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Towards phase-stabilized Fourier domain
mode-locked frequency combs
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Fourier domain mode-locked (FDML) lasers are some of the fastest wavelength-swept light

sources, and used in many applications like optical coherence tomography (OCT), OCT

endoscopy, Raman microscopy, light detection and ranging, and two-photon microscopy.

For a deeper understanding of the underlying laser physics, it is crucial to investigate the light

field evolution of the FDML laser and to clarify whether the FDML laser provides a frequency

comb structure. In this case, the FDML would output a coherent sweep in frequency with a

stable phase relation between output colours. To get access to the phase of the light field, a

beat signal measurement with a stable, monochromatic laser is performed. Here we show

experimental evidence of a well-defined phase evolution and a comb-like structure of the

FDML laser. This is in agreement with numerical simulations. This insight will enable

new applications in jitter-free spectral-scanning, coherent, synthetic THz-generation and as

metrological time-frequency ruler.
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Fourier domain mode-locking (FDML) is a laser operating
regime, which was originally developed for optical coherence
tomography (OCT) in 20051,2. OCT is an optical imaging

modality with many clinical applications3. We demonstrated the
advantages of FDML lasers in fields such as ophthalmology4–7,
cardiovascular imaging8–10, dermatology11 and neurosurgery12.
The speciality of the FDML laser is a coherent wavelength-swept
laser output13,14 which conceptually can be understood as a highly
chirped broadband light field: In analogy to a femtosecond mode-
locked laser, which is characterized by a pulse repetition rate and a
short impulse, generated by phase-stable summation of many
mode-locked laser modes, the FDML laser operates in a different
yet analogous regime. It also provides a repetitive behaviour, given
by the wavelength sweep rate. However, in contrast to the modes
each having a distinct, yet locked phase, the light field of the FDML
laser is characterized by a swept phase: The phase is chirped to
generate a swept wavelength light field where the colour is con-
tinuously changed over time (temporal rainbow). As these colours
bear a phase relation between each other, the name Fourier domain
mode-locking was chosen in contrast to conventional amplitude
mode-locking.

The broadband nature and the temporal access to the individual
colours have enabled spectroscopic techniques like absorption
spectroscopy15, stimulated Raman spectroscopy16 and hyperspec-
tral Raman microscopy17. Recently, the excellent sweep char-
acteristic was also employed for fibre Bragg grating sensing18, and
inertia free beam scanning employing spectro-temporal encoding
in two-photon microscopy19,20 and light detection and ranging21.
The novel operating regime was also the subject of many theoretical
works investigating the phase evolution, coherence properties,
nonlinear behaviour, or polarization dynamics13,22–26.

Here, we investigate experimentally whether the FDML laser
constitutes a frequency comb27. Therefore, we generated beat
signals between a monochromatic laser with a narrow linewidth
and the FDML laser. Comparison with numerical simulations
confirms the comb-structure and that the comb spacing is given
by the FDML sweep rate. In conclusion, even FDML frequency
combs with a stabilized carrier-envelope phase can be possible in
the future.

Results and discussion
Experimental setup, performance and analysis concept. The
experimental setup is depicted in Fig. 1. To test the FDML fre-
quency comb hypothesis, we interrogated the optical phase by
beating the optical light field of the FDML laser (Fig. 1a) against a
frequency normal, i.e. the 1st continuous wave (CW) laser in
Fig. 1b. We measured the beat signal between a home-built, nar-
rowband CW laser as our frequency normal and an FDML laser
around 1300 nm in a highly coherent, sweet-spot operation28,29. To
guarantee optimal operation of the monochromatic reference laser,
we simultaneously recorded the beat note signal of this laser with a
second, identical laser (Fig. 1c). For monitoring and setup, the
time-averaged spectrum of the FDML laser in this case sweeping
over 80 nm (Fig. 1d) is measured. Figure 1e shows the oscilloscope
trace of photodiode 1 for a duration of six sweeps. We see the 1 µs
long signals from the FDML sweeps at a level of approximately
0.15 V and the needle-like signatures, where a beat signal is mea-
surable. The calculated radio frequency spectrum from the beat
signal between the two CW lasers (Fig. 1f) characterized the opti-
cal performance of the CW lasers during the short measurement
time and gave access to an upper limit of their linewidth
and therefore of their spectral stability and the appearance of
mode hops. We only utilized those beat note signals where the
frequency reference was of sufficiently narrowband character
(less than 30 kHz). Additionally, the optical spectrum of both

overlaid CW lasers is measured to adjust the wavelengths close to
each other (Fig. 1g).

The filter of the FDML laser is driven sinusoidally (Fig. 2a), since
a filter rapidly driven in resonance is preferred for FDML
applications, where a high repetition rate is desired. For some
applications a linearized signal is more suitable, which can be
achieved with previously demonstrated methods30. Moreover,
buffering is often used for FDML applications31, which means that
the SOA is modulated in a way, such that the light which is
transmitted through the filter changes its frequency nearly linear.
We recorded the beat note signal between the FDML laser and the
monochromatic laser, which resulted in a transient beat note signal
appearing at the crossing points in wavelength and time (Fig. 2a, b).
This resulted in a beat note signal length limited by the bandwidth
of the detection (63 GHz). For a total sweep span of 40 nm, we thus
were able to observe the phase evolution of 1,7% of the sweep
(Fig. 2c). Since the beat signal only constitutes a fraction of the
sweep, the wavelength change can be assumed to be linear. The beat
note is a frequency-chirp from high frequencies to zero frequency
and back (Fig. 2d, e), resulting from the wavelength sweep of the
FDML laser. This allows investigation of the temporal evolution of
the beat note signal over 126 GHz (−63 GHz to 63 GHz), i.e.
double the detection bandwidth. We recorded with a record length
of 32 MSamples leading to a total measurement covering 83
consecutive sweeps. This permits the analysis of the temporal
evolution of both intra- and inter-sweep signals.

The data were analysed to test for the phase locking stability
within the three occurring regimes: The chirped phase leading to
the wavelength sweep, the phase of a single mode over
consecutive sweeps and the phase evolution of all colours over
consecutive sweeps. We thus represent these measurements by
three terminologies (cf. Supplementary Note 1): (i) swept phase
continuity, (ii) single-mode phase evolution and (iii) all-mode
phase evolution. The analysis of (i) the swept phase continuity
permits insight into the phase chirp characteristic, i.e. how a
single sweep is chirped over all colours (cf. Fig. 2d, e and
Supplementary Note 2). (ii) Single-mode phase evolution is used
to analyse the phase revisitation error (or jitter) from sweep-to-
sweep, i.e. how well a certain colour (or mode) is revisited at the
same time over consecutive sweeps (cf. Fig. 3). Importantly, it
further allows testing for a comb structure and a carrier-envelope
phase slip (CEPS) of the FDML laser. (iii) Finally, the all-mode
phase evolution permits investigation of the global phase
evolution both between colours and along consecutive sweeps,
i.e. how well all colours are phase-locked over intra-sweep and
inter-sweep times (cf. Fig. 4). Finally, a numerical analysis is
presented to simulate the FDML laser in sweet spot mode
and compare it with a non-dispersion compensated FDML laser
(cf. Fig. 5).

Swept phase continuity. First, we analysed the swept phase con-
tinuity. By zooming into the beat signal, it is visible that the swept
phase evolution is continuous and does not exhibit discontinuities
(Fig. 2d, e and Supplementary Note 2). A more complete repre-
sentation by plotting the phase accumulation over the sweep using
a Hilbert transform is presented in Supplementary Note 3 and
shows the expected behaviour of a decelerated and accelerated
phase accumulation due to the swept phase of the FDML laser
relative to the monochromatic CW laser.

Single-mode phase evolution. Secondly, we investigated the
phase evolution of one mode, i.e. one colour of the sweep, over
time (Fig. 3). Therefore, all 83 recorded sweeps (Fig. 3a) were
overlaid by starting them at a single time point relative to the start
of a sweep. A zoom-in of this overlay is shown in Fig. 3b, which
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however only visualizes five consecutive sweeps for better visi-
bility. By analysing the phase at a single time-point along a sweep
(i.e. ideally the phase of a single mode), we observed an oscillatory
motion of this phase (Fig. 3c). This behaviour would be expected
even for a perfectly phase-locked FDML laser, as already the
beating with the CW laser will contribute a phase slip since
experimentally the absolute frequency of the CW laser was not
fixed to an integer multiple of the FDML repetition rate. This
sinusoidal oscillation indicates that the FDML output represents a
well-defined sweep to sweep phase characteristic, i.e. distinct
laser modes separated by the FDML repetition rate in a frequency
comb-like structure. However, a few minor discontinuities are
visible (Fig. 3c). The FDML repetition rate and therefore the
mode frequency spacing between the modes changes over time
due to a not perfect temperature stabilization. Since this tem-
perature drift is slow29, here, the mode frequency spacing does
not change within one measurement. To quantitatively analyse

the instantaneous linewidth and thus the coherence of the single-
mode (i.e. the phase revisitation error), we performed a fast
Fourier transform (FFT) of this single-mode phase evolution
oscillation (Fig. 3d) which results in a linewidth of 12 kHz in the
presented dataset. The actual instantaneous linewidth of the
FDML laser might even be lower as the spectrum corresponds to
a convolution of the spectra of the CW and the FDML laser.
Therefore, the instantaneous linewidth of 12 kHz as an upper
limit indicates an instantaneous coherence length of at least
25 km (see methods). The numerical simulation of an FDML laser
in sweet-spot operation yields a linewidth of 6 kHz, i.e. close to
the experimental value.

All-mode phase evolution. To analyse the overall phase beha-
viour of the FDML laser output for all colours over many sweeps,
the all-mode phase evolution is shown in Fig. 4. For all time
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Fig. 1 Setup for beat signal measurements. The core of the investigation is the superposition of the temperature stabilized Fourier domain mode-locked
(FDML) laser (a) and one continuous wave (CW) laser (b) as shown in red. An auxiliary CW laser (c) is superimposed with the first one to simultaneously
generate a second beat signal to monitor the short-term linewidth of the CW lasers. One optical spectrum analyser (OSA 1) is used to monitor the spectrum of
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A live Fourier transform was performed on the signal showing the radio frequency spectrum (f) to estimate an upper limit of the convoluted linewidth of both
CW lasers. Only measurements for which this second monitoring signal shows a narrow linewidth were used for the analysis of the FDML laser, because only
then we can assume that the CW laser had a sufficiently narrow linewidth to see fluctuations on the FDML laser’s linewidth. For easy tuning of the CW lasers to
generate a certain desired beat frequency, their optical spectra (g) were detected with OSA 2. The optical spectrum of both CW lasers corresponds to the
shown ~10.3 GHz beat note frequency. SOA= semiconductor optical amplifier, ISO= optical isolator, PC = polarization controller, FP = tunable Fabry-Pérot
filter, CFBG = chirped fibre Bragg grating, FC = fibre coupler, PD = photodiode, OSA = optical spectrum analyser.
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points along the overlaid sweeps (Fig. 4a), a single-mode phase
evolution (Fig. 4b) and its FFT (Fig. 4c) were calculated as
described in Fig. 3. The peak of the FFT curves for all modes
(Fig. 4c) was utilized to generate a graph showing the phase slip
for all modes over all times, i.e. the phase evolution for all modes
and all times (Fig. 4d). The flatness of the graph is an indication
for a stable CEPS and therefore coupled modes. We see that the
phase change is nearly the same for each roundtrip, which is
direct evidence for stable phase locking. Due to mode hops of the
CW laser between measurements different datasets can show
different CEPS (Fig. 4e) despite all parameters being the same
(see methods).

Numerical simulations. The hypothesis that the FDML laser
constitutes a frequency comb or at least presents a comb-like
structure can experimentally currently only be investigated indir-
ectly. Thus, we performed a theoretical, numerical simulation to
have full access to the coherence properties, the phase evolution
and analyse the influence of the chromatic dispersion in the laser
cavity. Figure 5a shows the simulated all-mode phase evolution for
several dispersion values, ranging from 0 fs to 1900 fs residual
dispersion for the optical bandwidth of 40 nm around 1290 nm and

a dispersion-engineered cavity length of ~500m single-mode fibre
(see methods)29. The simulation results for 150 fs residual dispersion
resembles the experimental results from Fig. 4d, which is in agree-
ment with our previous findings that a sweet spot operation of FDML
lasers is obtained with residual dispersion values below 200 fs29.
However, even with higher than optimal dispersion values, the
simulation shows smooth all-mode phase evolution plots which
implies a certain phase relation between the swept modes. When
analysing the simulated FDML sweeps for a frequency comb struc-
ture (Fig. 5b, c), a comb-like structure is visible. The dispersion-
optimized, sweet spot FDML shows a high-fidelity comb-structure
with 411 kHz comb spacing (corresponding to the sweep repetition
rate) and comb linewidth values (full width at half maximum,
FWHM) of ~6 kHz (inset in Fig. 5b), which is determined by
remaining long-term drifts in the laser field. This value is roughly a
factor of two lower than the one presented measured value for resi-
dual phase variations of 12 kHz (FWHM) which additionally con-
tains a contribution of the CW laser (cf. Fig. 3d). The broadening of
the comb lines in the non-dispersion-compensated case can be
attributed to the non-stationary high-frequency fluctuations in the
intensity trace26,29,32, which are absent in the ultra-stable regime. It is
important to note that the experimental measurement utilizes a time
gate window width of 6.25 ps, which corresponds to ~100 comb lines
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Fig. 2 Swept phase continuity measurements to determine the chirped phase characteristics of Fourier domain mode-locked laser. The Fourier domain
mode-locked (FDML) sweep can be idealized by a sinusoidal sweep in wavelength (a). The continuous wave (CW) laser is a monochromatic laser,
represented here by a constant wavelength over time. Thus, around the intersection points, a beat note signal can be measured by a fast oscilloscope. The
experimental data of this beat note signal is shown in (b). Due to the repetitive behaviour of the swept source FDML, this beat signal occurs periodically
with the roundtrip frequency. c Zoom into one FDML sweep where the beat signal occurs over an optical bandwidth of 0.7 nm (±0.35 nm). This is limited
by the electronic detection bandwidth of 63 GHz (see methods). d Zoom into the beat signal reveals the chirped signal with the zero frequency point at
approximately 167.4 ns. e Zoom into the middle of the beat signal. The beat signals provide an insight into the swept phase continuity of the FDML laser.
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simultaneously (see methods). Thus, the measured linewidth is a
convolution of ~100 beat note measurements occurring simulta-
neously and thus the determined value of 12 kHz only represents an
upper value for the linewidth of a single comb line. As can be seen in
Fig. 5c, even a sub-optimally configured FDML laser cavity with large
residual chromatic dispersion exhibits a comb-like structure with
even comb spacing.

Based on our simulation results, it can be concluded that the
FDML laser operating in the ultra-stable regime has a mode
structure and that a coherence over at least 1000 roundtrips
exists, resulting in a frequency comb spectrum. The numerical
simulation confirms the hypothesis and the experimental findings
that the single longitudinal modes are mode-locked with a stable
phase relation both along the chirped wavelength sweep
(swept phase continuity, Fig. 2) as well as over consecutive
sweeps (Figs. 3 and 4). Chirped frequency combs have recently
gained tremendous attention in the context of quantum cascade
lasers33–35, operating in the mid-infrared and terahertz regimes.
Our results indicate that Fourier domain mode-locking in the

ultra-stable regime might offer a possibility to produce chirped
frequency combs in the near-infrared.

Conclusion
In summary, we confirmed both experimentally and theoretically
that the FDML laser constitutes a (not stabilized) frequency comb
structure. Currently, the experimental approach only permits an
indirect measurement via light-beating with a CW laser. This is
not optimal, since this measurement is a convolution of the
FDML CEPS and the phase slip induced by the two non-phase-
locked lasers. Thus, here no direct CEPS measurement was pos-
sible. In future setups, the CW laser can be phase-locked to the
FDML repetition rate for a direct CEPS measurement to enable
locking this CEPS and thus generating a stabilized FDML fre-
quency comb. It might also be speculated about a setup based on
amplitude modulation of the FDML output light and amplifica-
tion of the resulting pulses20 to measure the offset frequency of
an FDML comb. The pulses may be used to generate a
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supercontinuum in a photonic crystal fibre which is then used in
a typical f-2f beat setup to measure the carrier-envelope slip. Such
an absolute frequency normal with ~52 million comb lines will
enable new applications in high-resolution spectroscopy in form
of a time-frequency ruler, where the frequency of an unknown
signal can be determined precisely by the exact time-to-
wavelength encoding provided by the FDML laser17.

Furthermore, this FDML frequency comb output can already now
be utilized for broad range, arbitrary frequency synthesis espe-
cially in the Terahertz range. Further, this manuscript showed
that the FDML laser is ideally suited for high-speed spectro-
temporal imaging with ultra-low spatial jitter due to the high
phase stability of the time-to-wavelength sweep
characteristic19,21. Lastly, a CEPS-stabilized FDML laser will
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Fig. 4 All-Mode phase evolution experimental data. By analysing 83 consecutive sweeps, it is possible to analyse the phase evolution over all modes and
many sweeps. We overlaid successive sweeps (a), generated single-mode phase evolutions (b) and calculated the fast Fourier transform (FFT)s (c) for
each timepoint similar to the analysis in Fig. 3. Here, four exemplary modes are indicated by coloured circles. The phase evolution for all modes and all
times is presented in (d) as a plot of the FFT frequency maximum over the time points. This plot reveals that the individual modes have a distinct and
smooth phase relation between each other and over consecutive sweeps. Thus, we deduce that the Fourier domain mode-locked laser (FDML) laser output
represents a well-defined wavelength sweep with a continuously chirped phase light field both along a sweep (i.e. from mode-to-mode) and over multiple
sweeps (i.e. from sweep-to-sweep). e We repeated this measurement several times and found that the phase always has a connected and locally smooth
shape apart from a step-like resolution artefact which is sometimes visible and is likely caused by the limited frequency resolution due to the finite record
length of the measurement (see Supplementary Note 4 for discussion). We also found that the averaged frequency value drastically changes from
measurement to measurement even if all parameters were the same. That is due to continuous wave (CW) laser mode hops in between measurements.
Slight changes within the frequency evolution could be traced back to changes in the FDML light field. Larger changes between different measurements
could be traced back to small alterations of the CW ring laser wavelength.
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provide an electro-optical link between the electronic sweep
repetition rate in the kHz regime to the optical ~230 THz regime
and can thus open up new applications in optical metrology and
spectroscopy.

Methods
FDML laser. The home-built, temperature-stabilized FDML laser consists of a
semiconductor optical amplifier (SOA, BOA 1132 S, Thorlabs), a fibre-based delay
line cavity, mostly consisting of HI1060 fibre, and a home-built fibre based tune-
able Fabry-Pérot optical bandpass filter (FP). A chirped fibre Bragg grating (CFBG)
is used for dispersion compensation. An optical isolator (ISO) ensures unidirec-
tional operation, and a polarization controller (PC) is used to optimize the
polarization and hence the lasing and the laser power. The filter is periodically
tuned synchronously to the optical roundtrip frequency of 411 kHz. The filter drive
frequency is actively controlled by a closed feedback loop over a few 10ths of mHz
to compensate remaining drift caused by imperfect cavity temperature stabilization,
which has a short time stability of ~0.01 °C (see Fig. 4 in Pfeiffer et al.29). With an
actively controlled sweep frequency the FDML laser can be kept in sweet spot
operation mode28,29. In sweet spot operation or ultra-stable regime FDML lasers
hardly exhibit any excess intensity noise. In typical FDML lasers it can be achieved
when the remaining dispersion of the ~500 m long fibre cavity is less than
~200 fs29. In short, this is achieved with a chirped fibre Bragg grating, careful
selection of the fibre types and a temperature gradient at the grating. The centre
wavelength of the FDML laser is 1300 nm and the maximum achievable sweep
bandwidth, limited by the gain width of the SOA, is 140 nm. For a longer beat
signal the bandwidth was smaller: 40 nm for the presented data in Fig. 2, Fig. 3 and
measurement 1 and 2 in Fig. 4 and 80 nm in measurement 3 and 4 in Fig. 4. The
FDML laser output is modulated with a duty cycle of 40%. Usually, the laser is
operated with a duty cycle of 12,5%, but it has been extended to obtain a longer
beat signal.

CW laser. The two identical tuneable ring laser cavities each consist of a semi-
conductor optical amplifier (SOA, BOA1132, Thorlabs) and an optical isolator
(ISO), connected by polarization-maintaining fibres. A free space beam path with
tiltable transmission gratings (GTI25-03A, Thorlabs) serves as a tunable
wavelength-selective element. A fibre coupler (FC) serves as output. The lasers are
operated in continuous wave mode, the wavelength can be adjusted from
~1240 nm–1380 nm. By superimposing the light of the two CW lasers their stability
and linewidth are monitored. The two lasers were always set to a wavelength
difference of about 0.05 nm to generate a 10 GHz beat signal. The optical spectra
are measured with an OSA and their interference signal is detected with a pho-
todiode (Discovery Semiconductors DSC20H, 35 GHz, PD 2) and the real-time
oscilloscope. If both lasers have no mode hops during measurement, the Fourier
transform of this beat signal has a narrow tall peak and one laser can be used for
the superposition with the FDML laser. The CW laser’s short-term linewidth is
<10 kHz.

Measurement setup. The superposition of FDML and CW laser is detected with a
fast photodiode from Finisar (XPDV2320R, 50 GHz 3 dB roll-off, PD 1). The data
is recorded with a 63 GHz real-time oscilloscope (DSOZ634A Infiniium, Keysight).
The raw data is freely available online36. We note that a measurement with a radio
frequency spectrum analyser would only record a time-averaged signal due to the
fast sweep rate of up to >1019 Hz s−1 of the FDML laser. Additionally, the high
speed of the oscilloscope allows to fully characterize the light field of the FDML
laser, as this frequency represents the upper limit of the laser output noise. This is
due to the unique setup of the FDML principle, where the optical bandpass filter of
the intra-cavity Fabry-Pérot-filter acts as a low-pass filter for the maximum fre-
quency of phase and amplitude fluctuations. The filter with an optical bandwidth of
~0.165 nm corresponds to a frequency limiter of only ~29 GHz at 1300 nm.
Therefore, any optical phase or amplitude fluctuations from the laser are slower
than the electronic bandwidth of the detection. The OSA to measure the optical
spectrum of the FDML laser is from Hewlett Packard (86142 A). The spectra of the
CW lasers are detected with an OSA from Yokogawa (AQ6370).

Fig. 5 Numerical simulation of the Fourier domain mode-locked (FDML) output. a The all-mode phase evolution plot presents the relative phase
accumulation per roundtrip of the FDML laser and is plotted for various values of residual dispersion in the fibre cavity (see legend). The curves show good
agreement with the experimental data in Fig. 4 since the ultra-stable regime and the connected small dispersion exhibit a constant carrier-envelope phase
slip (CEPS). Higher dispersion induces a non-constant CEPS. By simulating up to 1000 consecutive sweeps it is possible to investigate the frequency
spectrum at optimal spectral resolution and reveal a comb-like structure of the FDML laser output (b). In the ultra-stable regime28,29 (i.e. negligible
dispersion effects, here residual dispersion of 150 fs) the FDML laser presents a stable frequency comb with fixed carrier-envelope offset, i.e. without
CEPS from sweep-to-sweep. Thus, a frequency comb is present with mode spacing corresponding to the sweep repetition rate (i.e. 411 kHz). Zoom into a
comb-line (inset in (b)) reveals a linewidth of 5.75 kHz. This is in good agreement with the experimentally determined, resolution-limited linewidth of
12 kHz (Fig. 3d), which however stems from a simultaneous beating of ~100 spectral modes within the sampling gate window width (see methods). c For a
non-dispersion compensated FDML laser cavity (residual dispersion of 192 ps) the comb lines are broadened as a result of high-frequency fluctuations
(Nozaki-Bekki holes) in the intensity trace and the loss of coherence24,26,29,32. The good agreement between theory and experiment confirms the observed
comb-like structure of the FDML and paves the way towards an FDML frequency comb with a stabilized carrier-envelope offset.
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The beat signal measurement is a superposition of the ideal harmonic wave of
the ring laser

ECW tð Þ ¼ ACW � ei�2π�νCW tþφCW ð1Þ
and a chirped signal

EFDML tð Þ ¼ AFDML � ei�2π�νFDMLðtÞ�tþφFDML ð2Þ
of the FDML laser. The sweep operation of the FDML laser follows closely the
tuning operation of the intra-cavity filter. This is a Fabry-Pérot filter with
sinusoidal tuning, so the wavelength is given by λ tð Þ ¼ λ0 þ C � sin 2πνFDML � t

� �

where λ0 is the centre wavelength and C the half tuning range. Since we only
analyse about 20 ns out of a 2.4 µs filter tuning cycle, we can linearize the
instantaneous FDML frequency to νFDMLðtÞ ¼ ν0 þ α � t where α is a constant in
Hz s-1 indicating the change in optical frequency of the FDML laser per second. ν0
is the starting frequency of the FDML laser, ACW and AFDML the amplitudes of CW
and FDML laser, νCW the frequency of the CW laser and φCW and φFDML are
absolute phase offsets of the CW and FDML laser.

Swept phase continuity. The FDML laser is modulated with a duty cycle of 40%
(rainbow in Fig. 2a). Within a sweep the wavelength changes from 1310 nm to
1270 nm (backward sweep). The wavelength of the CW laser is 1305 nm. Beat
signal traces were measured for 200 µs or 83 successive sweeps. The beat signals
were tenfold upsampled through zero padding in the frequency domain for better
visibility of the smooth swept phase continuity especially at the edges of the beat
signals. It was verified that the upsampling did not change the results of the
following data analysis methods.

Single-mode phase evolution. The trace is cut every 2.4 µs, corresponding to the
reciprocal of the FDML repetition rate of 411 kHz. Successive sweeps were overlaid,
and the amplitude was compared at one time-point (Fig. 3a, b) generating a per-
iodic phase evolution (Fig. 3c). An FFT is applied to this single-mode phase evo-
lution. The revealed spectrum is a convolution of the spectrum of the FDML laser
and the spectrum of the CW laser. Since the single-mode phase evolution is made
of one data point per beat signal, the sampling rate corresponds to the FDML
frequency of 411 kHz. Therefore, the Nyquist frequency is 205.5 kHz and the
frequency resolution is 4.95 kHz. The linewidth of the superposition of the two CW
lasers was 9 kHz. Since this is also a convolution of the spectra of the two single
CW lasers, it is only an upper limit for the linewidth of one of the CW lasers. The
presented instantaneous linewidth of 12 kHz is the specific value for the presented
dataset at the presented spectral position. We measured somewhat different values
in the range of 5 kHz to 25 kHz depending on the spectral position and the dataset.

The shown spectra of the single-mode phase evolution are amplitude spectra,
which are used to determine the instantaneous linewidths. Usually, the linewidth is
determined from the power density spectrum, i.e. the squared amplitude spectrum.
The linewidth in the amplitude spectrum and the corresponding power density
spectrum differs by a factor

ffiffiffi
2

p
if a Gaussian-shaped spectrum is given. The shape

of the spectrum is unknown. Moreover, the linewidths are in the range of the
frequency resolution and are only estimates. Therefore, it is of secondary
importance from which spectrum the linewidth is determined. Due to the
unknown spectral shape Lc ¼ c=4ν with coherence length Lc, speed of light c and
linewidth 4ν is used to determine an estimation of the coherence length.

Despite choosing the name single-mode phase evolution for the phase evolution
at one point in time over consecutive sweeps we could not measure single modes.
The consecutive sweeps of an FDML laser with a sweep span of 40 nm comprise
17.5 million modes. The 0.7 nm and 21 ns long beat signals include 307,000 laser
modes. Therefore, the 6.25 ps gate width of the fast oscilloscope contains more than
100 comb lines.

All-mode phase evolution. The data in Fig. 4d, e were generated as follows. The
beat signals were overlaid for the evaluation of the single-mode phase evolution,
but the amplitude not at one time point but for all data points of a beat signal was
compared, generating as many single-mode phase evolution plots as data points
were present. The edges of the beat signal (around 5% on each side), where the
amplitude starts to decrease, are not evaluated. Each was Fourier transformed. The
frequencies with the maximum amplitude in every spectrum were detected by
fitting a parabola through the highest data point and its neighbours on both sides.
The frequency resolution of around 5 kHz generates numerical artifacts, which are
explained in the Supplementary Note 4. The frequencies with the maximum
amplitude (besides the zero frequency part) are then plotted over time. Figure 4e
shows all-mode phase evolution plots for different datasets and laser parameters.
Here the percentage of a full beat signal is used as x-axis since the beat signals are
of different lengths. In measurements 1 and 2 the FDML laser had a bandwidth of
40 nm and the CW laser had a wavelength of 1305 nm. Measurement 1 originates
from the dataset presented in Figs. 2 and 3, where approximately 3000 data points
within the range from 157.5 ns to 176.5 ns were analysed. In measurements 3 and 4
the FDML laser had a bandwidth of 80 nm around 1290 nm and the CW laser had
a wavelength of 1290 nm. Therefore, the beat signal is shorter and contains
approximately 1300 data points. The sweep range in measurements 3 and 4 is
80 nm, but the total sweeps also last approximately 1 µs. The beat signal is

evaluated over 8 ns. The visible sweep in measurements 1 and 2 is approximately
21 ns long and evaluated over 19 ns due to the shorter sweep range of 40 nm. The
graphs in Fig. 4d, e present the phase change with each roundtrip over the beat
signal (relative phase accumulation), whereas 205.5 kHz corresponds to π. How-
ever, a specific value cannot be determined as the exact frequency of the CW laser
is unknown. Note, all-mode phase evolution includes all modes within the beat
signal, not all modes within a sweep. The number of the modes is limited by the
beat frequency bandwidth.

Simulations. Simulations are based on the model from Schmidt et al.26 with a
centre sweep wavelength of 1290 nm and a sweep bandwidth of 40 nm similar to
the data in Fig. 2. 1000 consecutive roundtrips were analysed extracted from a
laser setup operated in the ultra-stable or sweet-spot regime as in the case of the
experimental data and the results compared to lasers operating beyond the ultra-
stable regime. Here the intensity trace is distorted by high-frequency
fluctuations26,29,32. The amount of dispersion in the fibre delay cavity was varied
in order to take into account an imperfect dispersion compensation. The fibre
dispersion is a dominant noise source in FDML lasers29 and serves here as a
model for non-synchronized operating conditions. As shown in the publication
from Schmidt et al.26 the laser can still run in the ultra-stable regime up to a
threshold of group delay in the fibre cavity due to the dynamics induced by the
swept Fabry Pérot filter. Since timing delays caused by the residual dispersion in
the fibre cavity accumulate over time, this phenomenon strongly indicates that
the optical phase is locked in the ultra-stable regime as shown by the mea-
surement results of Figs. 2–4.

The beat signal EbeatðtÞ of Eqs. (1) and (2) which is proportional to the optical
power incident on the photodetector, i.e. / jECW tð Þ þ EFDML tð Þj2, can be computed
to be

Ebeat t þ nTR

� � / cos 2πνFDML tð Þt � 2π t þ nTR

� �
νCW þ φFDML t þ nTR

� �� φCW

h i
:

ð3Þ
We choose t 2 ½0;TR � with the roundtrip time TR and express arbitrary points in
time by adding the roundtrip number n times the roundtrip time. From Eq. (3) it
follows that if the FDML laser has a periodically varying instantaneous frequency
with period TR, apart from a constant phase accumulation per
roundtripφFDMLðt þ nTRÞ ¼ n�φCEP with the carrier-envelope phase slipφCEP, the
beat signal is / cos nφbeat þ φconst

� �
:

Here

φbeat ¼ φCEP � 2πνCWTR ð4Þ
and

φconst ¼ 2π νFDML t0
� �� νCW

� �
t0 � φCW ð5Þ

when tracking the beat signal at an arbitrary point in the sweep t0 over consecutive
roundtrips as depicted in Fig. 3.

This simple model based on idealized signals is able to explain the measured
beat signal from Fig. 4a. Note that the measured beat signal also contains a
contribution of the CW laser, which prohibits a direct observation of the CEPS of
the FDML laser from our measurement. Our simulation confirms the constant
phase accumulation of the optical field over the entire sweep, which is an extension
to Fig. 4d where a stable beat signal was presented in a 19 ns window of the 1 µs
long sweep. The phase accumulation φ̂CEP of the FDML laser extracted from our
simulation is shown in Fig. 5a for different amounts of residual dispersion in the
fibre cavity. The residual dispersion is characterized by the maximum group delay
difference between the fastest and slowest wavelength in the fibre cavity. Here we
traced the phase of the optical field in the swept-filter reference frame13 over 100
roundtrips and computed the phase difference between consecutive roundtrips at
each point in the entire sweep, where a maximum deviation from a constant rate
was identified to be below 0.05 rad for all traces in the ultra-stable regime. The
optical phase in the swept-filter reference frame contains all phase fluctuations
induced by the laser components apart from constant contributions of the group-
phase offset37, the Fabry Pérot filter mirrors38 or the CW laser as mentioned above.
This means that the absolute phase accumulation rate φbeat as measured in Fig. 4
cannot be extracted from the simulation but is equal apart from a constant offset to
φ̂CEP in Fig. 5a. The fundamental advantage of the swept-filter reference frame is
the possibility to analyse the residual noise in the entire sweep bandwidth. This is
impractical for the full field due to the large time-bandwidth product in the order
of ≈ 107which is reduced by three orders of magnitude in the reference frame. For
comparison to the ultra-stable case, the average phase accumulation rate for a
residual dispersion of 1000 fs and 1900 fs is included in Fig. 5a, when the intensity
trace of the laser is distorted by non-stationary high-frequency intensity
fluctuations, i.e. when not all of the modes are locked. The evolution follows the
parabolic phase accumulation induced by the fibre dispersion, which can be
extracted from the model of Schmidt et al26., and is not compensated in this
regime. Single sweet-spots still exist in the intensity trace due to single wavelengths
synchronized with the sweep rate as shown by Pfeiffer et al.29 and are visible as
constant lines in Fig. 5a.

Since an ideal periodic signal possesses a comb spectrum in the Fourier domain,
we Fourier transformed 1000 consecutive roundtrips, equivalent to an observation
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time of 2.4 ms, of an ultra-stable as well as a non-dispersion-compensated laser. We
analysed the spectrum of the full field in a small window around 1305 nm,
corresponding to the wavelength of the CW laser in Figs. 2–4, due to the limited
simulation bandwidth as discussed above. Therefore, we have further verified our
results at various positions in the sweep. The spectra around 1305 nm are presented
in Fig. 5b, c. Even in the non-dispersion-compensated case in Fig. 5c, which has
been shown to be a stationary lasing regime13, a quasi-mode structure is observed.
The width of these modes can significantly be reduced in the ultra-stable regime in
Fig. 5b to near-ideal comb lines (see inset in Fig. 5b), consistent with the stable
phase slip in the experiment demonstrated in Fig. 3.

Data availability
The datasets generated and analysed during the current study are available in the Zenodo
repository, https://doi.org/10.5281/zenodo.6561441.

Code availability
For our central conclusions no complex custom, specialized or unique code or
mathematical algorithms were used.
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