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Abstract

We present a detailed frequency noise analysis of a feedforward scheme used to faithfully transfer the spectral
properties of an individual line of an optical frequency comb spectrum to a single-mode laser and in this way
indirectly amplify it, which is applicable to any arbitrary comb mode spacing. In contrast to previously reported
implementation of the feedforward method for a similar purpose, we present a more thorough noise study,
including the measurement of the additive noise of the setup. The reported experimental investigation was
performed using two low-noise ultrafast mode-locked lasers with different repetition rates (~ 1 GHz and 250 MHz)
and show a faithful transfer of the comb mode frequency noise to the auxiliary laser with a sub-radian additive
phase noise integrated from 1 Hz to 1 MHz. We discuss the present limitations of the method that is able to transfer
optical comb lines with sub-Hz linewidth and propose simple improvements.
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Introduction
Optical frequency combs (OFCs) from femtosecond mode-
locked lasers represent a powerful tool in time and
frequency metrology as they provide a direct and phase-
coherent link between the optical and microwave spectral
domains. Self-referenced combs deliver absolute optical
frequencies that benefit many research fields [1, 2]. Among
the variety of applications of frequency combs, some make
essentially use of only one particular component of the
comb spectrum. This is the case for instance for optical
frequency references for differential absorption lidar
(DIAL) systems or for optical frequency synthesizers.
Moreover, they also require a high optical power in this
specific mode, which is most often not directly available
from an OFC. Furthermore, extracting and amplifying a
single line of a comb with a sub-GHz mode spacing is
rather challenging, as no suitable conventional optical filter
(e.g., based on thin films or gratings) with a sufficiently
narrow bandwidth is commercially available. A possible

solution to this issue may be to first enlarge the comb
mode-spacing to the multi-GHz range using a pulse repeti-
tion rate multiplier (PRRM) as frequently used in ultra-
low-noise microwave generation by optical-to-microwave
frequency division realized with fs-laser frequency comb
[3, 4]. This can be achieved either with a combination of
Fabry-Perot optical cavities of different free spectral ranges
[3] or with an interleaver system made of a series of fibered
or free-space unbalanced Mach-Zehnder interferometers
[4]. After repetition rate multiplication, a line of the result-
ing comb can be isolated more easily using a conventional
optical bandpass filter. However, this makes the system
much more complex and poorly tunable if the comb line
to be extracted needs to be switchable.
Therefore, other methods have been developed to

isolate and amplify a single frequency component from a
comb spectrum. The most direct approach is to phase-
lock an auxiliary single-mode laser to the comb mode.
The method is similar to a concept commonly used in
comb-assisted spectroscopy, where a single-mode tun-
able laser is locked to a mode of an OFC to accurately
scan an absorption line of a molecular species [5]. How-
ever, a fast frequency control of the auxiliary laser is
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needed to properly imprint the comb line spectral prop-
erties to the scanning laser. Injection locking of a
continuous-wave (cw) laser by the comb mode of inter-
est is an alternative method to extract a single comb
mode that offers such a high control bandwidth. It has
been successfully reported for OFCs with mode spacing
of 10-GHz or higher [6] as well as with sub-GHz repeti-
tion rate combs [7, 8] and down to 56MHz using a
frequency-selective Brillouin amplifier that amplifies an
individual comb line while efficiently suppressing the
others [9]. Under injection locking, the auxiliary laser ac-
quires the spectral properties of the comb mode and
constitutes the desired filtered and amplified output sig-
nal. Injection locking is fairly direct to implement with
GHz-range mode spacing combs, but becomes more
challenging with low repetition rate OFCs as different
comb modes may lay within the injection locking range
of the auxiliary laser.
The feedforward method is an alternative approach to

transfer the spectral purity of a comb line to an auxiliary
single-mode laser [10]. It uses feedforward corrections
applied to a frequency shifter modulator (generally an
acousto-optic frequency shifter - AOFS) to compensate
for the frequency fluctuations between the laser and the
comb line. The method was first introduced to phase-
lock the carrier-envelope offset (CEO) frequency fCEO of
a Ti:sapphire optical frequency comb with a high band-
width [11]. Feedforward stabilization was also recently
applied to stabilize the CEO frequency in other types of
frequency combs with the demonstration of ultralow
noise performance, such as in a Yb:CYA laser [12] or in
an Er:Yb:glass laser [13]. In this article, we show a de-
tailed noise analysis of the feedforward method used to
transfer the spectral purity of a selected comb line to an
auxiliary laser, including the measurement of the addi-
tive noise of the implemented setup that determines its
ultimate capability. Such an analysis was not presented
before in previous implementations of a feedforward
scheme for this purpose, i.e., neither in the work of Sala
et al. [10], nor in the analysis of the method presented
by Gatti et al. [14]. Our investigations made with two
OFCs of different repetition rates (~ 1 GHz and 250

MHz) show that the additive phase noise of the setup is
around 0.5 rad, integrated from 1Hz to 1MHz, which
demonstrates that a sub-Hz relative linewidth between
the selected comb line and the output signal can be
achieved, meaning that a Hz-level linewidth comb mode
can be faithfully transferred to the output laser. This
statement complements very recent results published in
parallel to our study on the feedforward stabilization of
a low-noise 1064-nm Nd:YAG laser to a Yb:fiber fre-
quency comb referenced to an ultra-stable laser [15].
The study that we report here was made in a different
noise regime and we present a more detailed noise ana-
lysis of the feedforward scheme with a different ap-
proach to assess the additive noise of the setup.

Methods/experimental
Our experimental study was realized using two commer-
cial low-noise mode-locked femtosecond lasers (model
MENHIR-1550 from Menhir Photonics AG), without
any active stabilization in this work. Both lasers emit
clean soliton sech2-pulses in a diffraction-limited beam
delivered via a fibered output port. The first mode-
locked laser (which is referred to as OFC-1) has a repeti-
tion rate of ~ 1 GHz and the second (OFC-2) has a lower
repetition rate of 250MHz. The detailed parameters of
these two combs are summarized in Table 1.
Both mode-locked lasers were operated in free-

running mode in this experiment. This was motivated by
the fact that no detection of CEO frequency by octave-
spanning supercontinuum spectrum generation and sub-
sequent nonlinear interferometry [16] was implemented
with these lasers at the time of the experiment to self-
reference them. Another reason is that these lasers show
already a very low phase noise in free-running mode in
comparison to typical 250-MHz fiber combs, especially
at high offset frequencies as illustrated by their phase
noise power spectral density displayed in Fig. 1. The
phase noise was measured for both lasers at the 10-GHz
harmonic of the repetition rate using a photodiode with
a highly-linear response (model DSC40S from Discovery
Semiconductors Inc.) and a cross-correlator phase noise
analyzer (Rohde-Schwarz FSWP-26). The corresponding

Table 1 Main parameters of the used commercial mode-locked lasers

Parameters OFC-1 OFC-2

Repetition rate ~ 1 GHz (975.5 MHz) 250 MHz

Average output power 35mW 90mW

Center wavelength 1560 nm 1556 nm

Optical bandwidth (at −3 dB) > 13 nm > 13 nm

Supported pulse duration < 200 fs < 200 fs

Free-running timing jitter [1 kHz - 10 MHz] < 10 fs < 1.5 fs

Free-running 3-dB linewidth of an optical comb line [1 Hz - 10 MHz] < 18 kHz < 10 kHz
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timing jitter is below 10 fs for the 1-GHz repetition rate
comb and in the range of 1 fs for the 250-MHz comb
(integration from 1 kHz to 10MHz). The linewidth (full
width at half maximum - FWHM) of an optical mode
measured at ~ 1557.3 nm is around 17.5 kHz for the
GHz comb and only 9.3 kHz for the 250-MHz comb at
1-s integration time. These values were obtained from
the frequency noise power spectral density (FN-PSD)
measured for the heterodyne beat with an ultra-narrow-
linewidth reference laser using the β-separation line ap-
proximation [17].
The implemented feedforward scheme illustrated in

Fig. 2 consists of imprinting the phase noise of the se-
lected comb line to an auxiliary CW laser by removing
at the same time the own phase noise of this CW laser.
This is realized by detecting the heterodyne beat-note
between the comb mode and the auxiliary laser and by
applying it to drive an AOFS (model FCM- 401E6AP
from IntraAction Corp.), as described in the green area
in Fig. 2. The CW auxiliary laser (model ORION from
Redfern Integrated Optics) emits at ~ 1557 nm with an
optical power of around 8mW and a linewidth in the
range of a few tens of kilohertz. The laser output power
is first split into two parts using a 50:50 fibered splitter.
The first part is combined with the optically-filtered (1-
nm bandwidth) commercial low-noise mode-locked laser
(OFC-1 or OFC-2) and sent to a standard InGaAs
photodiode in order to generate an optical beat note at
around 40MHz (operation frequency of the AOFS). The
beat note is then amplified to drive the AOFS that

modulates the second part of the laser output. As the
beat-note signal contains the difference between the fre-
quency fluctuations of the comb mode and of the auxiliary
laser, the frequency fluctuations of the auxiliary laser can-
cel out in the up-shifted frequency at the output of the
AOFS (provided that the correct sign of the beat signal is
used), while the frequency noise of the comb mode is
imprinted onto this signal. Therefore, the signal at the
output of the AOFS constitutes an amplified copy (with a
power of several mW) of the selected comb mode. In this
process, extra noise in the beat signal between the comb
line and the auxiliary laser (e.g., shot-noise, amplitude to
phase noise conversion, radio-frequency amplifier noise)
must be minimized not to deteriorate the resulting phase
noise of the filtered comb line.

Results and discussion
The measured frequency noise of the initial comb mode
and of its amplified and filtered version (feedforward
output) is displayed in Fig. 3. The frequency noise of the
initial optical comb line was assessed from its hetero-
dyne beat note with a CW diode laser (model PLANEX
from Redfern Integrated Optics) stabilized to an ultra-
low expansion (ULE) optical cavity and was measured
using a phase noise analyzer (FSWP-26 from Rohde-
Schwarz) as shown in the red area in Fig. 2. Despite the
Hz-level linewidth of this reference laser, it was the lim-
iting factor in the frequency noise of the optical beat
note at high Fourier frequencies (resulting notably from
the servo-bump at ~100 kHz of its stabilization to the

Fig. 1 (Top) Phase noise power spectral density (PN-PSD) of the two commercial mode-locked lasers used in the experiment measured at a high
harmonic of the repetition rate at around 10 GHz. (Bottom) Corresponding integrated timing jitter (integration from 1 kHz to 10 MHz). The dashed
black lines indicate the noise floor of the measurement
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optical cavity as well as from its white frequency noise
plateau). This demonstrates the very low-noise proper-
ties of the used mode-locked lasers even without any ac-
tive stabilization.
The additive frequency noise of the feedforward

scheme was also separately characterized. It cannot be
assessed from the simple subtraction of the FN-PSD
measured for the initial comb line and transferred to the
auxiliary laser, as these two curves are very close to each
other at a fairly high noise level, so that their difference
would be very sensitive to any small measurement im-
precisions. Therefore, a dedicated measurement was im-
plemented to directly assess the additive noise. For this
purpose, the output signal was frequency-shifted by an-
other AOFS (driven by a synthesizer with a negligible
noise) and was optically combined with the comb mode

in order to remove its noise contribution (grey area in
Fig. 2). The additive noise of the setup was assessed
from the frequency noise of this heterodyne beat signal.
It clearly shows that the additive noise is completely
negligible at low Fourier frequencies. It becomes domin-
ant at Fourier frequencies higher than ~ 10 kHz here
(Fig. 3, grey curve), which depends on the initial noise of
the auxiliary laser. The integrated phase noise of the
additive noise calculated in the range of 1 Hz – 1MHz is
550 mrad, which demonstrates that the studied feed-
forward scheme can transfer Hz-level linewidth optical
comb lines. The limited bandwidth of the used AOFS
induces a noise bump at around 500 kHz, which is the
dominant limitation identified in this study as also
observed in the work of Gatti et al. [12]. Further noise
minima and maxima occur at even and odd harmonics

Fig. 2 Experimental setup implemented to imprint the spectral properties of a selected optical comb line from a mode-locked laser to an
auxiliary single-mode laser using the feedforward scheme (green area) and setups used to characterize the resulting frequency noise of the
output signal (red area) and the additive noise of the feedforward scheme (grey area). Details about the content and functionality of each part
are given in the text in Section 2 (for the green area) and Section 3 (for the red and grey areas). OFC: optical frequency comb; OBPF: optical
band-pass filter; PD: photo-detector; LNA: low-noise amplifier; HPA: high-power amplifier; AOFS: acousto-optic frequency shifter; USL:
ultra-stable laser

Fig. 3 Frequency noise power spectral density (FN-PSD) measured for the auxiliary CW laser (red), the comb mode of interest (green) and the transferred
comb mode (blue, named "feedforward output") for both mode-locked lasers (a, ~ 1 GHz and b, 250MHz), and distinct assessment of the additive noise of
the setup (grey)
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of the AOFS bandwidth. The maxima take place when
the phase shift induced by the AOFS is an odd multiple
of 180°, whereas minima occur at even harmonics. A
modulation bandwidth of 500 kHz was separately
assessed for this AOFS from a measurement of its
modulation transfer function. Faster AOFSs with a
modulation bandwidth > 10MHz that are commercially
available or the use of a single-sideband electro-optics
modulator (EOM) [18] can improve the performance of
the proposed feedforward method by enlarging the
bandwidth in which the noise properties of the comb
mode are faithfully transferred to the auxiliary laser.

Conclusion
We have presented a detailed frequency noise study of a
feedforward scheme used to faithfully transfer the spec-
tral properties of a single optical line of an OFC to an
auxiliary laser and characterized the performances of the
method with its current limitations. The additive noise
analysis of the setup demonstrates its ability to simultan-
eously copy and amplify an optical comb line at the sub-
Hz linewidth operation. The main limitation arises from
the bandwidth of the used AOFS and the initial fre-
quency noise spectrum of the auxiliary laser. The use of
a faster AOFS or a single-side band electro-optic modu-
lator (SSB-EOM) [18] as well as of an auxiliary laser with
a lower frequency noise (especially at high Fourier fre-
quencies), like a fiber laser, will further improve the per-
formance of the method by transferring the noise
properties of the OFC mode in a wider bandwidth.
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