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Abstract—We describe our current low-noise fiber-laser
frequency comb and present measurements of its residual
instability. Through a comparison with a Ti:Sapphire frequency
comb, we measure residual fractional frequency instabilities
(Allan deviation) of ~6x10™7 at 1 second and ~1.3x10™"® at 1000
seconds. This stability demonstrates that the performance of a
fiber frequency comb can rival that of current Ti:sapphire
frequency combs.

1. INTRODUCTION

The development of fiber laser-based frequency combs [1-
5] has followed along rapidly behind the initial development
of solid-state Ti:Sapphire frequency combs.[6-8] In both
cases, the basic principle of the frequency comb remains the
same: a single optical or microwave reference is used to
stabilize the individual modes of a passively mode-locked
laser.

Fiber-based frequency combs can be relatively compact
compared to solid-state frequency combs and cover a
wavelength range that overlaps the optimum transmission
window of optical fiber, the gain bandwidth of Er-based
amplifiers, and the operating bandwidth of a wide array of
fiber-optic components developed for telecommunications.
However, the initial fiber frequency combs did not operate at
the same level of performance as state-of-the-art Ti:Sapphire
frequency combs. For applications in which the comb is
locked to a microwave reference, the original fiber-comb
performance was quite sufficient, since the average position of
the comb line can still be counted far better than the instability
of the microwave reference (typically ~10™"° at 1 second).
However, to support future optical clocks, much lower
residual instabilities of 107 at 1 second or lower are desired.

Fortunately, the limit to the residual stability of fiber-based
frequency combs has continued to drop.[4, 9] Here, we present
our latest experiment using a fiber-based frequency comb with
sub-Hertz residual linewidths.[5] Through a comparison with
a Ti:Sapphire frequency comb, we find residual instabilities
(Allan deviations) of ~6x10™"7 at 1 second and ~1.3x10™"* at
1000 seconds, which instabilities are comparable to those
achieved with Ti:sapphire frequency combs.[10]
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II. FIBERCOMB

A.  Configuration

Fiber laser frequency combs are based on passively mode-
locked fiber lasers.[11] A number of different laser designs
have been successfully used including figure-8 laser,[1]
soliton [12] or stretched-pulse fiber ring laser,[13] and Fabry-
Perot laser using a saturable absorber.[2] The exact
configuration of the laser does not appear to be important,
although it may affect the feedback bandwidth. All these
lasers generate ~100 fs pulses of laser light at ~0.1 nJ of
energy and repetition rates of ~100 MHz. The spectral width
of the pulses can range from 20 nm to 80 nm depending on the
laser configuration. In the frequency domain, the laser output
is described by a comb of optical frequencies given by v, = nf,
+ fy, where n is the mode number, f. is the repetition rate, and
Jo is the offset frequency. By locking one comb mode V. to
an optical reference and the offset frequency, f), to an rf
reference, the entire comb of lines is stabilized. In order to
lock fj to a reference, it must first be detected. This detection
is accomplished through the standard f-to-2f interferometer,
which requires a full octave of bandwidth.[7] Therefore, the
laser output must be externally spectrally broadened. Because
the pulses are so short, the peak powers are significant and one
would expect significant spectral broadening in optical fiber
due to nonlinear effects. However, for current nonlinear fibers
the pulse peak powers are not sufficient to generate a full
octave of bandwidth. Therefore, the laser output is first
amplified in a dispersion-managed erbium fiber amplifier.
The output of the amplifier is then injected into a special
highly nonlinear optical fiber that generates an octave-
spanning supercontinuum. The development of this optical
fiber was a critical step toward achieving fiber laser frequency
combs.[14, 15]

Once the supercontinuum is generated, the offset
frequency f; is detected by doubling the ~2 um portion of the
comb and heterodyning it against the ~1 um end of the comb
to generate an rf beat signal at f;.[1, 7, 16] At this point, the
comb can be stabilized by phase-locking f; to a rf source and
one of the comb lines to an narrow-linewidth optical source,
for example from an optical clock. However, before
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discussing the phase-lock, we briefly discuss the noise sources
that perturb the comb linewidth.
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Figure 1. Basic schematic of a fiber laser frequency comb. The
femtosecond fiber laser output is amplified and spectrally broadened in
highly nonlinear fiber (HNLF). The offset frequency is phase-locked to a
microwave reference. The remaining degree of freedom of the comb can be
stabilized through (1) phase-locking the repetition rate to a microwave
reference or (2) phase-locking one tooth of the comb to an optical reference
(shown in gray). Solid lines represent fiber optic paths and dashed lines
represent electronic signals.

B. Noise Sources

The performance of the fiber frequency comb is
determined by the noise on the comb lines. The basic noise
sources on the fiber frequency comb, listed in Fig. 2, can be
divided into two groups: “intra-cavity” noise from
perturbations of the circulating laser pulse within the laser
cavity, and ‘“extra-cavity” noise from supercontinuum
broadening and photodetection that occurs outside of the laser
cavity. Intra-cavity noise sources include environmental
perturbations, pump-induced noise, and amplified spontaneous
emission (ASE) from the intracavity gain, which is the source
of the quantum-limited noise for mode-locked lasers. “Extra-
cavity” noise sources include: ASE from the amplifier,
amplitude noise to phase noise (AM to PM) conversion in the
nonlinear fiber during supercontinuum generation, and
environmentally-induced path length changes, and detection
shot noise. These noise sources and their effect on the comb is
discussed in much more detail in Ref. [17]

There are two critical, basic distinctions between the intra-
cavity and extra-cavity noise. First, the comb performance is
more sensitive to intra-cavity noise than extra-cavity noise. In
general, this sensitivity, as measured by the linewidth or
frequency jitter, arises from the fact that the same perturbation
that might cause white phase noise outside the cavity will
cause white frequency noise inside the cavity. Therefore, in
terms of comb linewidth, it is the intra-cavity noise that
dominates. Second, a given intra-cavity perturbation will
cause correlated noise in f; and fj, denoted ¢, and ¢, which
give rise to perturbations across the (spectrally broadened)
comb of 8V, = ndf,+ ). (Intra-cavity perturbations will also
change the pulse amplitude and carrier frequency, but these
changes do not directly affect the comb frequencies except
through extra-cavity amplitude-to-phase noise conversion or
dispersion.) In other words, the effect of intra-cavity noise
can be specified in terms of only two parameters, either ¢, and
o or &, and ny, (in the fixed-point picture [18, 19]) and can

be captured within the simple model: v, = nf. + f). A given
extra-cavity noise source, on the other hand, can vary from
comb line to comb line in a complicated way.
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Figure 2. Perturbations to the comb arise from intra-cavity noise due to
environmental perturbations, pump noise, and ASE from the gain medium.
Perturbations to the comb also arise from extra-cavity noise due to
environmental perturbations, noise generated during supercontinuum
generation from ASE, shot noise and Raman scattering, and detection shot
noise.

As discussed in Ref. [17], the power spectral density for
the frequency fluctuations from each of the three intra-cavity
noise terms has a different spectral shape as a function of
Fourier frequency, fi The environmental noise causes “1/f”
noise, the ASE-induced noise causes white frequency noise,
and the pump-induced noise causes noise that is white in
frequency up to a characteristic corner frequency, beyond
which the noise rolls of as 1/ Fortunately, because the comb
is defined by only two degrees-of-freedom, despite the fact
there are at least three important noise terms, it is sufficient to
feedback to only two points on the comb to remove the noise.
It is customary to feedback to the pump power to stabilize the
offset frequency and to the cavity length to stabilize one
optical mode of the comb, as described in the next section.

C. Phase-locking the comb

The offset frequency is phase-locked to an rf synthesizer
by feeding back to the pump laser power. By using phase-lead
compensation (i.e., derivative feedback) in the feedback loop
the feedback bandwidth can be extended considerably beyond
the characteristic rolloff in the laser response.[13, 20] The end
result is a tightly phase-locked offset frequency with < 1
radian phase excursions from the reference oscillator
(corresponding to an instrument-limited linewidth).[13]

The second degree-of-freedom of the comb is stabilized by
phase-locking one tooth of the comb to an optical reference,
i.e., a narrow stabilized laser.[5, 21] This approach is shown
as the grey line in Fig. 2. The optical reference laser might be
stabilized to an optical cavity if only short-term stability is
important. It might also be the output of an optical atomic
clock if absolute stability is important. For a sub-hertz
stabilized optical reference, we would like a tight phase-lock
to the reference. This tight phase-lock can be accomplished
by a high bandwidth piezo-electric fiber stretcher. [17] In that
case, very narrow lines can be observed from a fiber laser
frequency comb. With IMRA America, we have demonstrated
instrument-limited residual linewidths of less than 100 mHz
across the comb spectrum.[5] In essence, by phase-locking the
comb to an optical reference, the stability and low phase noise
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of a single optical reference is transferred all the way across an
optical span of 1 to 2 microns. Additionally, the repetition
frequency of the comb is now extremely stable with a
projected residual timing jitter of ~ 1 fs or less. This high
phase coherence and low timing jitter can be exploited in a
number of applications.

III.  COMB TESTS: A COHERENT NETWORK

In order to test the residual stability of the fiber comb, we
constructed the coherent ring network shown in Figure 3 and
described in more detail in Ref. [10]. Starting at the top, the
output of a cavity-stabilized fiber laser at 1126 nm is
transmitted over a 200 m, Doppler-cancelled fiber optic link to
a self-referenced fiber-laser frequency comb located one floor
up in the same building. The fiber-laser frequency comb is
phase-locked to the 1126 light, faithfully transferring the
stability and phase noise of this source across the comb,
including the low-loss window of optical fiber. A second 1126
nm signal is similarly transmitted over a 300 m, Doppler-
cancelled, fiber link to similarly phase-lock a self-referenced
Ti:Sapphire laser-based frequency comb. To complete the
loop, a 500 mW amplified cw fiber laser at 1535 nm is
frequency-doubled in periodically-poled lithium niobate and
phase-locked to the Ti:Sapphire frequency comb. The
fundamental 1535 nm cw light is then transmitted over a 200
m, Doppler-cancelled fiber optic link to the fiber-laser
frequency comb. The heterodyne beat between this cw 1535
nm signal and the nearest frequency comb tooth provides an
open-loop measure of the stability, linewidth, and phase or
timing jitter noise supported by the coherent network.

Figure 4 gives the measured residual stability on the 1535
nm beat signal. The quantity measured is actually the residual
stability of the entire network including the fiber frequency
comb, Ti:sapphire frequency and fiber cancellation phase-
locks. Therefore, the measured stability represents an upper
limit to that of the fiber frequency comb. The residual
stability is consistent with noise generated from the roughly
meter-long path lengths in fiber optics or air that are “out-of-
loop” so that their path lengths are not compensated by one of
the phase-locks.

IV. CONCLUSIONS

The fiber-laser frequency comb can provide comb lines
that have residual phase noise of < 1 radian and residual
stabilities below 10™'* with respect to an optical reference.
Therefore, the fiber-laser frequency can serve as a viable
alternative to the Ti:sapphire frequency comb for
measurement of the next generation of optical clocks. The
choice of the most appropriate comb technology can be made
based on the desired wavelength coverage of the comb.
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Figure 3. The coherent network for measuring the residual stability on the
fiber-laser frequency comb.
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Figure 4. Fractional frequency uncertainty (Allan deviation) of the beat
signal versus averaging time. Also shown is a fit with a 1/2°° slope. Data
taken from Ref. [10]
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