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Abstract: Optical frequency combs with more than 10 W have paved the way for extreme
ultraviolet combs generation by interaction with inert gases, leading to extreme nonlinear
spectroscopy and the ultraviolet nuclear clock. Recently, the demand for an ultra-long-distance
time and frequency space transfer via optical dual-comb proposes a new challenge for high power
frequency comb in respect of power scaling and optical frequency stability. Here we present a
frequency comb based on fiber chirped pulse amplification (CPA), which can offer more than 20
W output power. We further characterize the amplifier branch noise contribution by comparing
two methods of locking to an optical reference and measure the out-of-loop frequency instability
by heterodyning two identical high-power combs. Thanks to the low noise CPA, reasonable
locking method, and optical path-controlled amplifiers, the out-of-loop beat note between two
combs demonstrates the unprecedented frequency stability of 4.35× 10−17 at 1s and 6.54× 10−19

at 1000 s.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical frequency combs (OFCs) have enabled the landmarked progress of optical atomic
clocks [1–3], and expanded increasingly to various applications, such as attosecond science [4],
fundamental constants measurement [5], length measurement [6], Earth-like planet detection [7],
dual-comb molecule spectroscopy [8], microwave photonics [3,9], and time-frequency transfer
[10–12] over the last two decades. Although these applications inversely enhanced the OFCs
technology, few results were reported regarding fully stabilized high-power OFCs with ultrahigh
in-loop frequency stability better than 10−18 at 1s. Based on the frequency stability transmission
characteristics of OFC, it is possible to generate an ultraviolet comb with the same frequency
stability as a near-infrared high-power comb through high-order harmonic generation technology.
This is of significant importance for precision ultraviolet spectroscopy [13] and nuclear atomic
clocks [14]. But there are two main problems for achieving both high power and high stability.
One is how to realize low phase noise power amplification with dependable carrier-envelope
phase offset (CEO) stabilization and the other is how to phase-lock the comb teeth directly to
an ultrastable continuous wave (CW) laser with a broad bandwidth feedback system. For the
first problem, Ytterbium (Yb) doped fiber laser is attractive for power scaling [15] by using
large-mode-area (LMA) Yb-doped photonic crystal fiber (PCF). Due to the larger mode field area
and “endlessly single-mode” behavior [16], it is beneficial to reduce the nonlinear effect in the
amplification and easy to obtain single-mode and low-noise femtosecond laser output [17]. With
the LMA Yb-PCF, the average power of the optical comb has further increased to more than 100
W [18–21]. In a recent report, the CEO stabilized Yb-fiber chirped-pulse amplification (CPA)
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system based on a coherent beam combination technique [22] was up to 1 kW of average power
[23]. However, none of the above-mentioned has proved the ultrahigh frequency stability of the
OFC teeth, which is especially necessary for such applications as low noise microwave frequency
generation [9], time-frequency transfer [10], and the comparison of optical clock networks [24].
To some extent, the challenge of locking the high power comb to the ultrastable CW laser with
10−18 at 1 s in-loop instability would be more difficult regarding the precision locking technique
with broad bandwidth and extreme robustness. In 2008, JILA and IMRA demonstrated a 10
W OFC with 1 mHz linewidth by using a fast piezoelectric transducer (PZT) for feedback [25].
In 2012, they reported a novel extreme ultraviolet frequency comb generation driven by an 80
W frequency comb which is stabilized to an iodine-stabilized Nd:YAG laser in the same way
[13]. But the bandwidth of the PZT is typically limited to a few kHz-level, which restricts the
available stability of the comb. Though several techniques have been considered to broaden the
servo bandwidth [26,27], using an electro-optic modulator (EOM) to modulate the phase of the
intracavity laser is not only able to provide faster processing speed with less than µs response time
to efficiently suppress the high frequency noise [28] but also favorable for the robust nonlinear
polarization evolution (NPE) operation and long-term stabilization.

Two further concerns for high power combs are how to lock the comb to CW laser and how
to measure the out-of-loop instability. Firstly, there are two ways of locking the OFC to the
optical reference. One is directly locking the oscillator output to the optical reference, the other
is locking the amplifier output to the optical reference. In an amplifier, the amplified spontaneous
emission (ASE) [29], nonlinear phase shift during fiber amplification [17], and spectral coherence
deterioration in supercontinuum generation [30] will produce high-frequency additive noise in
the range of higher than kHz [31]. Meanwhile, the environmental fluctuation induces parametric
noise in the low-frequency range lower than 1 kHz [32,33], due to the tens of meters of the
non-common-mode optical path in the fiber amplifier. Thus, these two locking methods would
have significantly different impacts on the stability of the high power comb. The comparison of
these two locking methods would reveal the quantitative noise contributions in the high power
amplifier. However, this work has not been reported today.

Though the in-loop frequency instability has been demonstrated to be 10−18 or even 10−19 at
1 s averaging time in much low-power fiber-based comb systems, it mainly shows the tracking
performance of the optical phase-locked loop (PLL). Only the out-of-loop frequency instability
can faithfully reflect the actual performance of the comb [34]. At present, the out-of-loop
frequency instability of the combs without noise cancellation is worse than 10−16/s, which is
limited by the non-common mode path noise from the in-loop locking point to the out-of-loop
measuring point [35–38]. Here, instead of using a complex noise cancellation setup, we further
improve the out-of-loop stability to 10−17/s level by reasonably designing the amplifier structure
to make the out-of-loop measuring point as close as possible to the in-loop locking point.

In this study, we demonstrate a high average power and high-frequency stability Yb-fiber OFC
achieved by the LMA Yb-PCF and CPA technique. The single-mode and low-noise femtosecond
laser pulse output with power over 20 W and duration of 75 fs at the repetition rate of 200 MHz
is obtained, whose time-frequency transform is close to the limit of Fourier transform. With an
EOM inserted in the NPE mode-locked Yb-fiber oscillator, the comb is locked to an ultrastable
CW laser at 1064 nm. The CEO signal is locked directly to a microwave reference and the stability
of 2.4× 10−19 at 1000 s at the optical carrier frequency is gotten. Moreover, to investigate deeply
the stability characteristics of the high power comb, we compared the frequency instability and
the noise power spectral density (PSD) of the 20 W output between the two locking methods.
The experimental results show that when the oscillator branch or the amplifier branch is locked
to the optical reference, the instability of the 20 W output is 2.7× 10−16 and 2.8× 10−20 in 1000
s, respectively, with four orders of magnitude difference. It indicates that the non-common-mode
optical path between the oscillator and amplifier will induce a lot of low-frequency differential
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noise, which can be well suppressed by locking the amplifier branch to the optical reference.
After the comprehensive characterization and optimization of the high-power optical combs, we
measured the out-of-loop frequency instability between two identical high power combs. The
frequency instability of out-of-loop beat note reaches an unprecedented 4.35× 10−17 at 1 s and
6.54× 10−19 at 1000 s.

2. High power frequency comb with f ceo locked

Figure 1 shows the configuration of the high power fiber comb, which consists of a mode-locked
fiber seed source, a fiber CPA, and a comb-locking module. The seed source based on NPE
mode-locking [39] is a homemade Yb-fiber oscillator, with a 56 nm spectral bandwidth centered
around 1030 nm. The net dispersion of the oscillator is close to zero for operation in the
stretched-pulse regime and to obtain the narrowest f ceo signal [40]. The oscillator spectrum is
shown by the black line in Fig. 2(a). The repetition rate is about 200 MHz, with a tuning range of
6 MHz by installing a 25 mm travel translation stage under the end mirror. To lock the OFC to
the optical reference, the Yb: fiber oscillator is equipped with a 2 mm× 2 mm× 7 mm EOM in
the cavity and a PZT on one of the cavity mirrors [41]. The oscillator is housed in a double-layer
aluminum box with thermal insulation and vibration isolation, and the thermoelectric coolers
(TECs) are placed underneath the inner aluminum box.

Fig. 1. Experimental setup. ISO: isolator, λ/4: quarter-wavelength plate, λ/2: half-
wavelength plate, Col: collimator, EOM: electro-optic modulator, PBS: polarizing beam
splitter, WDM: wavelength division multiplexer, HR: high reflection mirror, PZT: piezo-
electric transducer, PM980: polarization maintaining fiber, HDCF: High-order dispersion
compensation fiber, SM LD: single-mode laser diode, PC: pump combiner, MM LD: mul-
timode laser diode, Tapered PCF: tapered photonic crystal fiber, RAP: right-angle prism
mirror, DM: dichroic mirror, PPLN: periodically poled lithium niobate, P: film polarizers,
BPF: bandpass filter, APD: avalanche photodetector, fceo: carrier-envelope offset. Black
solid line: passive fiber, Green solid line: gain fiber or PCF, Red solid line: optical path,
Black dashed line: electronic wire.

The oscillator emits up to 60 mW of average power, which is coupled to a single-mode
polarization-maintaining fiber and split by a fiber power splitter to two-part, 90% for amplification,
and 10% for repetition rate and spectral monitoring. In the stretcher part, a 25 m single-mode
polarization-maintaining fiber (PM980) and a 6 m high-order dispersion compensation fiber
(HDCF) are used to broaden the pulse width to 200 ps. The third-order dispersion of HDCF is
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Fig. 2. (a) The output spectrum of the oscillator (black line), pre-amplifier (blue line), and
main amplifier (red line). (b) The output power of the main amplifier (red dot line) and
grating pairs compressor (blue dot line) versus pump power. (c) Temporal properties of the
output of the main amplifier and sech2 fitting after grating pairs compressor.

negative in the 1 µm wavelength region, which can be used to manage the high-order dispersion
of the CPA part. Due to the large splicing loss of HDCF where every fusion point is 2.5 dB, the
output power after the stretcher is about 14 mW. One stage single-mode polarization-maintaining
Yb-doped fiber amplifier is used as a pre-amplifier to increase the input power with low noise.
The gain fiber of the pre-amplifier is 70 cm Yb401-PM. The output power is boosted to about
400 mW when pumped with about 600 mW at 976 nm. The pre-amplifier spectrum is shown by
the blue line in Fig. 2(a).

A 5-meter LMA Yb-PCF (DC-200/40-PZ-Yb) is used as the gain fiber of the main amplifier.
The LMA fiber can effectively alleviate the nonlinear effect in the amplification process and avoid
nonlinear phase shifts in the fiber propagation. Two laser diodes (LDs) at 915 nm are used as the
pump laser with a maximum total output power of 140 W. Although the 976 nm LD has higher
pumping efficiency, the sharp absorption peak at 976 nm makes Yb-doped fiber more sensitive to
the wavelength shift of LD. The broadband absorption spectrum at 915 nm reduces the influence
of LD frequency shift, which makes the intensity noise lower and suppresses the conversion
from intensity noise to phase noise [19]. When the pump power is 97.8 W, the output power is
29.19 W and the amplifier efficiency is 30% as described in Fig. 2(b). The output spectrum after
amplification is shown by the red line in Fig. 2(a), with a central wavelength of 1037 nm and an
FWHM of 17 nm.

The pulses are compressed by a pair of 1000 lines/mm transmission grating. By carefully
optimizing the spacing of the grating compressor and the length of the stretcher fiber, the
second-order dispersion and the third-order dispersion can be adjusted to zero simultaneously
to obtain the best compression effect. Finally, when the grating compressor spacing is 23 cm,
the pulse width of 75 fs and the power of 23.5 W is obtained. The characteristics of power and
pulse duration are shown in Fig. 2(b) and Fig. 2(c). The grating pairs’ compression efficiency is
80%. In Fig. 2(c), the compressed pulse has almost no wing structures, which indicates that the
higher-order dispersion of this laser has been well compensated and the B-integral is estimated to
be 0.2.

To achieve precise phase control, a piece of tapered PCF with a zero-dispersion wavelength of
1000 nm is employed to generate the supercontinuum spectrum. The length of the cone of tapered
PCF is about 6 cm, and the total length is 15 cm. In the case of an injection power of 200 mW,
the output power behind the PCF is 80 mW and a spectrum covering one octave is generated, as
shown in the inset of Fig. 3(a). A standard f-2f interferometer is built for the carrier envelope
offset f ceo signal detection. The signal-to-noise ratio (SNR) of the f ceo signal is 37 dB at 300 kHz
resolution bandwidth (RBW), shown in Fig. 3(a). To stabilize the f ceo signal, the pump current
of the oscillator is controlled by a phase-locked loop circuit. The inset of Fig. 3(b) shows the
frequency count of the locked f ceo signal in 3 hours, with a standard deviation of 4.04 mHz. The
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modified Allan Deviation instability, shown in Fig. 3(b), is 1.4× 10−17 at 1 s gate time and drops
to 2.9× 10−19 at 1000 s.

Fig. 3. (a) Radio-frequency spectrum of f ceo and f rep. The inset: supercontinuum spectrum.
(b) Modified Allan Deviation of f ceo. The inset: the frequency fluctuations of the locked
f ceo signal for about 12000 s recorded by the counter at 1 s gate time.

3. Instability measurements and discussion

3.1. Oscillator branch and amplifier branch instability comparison

To evaluate the noise contributions in the amplifier, two heterodyne beam paths were built to
compare the oscillator branch locked to optical reference and the amplifier branch locked to
optical reference as illustrated in Fig. 4(a). A 1064 nm ultrastable CW laser was employed as the
optical reference. The CW laser is stabilized on a high-finesse Fabry-Perot cavity using PDH
technology. The beat note between the oscillator output and the optical reference is denoted
as f b,osc; the beat note between the output after the amplifier and supercontinuum generation
and the optical reference is denoted as f b,amp. The SNR of the two beat notes is about 40 dB as
shown in Fig. 4(b) with 300 kHz RBW. To realize the high stability of the beat notes, we used a
broadband response bandwidth EOM as fast loop control and a PZT as slow loop control. These
two beat notes are locked by controlling the PZT and EOM of the oscillator by a phase-locked
loop circuit separately. Then, we performed frequency countings and phase noise analysis on the
beat notes f b,osc and f b,amp simultaneously. Since we only explored the noise characteristics of a
specific comb line in different branches, f ceo was not locked in both branches. This also avoids
the crosstalk caused by the simultaneous locking of f ceo and f beat [31,42]. Figure 4(c) shows the
RF spectra of the two beat notes when the f b,osc is locked and the f b,amp is unlocked. The SNR of
coherent carriers of two beat notes exceeds 50 dB, and the noise of both beat notes is suppressed.
Conversely, if f b,amp is locked and f b,osc is unlocked, which has similar RF spectra.

The frequency instability of the amplifier branch with a high average power of 20 W is mainly
concerned with applications. Thus the phase noise and modified Allan deviation of f b,amp in
different locked states are depicted in Fig. 5. In Fig. 5(a), the blue line is the phase noise measured
when f b,osc is locked, and f b,amp is unlocked. The red line is the phase noise measured when
f b,amp is locked, but f b,osc is unlocked. The dashed lines in Fig. 5(a) represent the integrated
phase noise from 1 MHz to 1 Hz. From our measurements, the suppression effect of phase noise
of the unlocked f b,amp (blue line in Fig. 5(a)) below 1 kHz becomes worse. Especially in the
frequency offset range of 1 Hz-20 Hz, the noise increases in the form of 1/f3. This noise is
largely contributed by the tens of meters of fiber and free-space path in the stretcher, amplifier,
and compressor. Temperature fluctuation and mechanical vibration change the length of these
optical paths. Furthermore, different from the ordinary multi-branch optical comb by shortening
the non-common mode optical interferometer paths, high power amplifier optical paths cannot
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Fig. 4. (a) Schematic diagram of two locking methods of optical frequency comb locking
to optical reference, YDFA: Yb-doped fiber amplifier; f b,osc: beat note of oscillator output
with CW laser, f b,amp: beat note of amplifier output with CW laser. SA: spectrum analyzer.
(b) RF spectra of f b,osc (red) and f b,amp (blue). (c) RF spectra of the locked f b,osc signal and
unlocked f b,amp signal.

be reduced to the order of meters-level, and even need to be further increased in higher power
optical comb. Fortunately, this noise can be eliminated by directly locking the amplifier branch to
optical reference. When the f b,amp is locked, the noise within 270 kHz (closed-loop bandwidth),
corresponding to the servo bump in Fig. 4(c), is effectively suppressed.

Fig. 5. (a) The noise power spectral density and integrated phase noise of f b,amp in two
different locking states. (b) The modified Allan deviation of f b,amp in two different locking
states.

Due to the increasing low-frequency noise of the unlocked branch, we further explored the
long-term instability of f b,amp in different locked states. Figure 5(b) shows the Allan variance of
f b,amp signals. When the oscillator branch is locked and the amplifier branch is unlocked, the
instability of f b,amp at 1 s is about 1.5× 10−15, and it drops to 9× 10−17 at 100 s. Especially at
gate time larger than 100 s, the Allan variance curve begins to bend upward with time, which
indicates that there is a frequency drift on this time scale. In the amplifier system, the long-term
thermal effect accumulated causes such frequency drift of the unlocked branches. When the
amplifier branch is locked, the frequency instability of f b,amp at 1 s gate time is about 2× 10−18
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and drops to 3× 10−20 at 1000 s. This result suggests that the long-term noise induced by the
environmental fluctuations also can be suppressed by the feedback loop.

The white phase noise induced by ASE in the amplifier, amplitude-to-phase coupling caused by
pump relative intensity noise, and spectral coherence deterioration in supercontinuum generation
mainly reduced high-frequency stability. But in the high-frequency range of more than 1 kHz in
Fig. 5(a), the f b,amp has the same noise characteristics in different locked states. The integrated
phase noise (IPN) of two locked states is 293 mrad (red dotted line in Fig. 5(a)) and 307 mrad
(blue dotted line in Fig. 5(a)), respectively. This small difference in IPN between these two
locked states shows that the noise control techniques, i.e., LMA-PCF in amplifier and tapered
PCF in supercontinuum generation, are effective.

3.2. Out-of-loop instability measurement with two high-power combs

To fully characterize the out-of-loop frequency instability of the high-power OFC, we built
two identical high-power optical frequency comb systems locked to one ultrastable CW laser.
The out-of-loop instability is characterized by measuring the beat note of two combs. This
measurement method can provide the real absolute instability of the comb which is not limited
by the reference laser stability. Figure 6(a) shows two combs that have the same repetition rates
and different offset frequencies in the frequency domain. We locked two optical combs on the
same 1064 nm stabilized CW laser. Figure 6(b) shows the diagram of out-of-loop instability
measurement with two fully locked high-power combs. The pulse after the amplifier and
compression is divided into two branches. One of the branches broadens the spectrum in PCF
and then divides into two channels to obtain f ceo and f beat respectively. The f ceo,1, f beat,1, f ceo,2
and f beat,2 measured here are in-loop frequency instabilities. The other branch is the application
branch with an output power of 20 W. The out-of-loop non-collinear optical path is less than 1
m, and especially, to maintain the same non-collinear noise, the two optical paths from the two
combs need to keep the same length, all less than 1 m. All frequency synthesizers and counters in
the system are synchronized to the same reference clock. The overlap of pulses from two combs
is achieved by slightly changing the RF reference of one of the optical combs when locking. The
SNR of the out-of-loop f beat signal is 60 dB at 500 kHz RBW. The phase noise characteristics
and frequency instability of f beat are measured by a spectrum analyzer and frequency counter.

Figure 7(a) shows the phase noise power spectral density (solid lines) and integrated phase
noise (dashed lines) of f beat,1, f beat,2, and f beat. As f beat,1, f beat,2 are locked by two different PLL
circuits, their noise performance is also different. The integrated phase noise of these two beat
notes is 293 mrad and 67 mrad respectively. The IPN of out-of-loop f beat is 800 mrad. Figure 7(b)
shows the in-loop frequency instability of beat notes of the two optical frequency combs, and the
out-of-loop frequency stability between the two optical combs. The in-loop frequency instability
can reach 2× 10−18/s at 282 THz. The frequency stability of the beat frequency signal outside
the loop is 4.4× 10−17/s and drops to 6.5× 10−19/1000 s at 288 THz. We assume that the noise
contributions of the two combs are uncorrelated and equal. The average instability to a single
comb is 3.1× 10−17. This result is the best out-of-loop comparison result at present and has
reached the level of the best optical atomic clock [43].

The amplifier and in-loop heterodyne beat are all integrated into a single aluminum housing for
good packaging, which greatly reduces the impact of environmental fluctuation. For the housing
structure limitation, we didn’t measure the out-of-loop stability of the supercontinuum branch.
However, since the supercontinuum branch is closer to the in-loop locking point, its frequency
stability will be better than that of the amplifier branch. Since the CEO’s instability reflects the
relative stability of the two comb lines across the octave, the lower limit of the stability offset
from the reference frequency is the CEO’s stability.

The out-of-loop heterodyne optical path is the major factor affecting the frequency instability.
We try to use a 5 m optical path, corresponding to the out-of-loop frequency instability of
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Fig. 6. Experimental set-up of out-of-loop instability measurement. (a) Two combs locked
to the same stabilized 1064 nm optical reference with the same repetition rates and different
offset frequencies in the frequency domain. The f ceo,1 and f beat,2 are locked to -20 MHz and
60 MHz respectively, and f ceo,2 and f beat are locked to 20 MHz and 20 MHz respectively. The
out-of-loop beat f beat is 40 MHz. (b) The diagram of out-of-loop instability measurement
between two fully locked high-power combs. FCPA: fiber chirped pulsed amplifier.

Fig. 7. Phase noise and fractional frequency instability of the in-loop and out-of-loop beat
note. (a) Phase noise power spectral density of f beat,1, f beat,2 and out-of-loop f beat of two
combs. The dashed line represents the integrated phase noise from 1 Hz-1 MHz. (b) The
modified Allan deviation of f beat,1, f beat,2 and out-of-loop f beat.
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5× 10−16/s, which is one order of magnitude larger than that at 1 m in Fig. 7 (b). The other
important factor is the beat note SNR. For a 1 m optical path, the instability is different when the
SNR is 40 dB and 60 dB at 500 kHz RBW. See Supplement 1 for more details.

4. Conclusions

In this study, we made a high-power optical frequency comb system based on an NPE mode-locked
Yb-fiber oscillator and a linear LMA Yb-PCF CPA amplifier. To achieve low noise femtosecond
laser pulse performance, single-mode fiber and high-order dispersion compensation fiber are used
to stretch the pulse duration and pre-compensated the second-order and third-order dispersion
caused by the fiber amplification of the system. By compression with a pair of high-efficiency
grating, 75 fs laser pulses without double-base tailing are obtained with a power of more than 20
W. With the wideband phase-locked loop electronics, the high power frequency comb is locked
to the ultrastable CW laser at 1064 nm. The f ceo signal with a signal-to-noise ratio of 37 dB is
phase-locked to the microwave reference and the instability at the optical carrier frequency is
2.9× 10−19 in 1000 s. We further focused on the noise and frequency stability characteristics
of 20 W comb output when locking either the oscillator branch or amplifier branch to the CW
optical reference. The measurement results show that when the oscillator branch is locked, the
environmental noise of the low-frequency cannot be compensated by the feedback loop, so it
will seriously affect the amplifier output in long-term frequency stability, it’s only 2.7× 10−16 at
1000 s; when the amplifier branch is locked, the amplifier output has the lowest noise and the
highest frequency stability, the instability of amplifier output is 2.8× 10−20 at 1000 s. So, we can
conclude that only by locking the amplifier branch, the comb can maintain the same instability as
the ultrastable laser.

The state-of-the-art high power frequency comb with more than 20 W and 10−19 instability
in 1000 s would see a wide perspective in the future. In addition to the extreme ultraviolet
frequency comb generation and nonlinear ultraviolet optical spectroscopy [13], long-distance
time and frequency transfer via dual-comb technology between earth-to-earth, satellite-to-earth
and satellite-to-satellite are in growing demand. Taking the satellite-to-earth transfer with a
distance of about 30,000 km as an example, the loss caused by the atmospheric absorption and
scattering is up to 80 dB, so 20 W high power frequency combs would be necessary in this case
[11]. We will continue optimizing and engineering the 20 W laser frequency comb and make it
work well in the future space-earth integration time and frequency transfer network.
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