Our experimental results show that conventional “only SOA”
boosters can induce destabilization of the lasers’ pulsing regime
at high booster current levels, leading to a decrease in RF peak
output power. In contrast, the proposed SA-enhanced “custom”
boosters maintain stable laser operation across the full booster cur-
rent range, allowing reliable and efficient pulse amplification. These
observations are further supported by numerical simulation results,
confirming that the proposed “custom” booster design provides

improved feedback isolation toward the laser cavity. In addition,
since we can precisely control the reverse bias voltage applied to the
SAs in the “custom” boosters, we can effectively mitigate feedback-
induced instabilities even in sensitive conditions. Thanks to the
nonlinear response of the proposed SA-enhanced booster archi-
tecture, robust laser isolation can be provided while minimizing
insertion loss.

To validate these findings, we have performed a systematic sta-
tistical analysis across multiple PICs, lasers, and operation points.
The study reveals that some MLL driving conditions are more
sensitive to feedback than others, but generally, the use of an
SA-enhanced “custom” booster instead of an “only SOA” booster
benefits the robustness and reproducibility of stable pulsed lasing
across multiple PICs, particularly for SA lengths of 20 and 30 μm.
We note that in cases where more current is injected into SOA1
of the MLL than into SOA2, custom boosters with 20 and 30 μm-
long SAs consistently deliver the highest RF peak powers and lowest
variability, confirming their effectiveness in both performance and
reproducibility.

Notably, although similar optical output powers can be
achieved with conventional “only SOA” and “custom” boosters (2.6
and 2.4 mW, respectively, at high booster currents), the “only SOA”
booster fails to maintain the pulsing regime in that case, as evi-
denced by a drop of more than 12 dB in RF peak power compared to
the “custom” booster. Hence, its optical output power of 2.6 mW
comprises contributions from both CW and pulsed components,
whereas the output power of 2.4 mW for the “custom” booster is
due to pulsed laser operation only. We also note that the overall sig-
nal amplification of the “custom” SA-enhanced booster reaches up
to 7.3 dB in that case and that the SA’s power penalty is only on the
order of 1 dB or less, as confirmed through numerical simulations.

In summary, the integration of a short SA into on-chip power
boosters for integrated MLLs significantly enhances the lasers’ puls-
ing stability, robustness, and repeatability while allowing for efficient
amplification. In view of its simplicity, scalability, and effectiveness,
our approach to providing feedback isolation can be very benefi-
cial for feedback-sensitive integrated photonic systems in various
application domains, ranging from optical communication and data
processing to LiDAR and metrology.
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