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Abstract We report measurement of the first carrier-enve-
lope offset (CEO) frequency signal from a spectrally broad-
ened ultrafast solid-state laser oscillator operating in the
1.5 µm spectral region. The f -to-2f CEO frequency beat
signal is 49 dB above the noise floor (100-kHz resolution
bandwidth) and the free-running linewidth of 3.6 kHz is
significantly better than typically obtained by ultrafast fiber
laser systems. We used a SESAM mode-locked Er:Yb:glass
laser generating 170-fs pulses at a 75 MHz pulse repeti-
tion rate with 110-mW average power. It is pumped by
one standard telecom-grade 980-nm diode consuming less
than 1.5 W of electrical power. Without any further pulse
compression and amplification, a coherent octave-spanning
frequency comb is generated in a polarization-maintaining
highly-nonlinear fiber (PM-HNLF). The fiber length was op-
timized to yield a strong CEO frequency beat signal between
the outer Raman soliton and the spectral peak of the dis-
persive wave within the supercontinuum. The polarization-
maintaining property of the supercontinuum fiber was cru-
cial; comparable octave-spanning supercontinua from two
non-PM fibers showed higher intensity noise and poor co-
herence. A stable CEO-beat was observed even with pulse
durations above 200 fs. Achieving a strong CEO frequency
signal from relatively long pulses with moderate power lev-
els substantially relaxes the demands on the driving laser,
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which is particularly important for novel gigahertz diode-
pumped solid-state and semiconductor lasers.

1 Introduction

Self-referenced frequency combs from passively mode-
locked femtosecond lasers offer a phase-stable link between
optical and microwave frequencies [1–3]. The extremely
high measurement accuracy of such combs has enabled sig-
nificant progress in areas such as precision metrology and
spectroscopy [2, 4]. To date, most applications have used
frequency combs generated by either Ti:Sapphire or fiber
lasers. Ti:Sapphire laser oscillators were the first lasers in-
vestigated for self-referenced frequency comb generation
[1–3], and many different schemes have been proposed
using, for example, an f -to-2f or 2f -to-3f frequency
beat signal [1]. Initially the octave-spanning spectrum re-
quired for the f -to-2f frequency beat signal was only ob-
tainable with additional spectral broadening in an external
fiber [2, 3]. More recently, CEO-stabilized Ti:Sapphire fre-
quency comb systems have been widely employed because
of their excellent low-noise performance [5], operation at
high repetition rates [6], and the possibility to generate
an octave-spanning spectrum directly from the laser with
improved intracavity dispersion management [7]. Unfortu-
nately, Ti:Sapphire lasers have several drawbacks, such as
the lack of direct diode-pumping, a relatively low overall
system reliability, a limited spectral coverage, and (last but
not least) high cost. This has limited their impact for many
application areas and strongly motivated research into alter-
native approaches to generating compact frequency combs.

In this context, the demonstration of CEO-stabilized fem-
tosecond fiber lasers has been a breakthrough [8], because
these systems can be integrated into a small package and
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Fig. 1 Overview of the
experimental approach: spectral
broadening of the laser output in
a polarization-maintaining
highly-nonlinear fiber
(PM-HNLF) is sufficient for
CEO frequency detection with
an f -to-2f interferometer

are considerably cheaper and more reliable than Ti:Sapphire
systems. Furthermore, they can access the important tele-
com 1.5-µm spectral region, enabling the usage of standard
telecom optics and applications such as long-range fiber
distribution of frequency references. However, noise sup-
pression and operation at multi-gigahertz repetition rates
are more challenging than for Ti:Sapphire systems. Fem-
tosecond fiber oscillators can show a considerable amount
of excess noise [8–14], which arises from the spontaneous
emission, the low cavity quality factor, and large intracav-
ity nonlinearities [15]. Even at quantum-limited noise per-
formance, fiber lasers can easily exhibit significant timing-
jitter, which is a challenge for stable frequency comb gen-
eration [16]. It is therefore important to implement efficient
noise suppression schemes [17–20]. Furthermore, repetition
rate scaling in fundamentally mode-locked fiber lasers is
challenging. Harmonic modelocking, for which more than
one pulse is running within one cavity round trip, usually
suffers from significant instabilities such as pulse dropout.
A major breakthrough was the recent demonstration of a
fundamentally mode-locked femtosecond fiber laser with a
repetition rate of 1 GHz [21]. However, this is still signifi-
cantly lower than the 10 GHz obtained from a mode-locked
40-fs Ti:Sapphire laser [22].

In this study, we focus on diode-pumped solid-state
lasers (DPSSLs), which are a promising alternative to over-
come many of these drawbacks. Self-starting and reliable
femtosecond pulse formation is achieved by passive mod-
elocking with a semiconductor saturable absorber mirror
(SESAM, [23, 24]). In terms of cost-efficiency and relia-
bility, their performance is similar or better than of fem-
tosecond fiber oscillators, and furthermore, they can access
higher average power levels [25, 26]. In addition, femtosec-
ond DPSSLs also have low intrinsic noise which makes
them well-suited for optical frequency comb applications.
However, only a few frequency combs have been demon-
strated with DPSSLs even though a large number of fem-
tosecond bulk laser oscillators have been demonstrated [27].
The first CEO frequency measurement from a DPSSL used
Cr:LiSAF as the gain material operating at a center wave-
length of 894 nm [28]. The 115-mW output power in 57-
fs pulses at 93 MHz repetition rate was sufficient to gen-
erate an octave-spanning spectrum from 530 to 1060 nm.
The resulting CEO frequency signal had 40 dB signal-to-
noise and low bandwidth, but the system had to rely on Kerr-

lens-modelocking, which is a challenge for “real-world” ap-
plications outside controlled laboratory environments. The
second DPSSL-based CEO frequency measurement used an
Yb:KYW femtosecond laser operating at 1030 nm [29]. In
this system, the 290-fs pulses from the laser oscillator were
first amplified and spectrally broadened with an Yb-doped
fiber amplifier and then compressed to 80 fs before the su-
percontinuum was generated. The resulting CEO-beat had
34 dB signal-to-noise and low bandwidth.

Here we present the first CEO frequency signal measure-
ment using a femtosecond DPSSL operating in the telecom
1.5-µm spectral region. Self-starting and reliable pulse for-
mation is achieved by a SESAM, and the laser generates
pulses as short as 170 fs at 75 MHz pulse repetition rate
and with an average power of 110 mW. The pulses of the
low-noise laser are directly launched into a polarization-
maintaining highly-nonlinear fiber (PM-HNLF). Without
any further pulse compression and amplification, an octave-
spanning supercontinuum is generated, and the CEO fre-
quency signal is detected by an f -to-2f interferometric
technique [1] (Fig. 1). Our Er:Yb:glass laser achieves high
signal-to-noise ratio and lower bandwidth than free-running
fiber oscillators.

2 The femtosecond Er:Yb:glass oscillator

A passively mode-locked femtosecond Er:Yb:glass oscilla-
tor has several important advantages. It can be pumped di-
rectly with telecom grade laser diodes enabling highly reli-
able, efficient and stable laser operation. The spectral cover-
age of the Er:Yb:glass gain bandwidth is well suited for op-
eration in the telecom C-band [30]. In Fig. 2, the schematic
of our laser oscillator is shown. It is an improved version
of a previous laser which achieved 200-fs pulses with 100
mW average power at a repetition rate of 75 MHz [31]. The
main change in this present work was the implementation
of a more powerful pump diode (600 mW). A total nega-
tive dispersion of −2000 fs2 per cavity roundtrip is intro-
duced by ten dispersive mirrors. The laser achieves 170-fs
pulses with an average power of 110 mW at the same repe-
tition rate (Fig. 3). The pulses were transform-limited with
time-bandwidth product 0.31. Note that the measured auto-
correlation function of the pulses was very well fitted assum-
ing a sech2-pulse profile typically observed for stable soliton
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Fig. 2 Design of the ultrafast Er:Yb:glass oscillator. SESAM:
semiconductor saturable absorber mirror; GTI: high reflective
Gires–Tournois interferometer type mirror, dispersion −100 fs2; OC:
output coupler, transmission 1.7%. The laser output passes through an
isolator for protection against back reflections, and waveplates for po-
larization control

modelocking and for which the pulse duration is determined
by the amount of negative dispersion and self-phase modu-
lation [32]. Thus the duration of the output pulses can also
be adjusted with the pump power according to Eq. (21) in
Ref. [32]. As explained later, this can be used to control the
CEO frequency.

The key advantage of this setup for frequency comb ap-
plications is the excellent stability of the laser. At higher
repetition rates, SESAM mode-locked Er:Yb:glass-lasers
have demonstrated close to quantum noise limited perfor-
mance [33]. A detailed analysis shows that resonators with
higher Q-factors have a lower quantum noise limit [15].
Thus, the oscillator was designed for minimum intracavity
loss. The output coupling is only 1.7%, the nonsaturable
losses of the SESAM are below 0.2% measured with very
high accuracy [34], and the transmission of one (GTI)-
mirror is below 0.01%. Therefore the total roundtrip loss of
the cavity is well below 3%, leading to a substantially higher
Q-factor and a significantly lower quantum noise limit than
typical fiber lasers. The excellent noise performance of this
laser is verified by relative intensity noise measurements
(Fig. 6; see [31] for a description of the measurement rou-
tine).

3 Supercontinuum generation

In order to use the f -to-2f interferometer scheme for CEO
frequency detection, it is essential to provide a phase-stable,
octave-spanning spectrum from the laser pulse train. So far,
only Ti:Sapphire oscillators can achieve an octave-spanning
spectrum directly from the oscillator [7]. Other femtosec-
ond lasers rely on strong spectral broadening in fibers un-
der conditions that preserve essential phase coherence [35].
For example, it has been shown that the coherence might
strongly degrade at longer input pulse durations [36, 37]. In
addition, high spectral power densities separated by an oc-
tave are required to achieve good signal strength of the f -

to-2f frequency beat signal that determines the CEO fre-
quency. These issues are particularly challenging for the
rather long pulse durations of 170 to 300 fs available from
our Er:Yb:glass laser, and thus required a detailed investiga-
tion and optimization of the nonlinear spectral broadening.

Both octave-spanning broadening and excellent coher-
ence were achieved using a state-of-the-art dispersion-
flattened, polarization-maintaining, highly-nonlinear fiber
(manufactured by OFS Fitel Denmark [38, 39]). The fiber
was fabricated with an all-solid design by the Modified
Chemical Vapor Deposition (MCVD) technique. Polariza-
tion maintenance (PM) is introduced by an elliptical core
while the nonlinearity is enhanced through Ge-doping. The
fiber has a specified beat length of 10.4 mm and an effective
area of 12.7 µm2, giving an estimate of 10.5 W/km for the
nonlinear coefficient. A measured dispersion curve is plotted
in Fig. 4. By optimizing the input polarization and choosing
an appropriate fiber length of 1.3 m we could shift the outer
spectral peaks to be separated exactly by one octave (Fig. 4).
The supercontinuum had an average power of 50 mW and it
was polarized and stable.

In order to gain more insight into the dynamics of su-
percontinuum generation, we performed numerical simula-
tions based on a generalized nonlinear Schrödinger equa-
tion. The pulse propagation in the PM-HNLF was calcu-
lated with a split-step algorithm including the effects of dis-
persion, self-phase modulation, self-steepening, and Raman
effect [36, 40]. Using the fiber parameters and the laser pa-
rameters from above, a cubic extrapolation of the measured
dispersion slope (D parameter), and assuming a coupling
efficiency of 70% into the fiber, we could achieve excel-
lent agreement with our measured spectra (Fig. 4). The sim-
ulations reveal that the supercontinuum generation can be
well explained with the model of high-order soliton fission
as is expected due to the seeding in the anomalous disper-
sion regime (Fig. 5) [36]. Soliton fission occurs after about
10 cm of PM-HNLF. Afterwards, Raman scattering gener-
ates red-shifted soliton pulses at the long-wavelength part
of the spectrum, which in turn create new spectral compo-
nents on the short-wavelength edge through resonant energy
transfer. After only 20 cm, the supercontinuum has nearly
reached its final spectral width. In the following section of
the fiber, only slow broadening up to the final supercontin-
uum bandwidth takes place, mainly due to increased Ra-
man soliton self-frequency shift. A particular benefit of the
supercontinuum process that is not widely appreciated is
the fact that the outer Raman soliton has high peak power,
which gives rise to good efficiency at the second harmonic
generation (SHG) in the subsequent f -to-2f -interferometer
and thereby contributes to the excellent signal-to-noise ra-
tio (Fig. 5). Although supercontinuum generation can read-
ily generate the necessary octave of bandwidth for f -to-2f

interometery, high-contrast CEO-beat signal detection also
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Fig. 3 Pulses from the SESAM
mode-locked Er:Yb:glass laser
as shown in Fig. 2: spectrum (a)
and autocorrelation trace (b) of
the generated pulses directly
after the oscillator plotted with
fits for a sech2-pulse

Fig. 4 Generated
supercontinuum. Blue line:
measured spectrum of the
1.3-meter PM-HNLF; red line:
simulated spectrum of the
1.3-meter PM-HNLF; green
line: unbroadened laser
spectrum; gray line: dispersion
profile of the PM-HNLF used in
the simulation; black dots:
measured dispersion profile [39]

requires intensity and phase stability across the supercon-
tinuum spectrum [41]. For our parameters, the input soliton
number N is approximately 6, which suggests that coherent
supercontinuum broadening should be possible [36] and this
was checked explicitly by carrying out multiple simulations
in the presence of noise to verify that unity coherence across
the octave bandwidth was indeed maintained [37].

While a direct measure of the coherence in experiments
is difficult [35], we evaluated different fibers and measured
the relative intensity noise (RIN) of their supercontinuum as
there is a general tendency towards higher intensity noise
when the coherence is poor [37]. In consequence, a fiber
with low intensity noise is a good candidate for a coherent
supercontinuum process. Because of the low noise levels,
a direct detection of the photocurrent with an RF-analyzer is
not suitable for lower frequencies and a time-domain mea-
surement scheme with a resolution bandwidth of only 1 was
applied (Fig. 6a) as described in [31]. At higher noise fre-
quencies, an RF-analyzer was used with a resolution band-
width of 10 kHz (Fig. 6b) and 100 kHz (Fig. 6c), respec-
tively. All measurements were recorded with the same av-
erage photocurrent and have afterwards been normalized
to dBc/Hz. For the measurement of the instrument noise
floor, the photodiode was exposed to an incandescent lamp
generating the same photocurrent. The measurements have
been performed with a standard InGaAs photodiode with a
peak sensitivity at the laser’s center wavelength and good
sensitivity at the short-wavelength range of the supercon-

Fig. 5 Simulated supercontinuum spectrogram projected onto the
temporal and spectral intensity distribution revealing the underlying
dynamics [36]

tinuum. Although the RIN levels can strongly vary across
the entire SC spectrum [41], it is very unlikely that in-
stabilities would only occur in the long-wavelength spec-
tral region >1700 nm outside the sensitivity range of the
photodiode. We tested three different fibers, each gener-
ating an octave-spanning supercontinuum at the displayed
fiber length. A comparison reveals significant differences
between their RIN levels.

For high frequencies, the RIN of the laser and the PM-
HNLF approach the system noise floor: above ∼200 kHz,
the laser and the PM-HNLF show shot-noise-limited per-
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Fig. 6 Measured relative intensity noise (RIN). RIN of our ultrafast
Er:Yb:glass oscillator (dark blue line); the supercontinuum generated
with the non-PM-HNLF 1 (light blue line), the non-PM-HNLF 2 (red
line), the PM-HNLF (green line), and the instrument noise floor (pur-
ple line). The low frequency range (a) was recorded with a resolution

bandwidth of 1 Hz, the frequency range (b) with 10 kHz, and the fre-
quency range (c) with 100 kHz, respectively. The average photocurrent
was constant at all measurements and corresponds to the indicated
shot-noise level at −149 dBc/Hz (black horizontal line)

Fig. 7 The f -to-2f

interferometer used for CEO
frequency detection after the
PM-HNLF

formance at approximately −150 dBc, which is lower than
reported for a low-noise fiber laser [42]. The single peak
of the PM-HNLF at 1.6 MHz is probably caused by an
insufficient shielding of the detection system. In the fre-
quency range above 200 kHz, the non-PM fibers obviously
generate substantial noise power compared to the PM-fiber.
Hence, one would expect better coherence from the PM-
fiber. Indeed, we have not been able to generate a CEO-beat
from our laser with the non-PM-HNLF 1 at all, although
its spectral bandwidth and signal strength would allow for
CEO frequency detection. Only by launching much shorter
65-fs pulses from an amplified 1.5-µm fiber laser system
into this fiber, CEO-beats could be generated at low sig-
nal levels revealing crucial sensitivity to the input polar-
ization. In contrast, the PM-HNLF allows for stable CEO-
beat generation even from the moderate pulse durations of
the Er:Yb:glass oscillator. Here, the supercontinuum gener-
ation is very stable against perturbations on the input po-
larization or on the fiber itself. This result suggests the oc-
currence of chaotic nonlinear polarization rotation in the
non-PM-HNLFs causing crucial instabilities during super-
continuum generation [43]. Consequently, the coherence de-
cays and excess intensity noise is observed. With a PM-
fiber these instabilities are eliminated. The fixed polarization
obviously ensures stable interaction of the strong electrical
fields supporting a coherent, octave-spanning supercontin-

uum at much longer pulse durations where non-PM-HNLFs
do not generate a CEO frequency signal above the noise
floor. In addition, the PM-HNLF has generated an octave-
spanning spectrum at much shorter fiber length, even though
it has very similar nonlinear and dispersive characteristics
compared to the non-PM-HNLF 2. These experimental find-
ings need further theoretical investigations and are very ex-
citing also for the future prospect of more compact gigahertz
frequency combs.

4 CEO frequency detection

After supercontinuum generation in the PM-HNLF, we de-
tected the CEO frequency with an f -to-2f interferometer
(Fig. 7) [1]. By frequency-doubling of the long-wavelength
Raman soliton and interfering it with the short-wavelength
peak of the supercontinuum, a beat signal is produced which
represents the absolute offset frequency of the comb. The
implementation of the f -to-2f -interferometer is standard.
The supercontinuum is separated by a dichroic beam-splitter
and combined again after the long-wavelength signal has
been frequency-doubled. At room temperature, a 4-mm long
periodically poled lithium niobate (PPLN) crystal with a
poling period of 31.1 µm generates a second harmonic signal
with 8 nm bandwidth at 1025 nm. We achieved an average
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Fig. 8 RF spectrum with CEO
frequency over a large 80-MHz
span (RB = 100 kHz, video
bandwidth 1 kHz).
(b) Magnified and centered RF
spectrum of the left CEO
frequency peak with a
squared-Lorentzian fit of
3.6 kHz FWHM (RB = 1 kHz,
video bandwidth 300 Hz)

frequency-doubled power of up to 0.5 mW corresponding
to a conversion efficiency of 10% of the available super-
continuum power in a 16 nm bandwidth at 2050 nm. This
efficiency is essential for a good signal-to-noise ratio and
has mainly been achieved because of the high peak power
from the outermost Raman soliton. The waveplates inside
the interferometer set the correct polarization for PPLN-
crystal and the combiner. After the combiner an adjustable
polarizer projects both fields into the same plane and also
balances the power of both interferometer arms for opti-
mal contrast. Additionally, the contrast is increased by the
band-pass filter removing the background out of the SHG-
bandwidth. The signal is finally detected with a fiber cou-
pled photodiode and monitored with an electrical spectrum
analyzer.

5 Results

When the delay between both interferometer arms is well
adjusted, a clear CEO-beat signal is obtained. Figure 8a
shows the corresponding frequency spectrum over an 80-
MHz span. The main peak at 75 MHz is the pulse rep-
etition rate, and the CEO frequency appears as sidebands
around DC and the first harmonic of the pulse train sig-
nal. The signal-to-noise ratio (SNR) is 49 dB in a 100-kHz
resolution bandwidth (RB), which is significantly better
than typically obtained by fiber oscillators [8–14], and sub-
stantially higher than the typical 30 dB required for stan-
dard stabilization electronics. Even more important is the
bandwidth of the CEO frequency variations since it re-
flects the intrinsic stability of the underlying laser oscilla-
tor. For further analysis, a magnified spectrum of the first
CEO-beat is shown in Fig. 8b together with a squared-
Lorentzian fit of 3.6 kHz FWHM. This is to our knowl-
edge the narrowest CEO frequency linewidth of a free-
running laser in the 1.5-µm regime. A state-of-the-art am-
plified fiber oscillator system is presented by Hartl et al.
in [14]. Its free-running CEO frequency distribution fits well

to a Lorentzian function, not a squared-Lorentzian func-
tion as observed in our measurements. This suggests that
a different noise mechanism is dominant. In addition, our
CEO frequency linewidth is more than 10 times narrower
at FWHM and even 40 times narrower at the −30 dB
level.

It is common to stabilize optical frequency combs by ac-
tive feedback from a phase-locked loop (PLL), which re-
duces their linewidth by orders of magnitude [14]. The pre-
sented system has not yet been stabilized, but considering
the high intrinsic stability and the excellent signal strength
we expect that stabilization will be straightforward. A lower
control bandwidth by the feedback-loop system is required,
and therefore also excellent performance after stabilization
is expected. The free-running CEO frequency is very sta-
ble and not subject to constant drifts or sudden shifts as
long as the pump current is stable. We can shift the CEO
frequency continuously with the pump current at a rate of
260 kHz/mA. It is even possible to shift the CEO frequency
by more than 30 MHz using this control mechanism. Hence,
the pump current alone can be used for CEO frequency sta-
bilization.

It is interesting that a CEO frequency signal can still be
observed at a large reduction of pump power. Less pump
power decreases the pulse energy and increases the pulse
duration for soliton modelocking (as explained above) and
therefore even more strongly reducing the peak power of
the pulse. One would expect strong effects on the spectrum
and the coherence of the supercontinuum. However, the ob-
served CEO frequency signal strength proves that this is not
the case. In fact, a strong CEO signal with more than 30 dB
SNR is maintained up to pulse durations of 260 fs. This is re-
markable, because CEO frequency signals are usually gen-
erated from significantly shorter pulses. To the best of our
knowledge, we observed the first experimental demonstra-
tion of a coherent, octave-spanning supercontinuum from
pulse durations above 120 fs launched directly into a highly-
nonlinear fiber [44]. This achievement substantially lowers
the demands on the mode-locked lasers for self-referenced
stable frequency combs.
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6 Conclusion and outlook

In conclusion, we have demonstrated the first direct CEO
frequency detection from an ultrafast Er:Yb:glass laser os-
cillator using a standard f -to-2f interferometer [1]. The
SESAM-mode-locked, diode-pumped laser uses a high-Q
cavity which results in low-noise operation. A coherent,
octave-spanning supercontinuum is generated by nonlinear
spectral broadening in a polarization-maintaining highly-
nonlinear fiber (PM-HNLF) without further pulse compres-
sion and pulse amplification. We observe an improvement of
more than an order of magnitude in the free-running CEO
frequency linewidth when compared to free-running fem-
tosecond fiber laser systems operating in this spectral region.

From a physical perspective, the high SNR can be at-
tributed to supercontinuum generation with low excess noise
despite the tremendous spectral broadening. The extremely
low linewidth of the free-running CEO signal relates to low
optical phase noise due to the high-Q cavity. Significantly,
an unexpected and surprising result was that we could obtain
a very stable CEO frequency even with rather long pulses of
above 250 fs duration. A more detailed investigation with
non-PM fibers under similar conditions suggests that the
polarization-maintaining feature of the HNLF was the en-
abling key technology improvement. Further theoretical in-
vestigations that take into account a possibly chaotic polar-
ization rotation and its effect on the CEO frequency noise
will be expected to provide further insight into these obser-
vations. By now, we could already achieve excellent agree-
ment between the measured and simulated supercontinuum
spectrum and could optimize the fiber length to increase the
spectral signal strength at the opposite frequencies separated
by an octave within the supercontinuum.

We expect that this result will have a significant im-
pact in the future development of more compact stable fre-
quency combs because the relatively long pulse durations
of more than 250 fs strongly relax the requirements on
the mode-locked lasers. This will become even more im-
portant for gigahertz pulse repetition rates. For example,
picosecond diode-pumped solid-state lasers have success-
fully been demonstrated up to 160 GHz at 1.06 µm [45]
and up to 100 GHz at 1.5 µm [46, 47]. The extension of
these results to the femtosecond regime looks very promis-
ing considering for example the large progress on Yb-doped
solid-state laser crystals that support sub-100 fs pulses
[26, 27, 48] and the development of optimized SESAMs
for gigahertz operation [49, 50]. Furthermore, high aver-
age power ultrafast gigahertz lasers may become even more
compact and cost-effective with the recent development
of SESAM mode-locked optically-pumped semiconductor
disk lasers (also referred to as optically-pumped vertical ex-
ternal cavity surface emitting lasers, OP-VECSELs) [51].

These lasers typically operate in the multi-gigahertz repe-
tition rate regime, and pulse durations of 260 fs were al-
ready achieved [52]. An even more compact wafer-scalable
approach comprises the optically-pumped mode-locked in-
tegrated external-cavity surface emitting lasers (MIXSELs)
[53, 54], for which SESAM and semiconductor gain struc-
ture are integrated into one single element. The advantage
of DPSSLs, VECSELs, and MIXSELs are that they all
use high-Q cavities which inherently have significantly less
noise than fiber lasers and can be scaled to gigahertz pulse
repetition rates. However, achieving extremely short pulse
duration at multi-gigahertz operation is challenging, and a
relaxed pulse width requirement for stable self-referenced
frequency combs represents a very exciting development for
the practical application of these lasers in frequency metrol-
ogy.
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