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Precision frequency transfer with
fiber frequency combs

Martin E. Fermann'*, Kevin F. Lee!, Peng Li*, Antoine Rolland?
and Jie Jiang*

IMRA America Inc., Ann Arbor, MI, United States, 2IMRA America Inc., Boulder Research Lab,
Longmont, CO, United States

We review methods for precision transfer of frequencies across broad optical
wavelength ranges. Single-branch supercontinuum generation allows for a
frequency transfer stability of < 1 x 107 in 1s across an octave. With
supercontinuum stitching, highly coherent supercontinuum spectra spanning
across more than two octaves are generated. With noise cancellation
techniques a relative frequency transfer stability of ~ 2 X 1078 in 1s can be
achieved. Highly stable frequency transfer along with a maximization of power
per mode at multiple freely selectable frequency bands is further enabled via
pulse shaping techniques. We also include a brief review of general fiber combs
and research aimed at frequency extension of frequency combs covering the
whole spectral range from the XUV to the mid IR, power scaling of frequency
combs as well as low noise microwave and mmwave technology enabled with
frequency combs.
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Introduction

Within the realm of optical fiber technology, broadband frequency combs can be
constructed from modelocked fiber lasers [1], a cw laser in conjunction with an electro-
optic modulator generating sidebands, commonly referred to as EO combs [2], or can be
generated via four-wave mixing (FWM) of two frequency tones in several stages
comprising highly nonlinear fiber [3]. Here we will review only the first method,
excellent reviews of EO combs can be found in Ref. [4] and details of FWM combs
are discussed in Ref. [5].

The output of a mode-locked laser consists of an ultrafast pulse train with pulses
equally spaced by the round trip time in the oscillator. The corresponding optical
frequency spectrum is a frequency comb of equally spaced spectral narrow lines that
can be described by [6].

fn:nfrep+fczu (1)

where n is a large integer (often called the mode number), f,., = 1/T is the pulse
repetition rate, where T is the pulse spacing (or cavity round trip time), and f, is the
offset frequency between the whole comb spectrum and the frequency f = 0. The carrier
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FIGURE 1

Schematic of an all-PM NALM Er-doped modelocked fiber

laser with fast graphene electro-optic modulator (G-EOM) and
lithium niobate electro-optic modulator (LN-EOM) for f.eo and frep
control, respectively, adapted from ref. 10.

envelope offset frequency is governed by the difference in group
Vg and phase velocity vp in a mode-locked oscillator, which
results in a phase advance (or phase slip) of ¢, =
(1/vp=1/vg)woL of the carrier frequency wy per round trip,
where L is the cavity length. The carrier envelope offset
frequency is given by [7]

feeo = (8¢, mo0d 27) £, [ 27 )

Since mode-locked lasers have a comb spectrum in the
frequency domain, they are sometimes also referred to as
frequency combs. It is more common to describe mode-
locked lasers as frequency combs when they are frequency
stabilized, or when the comb structure is critical for a
particular application.

Due to a variety of noise sources inside the cavity, f,, and
feeo drift and the pulse envelope as well as the pulse phase are
subject to statistical fluctuations, which broaden the individual
comb lines. However, once fr, and fc, from Eq. 1 are
the
evolution of the electromagnetic field corresponding to an

controlled in a mode-locked oscillator, temporal
optical pulse oscillating in the fiber laser cavity is completely
characterized. Moreover, the frequency spectrum can now
contain in excess of 10° perfectly characterized individual
comb lines. Additional noise arises from fiber amplifiers,
nonlinear fibers and even simple fiber leads and free-space
sections downstream of the oscillator. How to handle these
additional noise sources is the subject of frequency transfer
technology. Methods for control of fr., and f., and a review of
early work on modelocked fiber lasers and frequency combs can
be found in ref. 8.

Er fiber frequency combs

Because of their relative simplicity of construction,
compatibility with standard highly reliable optical components
from the optical telecommunications field and ultra-high
stability, Er fiber frequency combs have been used in many
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applications, comprising for example optical clock
construction, LIDAR and precision frequency spectroscopy. A
typical set-up of an ultra-stable fiber frequency comb based on a
nonlinear amplifying loop mirror (NALM) [9] is shown in
Figure 1, as adapted from ref. 10.

Advanced high-performance Er-doped fiber frequency
combs use modulators with large modulation bandwidths for
control of fceo and frep. Those are for example lithium niobate-
based electro-optic modulators (LN-EOM) for f,., [11] and
graphene-based EOMs (G-EOM) for f, [12]. The modulation
bandwidth can be as large as 1 MHz. The frequency comb shown
in Figure 1 incorporates such high bandwidth modulators. The
oscillator is based on an all PM fiber laser incorporating a NALM
[9] as developed for the generation of sub 100 fs pulses from
passively modelocked fiber lasers operating near zero dispersion
[13]. The NALM incorporates a phase bias element in the loop as
discussed in refs. 9 and 13. Here the LN-EOM is used in
transmission and the G-EOM is used in reflection. The
refractive index of LN is changed by an applied voltage,
producing a modulation of the cavity length. Since the
modulation range of an LN-EOM is very small, a PZT is also
installed to induce larger cavity-length changes. The G-EOM also
uses the electro-optic effect. Any applied field changes the Fermi
level of graphene, thus modulating its absorption, which
produces a cavity-loss change. Because the G-EOM modulates
the cavity loss instead of the gain, f,., modulation induced by the
G-EOM is not limited by the relaxation time of Er, but rather by
the photon lifetime in the cavity, which can be much faster [12].
For the construction of a frequency comb, generally an optical
amplifier is included down-stream of the oscillator, which in
conjunction with nonlinear amplification allows for the
generation of =30 fs pulses with a pulse energy between
2 - 4nJ. The short pulses are subsequently injected into a
highly nonlinear fiber for octave spanning supercontinuum
the an f-2f

interferometer [8, 10]

generation and detection of fceo via

Because of the large-bandwidth modulators and the
intrinsically low phase noise provided by an all-polarization
maintaining (PM) NALM design, ultra-low phase noise is
obtained, with a phase noise (®) of feo Or fpear below
50 mrad integrated over offset frequencies from 100 Hz to
2 MHz with 5 = 99.9% fractional RMS power in the coherent
carrier, where 1 = exp (—®?). The typical RF spectra of a phase
locked fceo signal and a beat signal (fbeat) between a comb line
and an external cw laser of a NALM based fiber comb system in
shown in Figure 2.

For phase locking of f,., in the RF domain, the pulse train
can be directly photo-detected. The ultimate frequency comb
stability is then determined by the RF reference used. Although
phase locking of f,., in the RF domain is sufficient for many
applications, phase locking of f,., can be used in the optical
domain to utilize the world’s best frequency references, which

operate in the optical domain. The frequency stability of available
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RF spectra of phase-locked (A) feo and (B) fpea in an ultra-low-noise all-PM Er-doped fiber comb using a NALM (from ref. 9). PSD = phase noise

spectral density.

precision RF and optical references is ~ 10™'* and =107 at 10 s,
respectively [14].

Yb fiber frequency combs

As an alternative to fiber frequency combs, Yb fiber
frequency combs have also been used in many applications,
since they are directly compatible with high power Yb fiber
amplifiers [15, 16] and can generate a supercontinuum spectrum
from 600—1,600 nm [17],
wavelengths used in precision metrology as well as the

spanning across most clock
important 1,550 nm spectral range that is typically used for
the construction of reference cavities. Yb fiber frequency
combs have allowed the demonstration of sub mHz relative
linewidths relative to a Ti:sapphire laser based frequency
(18],
coherence. One disadvantage of Yb fiber vs. Er fiber frequency

comb revealing essentially perfect relative comb
combs is typically the need for bulk dispersion compensating
elements for system construction. Therefore it is sometimes
preferable to implement frequency shifting of Er fiber combs
to the Yb spectral range [19] rather than to use Yb fiber frequency
combs in Yb comb applications.

Yb fiber frequency comb oscillators can in general operate
with similar phase noise compared to Er fiber combs and allow
for the generation of very stable and very narrow linewidth
(<10kHz) free running fceo signals, as already demonstrated
in ref. 18 and more recently confirmed in Li et al [20] and a very
detailed investigation by Meyer et al [21]. Both Li et al and Meyer
et al [20, 21] implemented NALMs in the comb oscillator
construction. The achievable phase noise for the fbeat signal
inan Yb fiber comb is around 120 mrad, which after filtering with
an enhancement cavity can be reduced to around 20 mrad [22].

Because of the high power capabilities of Yb fiber amplifiers,
Yb fiber frequency combs have been used as pump sources for
high power optical parametric oscillators operating in the mid IR
spectral range [23] as well as high power XUV sources based on
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high harmonic generation in enhancement cavities [15, 24].
More recently cavity-enhanced Yb fiber frequency combs are
also being considered as excitation or reference sources for
nuclear spectroscopy [22], which can potentially expand
optical clock technology to nuclear transitions, opening many
opportunities for further great advances in precision metrology.

Tm fiber frequency combs

Tm fiber frequency combs [12, 25, 26] are of interest since
they produce direct access to the mid IR spectral range. Tm fibers
can be relatively highly doped compared to Er and Yb fibers and
allow for operation at repetition rates > 500 MHz [27], about a
factor of two higher than typical with Er and Yb fiber combs.
Moreover, just as Er fiber combs, Tm fiber combs can be perfectly
integrated. Tm fiber amplifiers can also be operated at average
powers > 100 W and have been used for the demonstration of
100 W level Tm fiber combs; in conjunction with nonlinear
spectral broadening techniques Watt-level powers in the
whole mid IR spectral range can be demonstrated [28]. High
power mid IR frequency generation is one of the most important
applications for Tm frequency combs [29] and is highly relevant
for precision spectroscopy [30].

Ultra-high stability frequency transfer

One of the most popular applications for fully stabilized
frequency combs can be found in the construction of optical
clocks. Optical clocks are prime candidates for the future
redefinition of the world-wide time standard, aimed at
providing a higher accuracy than supplied by the current
definition of the standard second with cesium clocks. While
cesium clocks use a microwave frequency (~9.2 GHz) as the clock
transition, optical clocks use a frequency in the optical domain,

e.g., 429 THz for the popular strontium lattice clock. Prior to the

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1005074

Fermann et al.

} Lock

le (

Lock

) Lock

I )I Frequency

Count

FIGURE 3

Concept for optical clock comparison via frequency combs.
The frequency comb is locked to a first optical clock, and
compared with another optical clock via the use of frequency
counters to measure the stability of the beat frequencies.

availability of optical frequency combs, counting (i.e., measuring)
optical-clock wavelengths was extremely difficult and required
highly complex frequency chains [31]. Such frequency chains are
now obsolete since optical frequency combs are used as a
frequency gear, in which optical frequency combs directly
convert frequencies from the optical to the microwave
[31].
fceo-stabilized comb is for example phase locked to a cw laser

domains In a typical optical-clock system, an
referenced to an optical cavity, which is in turn used for
interrogation of an optical-clock transition via generation of a
beat signal fie,; between the cw laser and one of the comb lines.
The transition frequency of the optical clock is then fully
determined by fceo» frep and freq, which can all be
measured in the microwave domain with the use of frequency
counters. The optical-clock frequency can then be calculated
once the mode number is known, which can for example be
determined with the use of a wavemeter.

For the future definition of the standard second, because of
redundancy requirements, several optical clocks need to be functional
simultaneously, hence an accurate comparison of the clock
frequencies between different optical clocks, as shown in Figure 3,
is required. For this application, a first comb mode is locked to a first
CW laser, which interrogates the first optical clock. Similarly, a
second clock is interrogated with a second CW laser. The second
clock is then compared to the first clock by using the second CW laser
to generate a beat signal with a second comb mode. Counting of the
beat signal between the second comb mode and the second CW laser
then produces a measurement of the relative frequency stability
between the two clocks. The concept is extendable to the comparison
of multiple clocks.

Most clock wavelengths are in the visible, e.g,, at 698 nm for Sr
lattice clocks and at 578 nm for Yb lattice clocks. Hence to utilize

supercontinuum generation from Er-doped fiber frequency combs,
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the frequency of cw lasers operating in the infrared is typically
frequency doubled, such that the fundamental infrared wavelength
from the cw laser can be interfered with the supercontinuum
generated with an Er-doped fiber frequency comb and the
frequency doubled light can be interrogated by optical clocks.

Multi-branch versus single branch comb
systems

Early fiber comb systems as used for optical clock comparison
were based on multi-branch designs, where the Er-doped fiber
frequency comb oscillator is branched out to feed several
independent fiber amplifiers and supercontinuum stages. Each of
the independent amplifier branches is then used for interrogation of
only one clock wavelength via generation of fye, between the clock
and a selected comb line. Each of the amplifier branches is further
carefully constructed to maximize the signal/noise ratio (SN) of fpeqt
for the various clock wavelengths. Such multi-branch Er-doped fiber
frequency combs exhibit a relative frequency instability of 10" at 1 s,
which was sufficient in the early days of optical clock research.

However, recent progress in optical reference cavities and
optical clocks requires more sophisticated Er-doped fiber
frequency combs, such as for example single branch designs,
where only one Er amplifier and supercontinuum generation
stage is used to eliminate inter-branch noise. An example of a
single branch ultra-stable Er-doped fiber frequency comb system
is shown in Figure 4. In this system, all fibers and fiber
components are polarization maintaining, so the system is
very robust [32]. Moreover, the generated supercontinuum
(Figure 4B) is used not only for optical beat detection
between the CW lasers and the frequency comb, but also for
fceo detection. Compared with a multi-branch system, where the
Er-doped fiber frequency comb is branched out to feed several
independent fiber amplifiers and supercontinuum stages, the
single-branch system exhibits about 10 times better stability,
as shown in Figure 4C, where a relative frequency stability better
than 107 in 1s was reached. Here the frequency stability is
shown in terms of modified Allan deviation as a function of
averaging time T, which corresponds to the square root of the
variance of M successive frequency measurements in that time
interval t.

In subsequent work, the relative frequency instability across
two frequencies was reduced further to around <3 x 107" in 1s
[33], limited by the relative frequency noise imparted by free
space optical sections within the comb system.

Ultrabroadband supercontinua via
supercontinuum stitching

Instead of frequency doubling the CW laser to interrogate
optical clock transitions, the short pulses generated from the Er-
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(A) Ultra-broadband coherently stitched supercontinuum generated with an Er-doped fiber comb and a frequency-doubled Er-doped fiber
comb. (B) Frequency instability of the two-octave frequency comb measured for 780 nm and 1,560 nm. (from ref. 34).

doped fiber frequency comb and amplified in an Er-doped fiber
amplifier can also be frequency doubled and a highly coherent
visible supercontinuum centered near 780 nm can be generated
via coupling of the ultra-short frequency-doubled pulses into a
photonic crystal fiber. Via coherent stitching of an IR
supercontinuum  generated with another Er-doped fiber
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amplifier, a highly coherent supercontinuum spanning the
whole range from around 500nm to 2,400nm can be
generated, where a frequency stability better than 107" in 1s
is potentially achievable [34]. The coherently stitched spectrum
and the measured frequency stability between 1,560 and 780 nm
are shown in Figures 5A,B respectively.

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1005074

Fermann et al.

Noise cancellation with reference lasers

Typical optical clocks require the simultaneous presence of
well-defined optical frequencies for their operation, a constraint
that is proportionally more difficult to satisfy when clock
comparison among a multitude of optical clocks is concerned.
To overcome these issues Kashiwagi et al [35] have suggested the
use of multi-branch frequency combs with inter-branch noise
cancellation which goes beyond the limitations of single-branch
combs. Kashiwagi et al [35] demonstrated a reduction of noise
between the non-common amplifier branches using the beats of
the generated supercontinua with a common external cw laser
reference for branch length stabilization, based on actual physical
fiber length stabilization of the various amplifier branches.
Giunta et al [36] improved on these results by implementing
a software solution to the noise cancellation problem, relying on
the Doppler property of the phase noise ¢ (wn) imparted by a
fiber of length L, namely its direct scaling with optical frequency.
Just as in Kashiwagi et al [35], for proper frequency comparison
across a multi-branch system a common external reference laser
is required, which provides a measurement of the inter-branch
noise ¢ (wy,) at frequency w,,. More recently, a hardware-based
technique for real-time noise cancellation without any post
processing [37] was demonstrated. For a selected amplifier
branch, the corrected phase noise ¢ (wy) at a frequency wy can
be obtained from ¢ (wy) = (wx/wm) X ¢ (W), where wy/wy, is the
frequency ratio between the test laser at frequency w, and the
noise transfer laser at w,,. To enable noise cancellation in
hardware, a first amplifier branch can be used for phase
locking to a primary frequency reference at w, as well as for
fceo locking. The first amplifier branch then is also used to lock
the noise transfer laser at w,, to the frequency comb. The second
branch then needs to contain spectral output near both a
frequency w,, and a secondary frequency reference at wy, for
which noise cancellation is to be implemented. This allows for the
generation of two beat signals "fy,,, and f,,,, which both contain
the inter-branch noise; to elucidate that these two signals contain
interbranch noise we added the superscript " as a pre-fix,
resulting in “f,,, and "f,, To cancel the inter-branch noise,
these
balanced mixer with appropriate scaling of “f,,,, providing a

two beat signals can be mixed with a dual

noise cancelled beat signal “fy,, where © stands for noise cancelled,

cfbxznfbx_ (wx/wm)nfbm-

3)

More than two amplifier branches can be added and the same
principle can be applied. Hence for each amplifier one needs to
optimize only the SN ratios of two beat signals related to the noise
transfer laser "fi,,, on the one hand and another frequency reference
at (fg, fxo- - .fin) on the other hand. In clock comparison applications
the implementation of the frequency mixer produces a frequency
offset, which can however be easily accounted for when calculating
the difference frequencies of actual clock signals.
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Red dot and square: Allan deviation and modified Allan
deviation of uncorrected fyest signal at 1,064 nm. Black dot and
square: Allan deviation and modified Allan deviation of noise
cancelled fpeq Signal at 1,064 nm.

The amount of noise cancellation obtainable with a dual
branch frequency comb system is shown in Figure 6. The Allan
deviation and modified Allan deviation of the beat signal from
the second branch supercontinuum output with a cw 1,064 nm
reference laser before and after noise cancellation is shown,
where the 1,064 nm was used both as the primary and
secondary reference. Noise cancellation can reduce the
interbranch noise by a factor of around 30-100, depending on
averaging times. At 1s an Allan deviation before noise
cancellation of 5*107" is obtained and after noise cancellation
~ 2 x 10718, At 10,000 s the Allan deviation reduces to 2.7 x 10*°
before and 4.4 x 107*' after noise cancellation.

Supercontinuum manipulation via pulse
shaping

When generating supercontinuum from a given pulse in
nonlinear fiber, the main controls available are the laser power
and fiber lengths. Optimizing one or two wavelengths is straight-
forward, but the optimization of multiple wavelengths
simultaneously is not always possible. To overcome this
limitation a pulse shaper can be used that modulates the pulse
injected into the supercontinuum generating highly nonlinear
fiber. With appropriate control one can indeed focus the
supercontinuum power into desired wavelength channels
while still preserving an octave spanning spectral width [38].
Moreover, a fully integrated pulse shaper based on spectral phase
shaping in a chirped fiber Bragg grating can be implemented,
allowing for a compact experimental set up.

The experimental set-up for such an integrated spectral phase
shaper is shown in Figure 7, adapted from ref. 38. To enable
spectral phase shaping, a pair of chirped fiber Bragg gratings
reflectively stretch and compress the seed pulse, illustrated in the
top branch of Figure 7. The gratings have the same specified
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Allan deviations of the optical frequency of the shaped
supercontinuum at various clock wavelengths relative to an
unshaped supercontinuum. Dashed lines use averaged phase
values over 0.5 s to remove white noise. Deviations at 1 s are

at the 107" level, which is already comparable to the best optical
clocks.

group delay dispersion but are inserted in opposite directions,
nominally resulting in no additional dispersion. The seed pulse is
spectrally phase shaped by mounting the compressor grating on
an array of computer controlled heaters. Typically one heater
element can increase the group delay by up to about 1 ps through
the temperature dependence of the refractive index by changing
the wavelength that reflects at that position.

The Allan deviations of the beat signals obtained after
supercontinuum shaping at various popular clock frequencies
as well as at the frequencies used for f.., locking (i.e., at 2,100 and
1,050 nm) are shown in Figure 8. The Allan deviation at 1 s is
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below 6 x 107" for all three clock wavelengths (1,147, 1,314, and
1,397 nm), comparable to the best optical clocks [14]. Here the
relative frequency transfer stability was limited by the
environmental control in the fiber Bragg grating stretcher and
compressor, which are temperature sensitive. With better
in transfer

environmental control another improvement

stability by an order of magnitude or more can be envisaged.

Power and frequency extension

Er fiber combs in conjunction with supercontinuum
generation dominate in realm of optical clock research. For
many other applications in nonlinear optics and spectroscopy
higher power levels than obtainable with standard Er fiber combs
and wavelengths covering the whole spectral range from the
XUV to the mid IR are required. A review of research on power
scaling and frequency shifting can be found in Ref. [39]. As
already mentioned, power scaling of fiber frequency combs can
be enabled by the use of Yb fibers as power amplifiers [15, 16],
where an optical seed near 1,050 nm can be readily provided via
Yb fiber combs [15] or appropriate frequency shifting of Er fiber
lasers [19], allowing for example full access to the stabilization
techniques developed for Er fiber combs. With Yb fiber frequency
combs amplified to the 100 W level, frequency combs in the XUV
spectral range can be demonstrated via for example high
harmonic generation in an enhancement cavity [22, 24].

Similar frequency shifting techniques can also be
implemented to use Er fiber frequency combs to seed high
power Tm fiber amplifiers providing for several Watts of
1900 nm [26, 28]. In

supercontinuum generation, single-cycle pulse generation

power near conjunction  with
(centered around 1900 nm) with a spectral bandwidth from
700-3,000 nm can be obtained [40]. Single cycle pulses can
also be generated with high power Yb fiber lasers in
conjunction with pulse compression in gas-filled hollow core
fibers [41]. Recently, amplification of Er fiber frequency combs to
power levels > 10 W and pulse energies > 100nJ via the
implementation of large mode fiber amplifiers and spectral
phase shaping techniques [42] has also been demonstrated.
The fbeat and fceo phase noise of these high power Er fiber
combs can be below 400 mrad as required for coherent frequency
transfer, thus such systems will open new avenues for high field
research.

High power fiber frequency combs can themselves produce
power levels in the mid IR spectral range of several Watts via
frequency shifting for example via nonlinear optical parametric
oscillators [29, 30], difference frequency generation (DFG) [28,
43] or optical parametric amplification (OPA) [44], where in
principle all generated frequencies can be referenced to optical
clocks via high power Er fiber amplifiers. The set-up for a high
power DFG system comprising both a high power Er fiber
frequency comb pump, which is further frequency shifted and
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Schematic of setup for DFG based on a dual-branch comb
configuration. (B) Optical mid IR spectra generated via DFG. OSC =
oscillator, OPGaP = orientation-patterned gallium phosphide,
MIR = mid-infrared output.

amplified in a Tm fiber amplifer to provide a high power signal, is
shown in Figure 9 below, adapted from ref. 43. Here a power level
in the 6-11 um range > 50 mW was obtained at a repetition rate
of 100 MHz, where the Er pump provided around 2 W of pump
power. With the recently available 10 W Er fiber frequency
combs, much higher power levels in the mid IR spectral range
can be expected. In a recent experiment a power level of 6.7 W
was demonstrated at a wavelength of 3 um via DFG/OPA
between a high power Yb fiber and an Er fiber comb [44].

Ultra-low phase noise microwave and
mmwave generation

The stability benefits of frequency comb technology cannot
only be utilized in the optical domain, but can also be transferred
to the microwave and mmwave domain, enabling ultra-low phase
noise and ultra-high stability microwave and mmwave
highly
processing and precision radar. Photo-detection of the mode-
locked pulse train can be implemented for direct optical to
typically
implemented to increase the repetition rate of modelocked

generation, as for example relevant for signal

microwave conversion. Pulse interleaving is
fiber lasers to the few GHz range [45], which in turn
increases the average power of the generated microwaves and
reduces the shot noise level in the microwave domain. In a state-
of-the-art demonstration [46], the repetition rate of the pulse
train from a modelocked Er fiber laser was multiplied by a factor
of 16 with four interleavers, i.e., from 250 MHz to 4 GHz. At the
photo-detector, a microwave signal with an ultra-low phase noise
at a frequency of 12 GHz was generated, which was derived from
the third harmonic of the multiplied pulse train. At carrier offset

frequencies in the range from 10 to 100 kHz, a single-sideband
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phase noise of —170 dBc/Hz was obtained, which is highly
competitive with classical low-noise microwave oscillators.
Although free-running mode-locked lasers can produce low
microwave phase noise at offset frequencies greater than 10 kHz,
to fully utilize precision optical frequency references the
frequency comb needs to be locked in the optical domain,
ie., to a cw laser locked to an optical cavity. Optical-domain
locking enables conversion of the phase noise from the optical
domain to the microwave domain through so-called optical
frequency division; assuming the optical reference is at a
frequency v, and the generated microwave frequency is at a
frequency of Q = nf,., the reduction in phase noise from the
optical to the microwave domain is governed by the ratio R = (v,,/
Q)* in power. For a typical optical frequency of 200 THz and Q =
10 GHz, R = 86 dB. Hence very low phase noise can be obtained
close to the carrier with reference cavities with a Hz-level
linewidth. Such still
complicated and bulky, though research is underway to make

reference cavities are relatively
reference cw lasers more compact [47].

The measurement of stability transfer from the optical to
microwave domain does not necessarily require ultra-high
stability reference cavities. For example a transfer stability <
2 x 107" in 1s from the optical to the microwave domain (at
192 THz and 10 GHz respectively) can be demonstrated with
correlation—based phase noise measurements [48], where two
combs are both locked to a common optical reference (such as a
RIO laser) and the generated 10 GHz signals are simultaneously
down-converted to 10 MHz via a common 10 GHz synthesizer,
before phase comparison in a phase meter. An example of such a
measurement system is shown in Figure 10 [49]. An even higher
frequency transfer stability to the microwave domain can be
measured with an ultra-high stability optical reference and a
carrier-suppressed correlation based measurement technique,
where a relative stability for optical to microwave conversion
of <2 x 107" in 1s can be obtained [50].

Finally, frequency combs can also be used for the generation
of ultra-high stability signals in the mmwave or THz frequency
range. To generate mmwave signals low noise 10 GHz microwave
signal as generated from a fiber comb can for example be
optically multiplied with the help of EO comb generation and
an optical etalon [51]. The etalon can then select individual
frequency nodes separated by 100 GHz or more, where beating
those frequency nodes on a high bandwidth uni-travelling carrier
(UTC) photodiode generates the low noise signal in the mmwave
domain. However, for THz frequency range generation the use of
(52]
microcombs themselves can be constructed with repetition

microcombs is generally more straight-forward as
rates that can be as high as 1 THz. Moreover, one can then
use frequency division rather than frequency multiplication in
order to generate low phase noise and high stability mmwave
signals. With this scheme a frequency stability at 300 GHz of
around 2 x 107" at 1's was demonstrated [53], limited by the
optical frequency reference implemented.
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Correlation based phase noise measurement system for evaluation of frequency transfer from the optical to microwave domain. Here two
frequency combs are locked to a common frequency reference such as a RIO laser. The repetition rate of both combs is further locked to a low noise
1 GHz frequency synthesizer, disciplined to a low noise 10 MHz reference such as an oven crystal oscillator (OCXO). The relative stability of the two
10 GHz microwave tones is analyzed with a phase meter. PD = photo-detector.

Conclusion

With recent advances in fiber frequency comb technology,
precision frequency transfer at the 107 relative stability level is
now possible, while the fundamental benefits of fiber based frequency
comb technology, namely highly integrated, all-fiber construction,
robust and long-term stable operation does not need to be
compromised. As such, fiber frequency combs support frequency
measurements for even the most advanced optical clocks and are
bound to be an essential apparatus for the actual realization of a
future ultra-high precision time standard. Moreover, fiber frequency
combs have now become standard operational tools in many
research labs and are increasingly being also used in actual
applications in the field. The research and application potential
for high power frequency combs operating at the 10-100 W level
and in the single cycle regime has not even been scratched and many
exciting new applications can be expected. Further broadening of the
comb application potential can be expected with the implementation
of microcombs. Most of the frequency comb systems discussed here
are commercially available, from companies such as IMRA America
Inc. https://www.imra.com/products/imra-scientific, providing a
great, easily accessible resource for serving new research.
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