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1. Introduction

Optical frequency combs (OFCs) emit optical pulse trains
with millions of well-defined, mutually coherent, perfectly
spaced comb modes! 7). This unique feature enables coherent
phase linking among the optical, microwave, and terahertz
regimes'® %), More importantly, the development of low-noise
OFCs over the past two decades has experienced fascinating
evolution, which facilitates advances of various applications
such as ultra-low-noise microwave generation[“], distance
ranging!'*"'*, and dual-comb spectroscopy!'>'¢),

Typically, noise at repetition rate (f,,,) and carrier-envelope
offset frequency (f..,) in the laser is required to be reduced
in order to obtain low-noise OFC operation. For f, stabiliza-
tion, a routine approach is to phase lock f ,,, or it is harmonic to

a radio reference, such as a cesium microwave atomic
clock. Cavity length feedback enables f ., with stability of the
10712-107" level in 1 s, determined by the noise performance
of the referenced microwave oscillator'”). An advanced
approach is to trace one of the comb modes in the OFC to a nar-
row-linewidth optical reference to enhance the stability of f .
In this case, the fractional stability of f,, could be suppressed
down to the 1071 level in 1 s!'&'%),
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We demonstrate the stabilization of an optical frequency comb (OFC) using a segment of fiber delay line as a reference. A
mode-locked Er-doped fiber laser is phase locked to a kilometer-long fiber delay line using three different schemes. The
short-term stability of the comb modes in the OFC stabilized by these schemes is obviously enhanced, down to the 10~ level
at millisecond average time. Among these three schemes, phase locking two bunches of comb modes in the OFC to the same
fiber delay line exhibits the lowest residual phase noise. Fiber-delay-line-referenced OFCs can provide reliable laser sources
in precise metrology owing to the advances of low cost, compactness, and high integration.

Keywords: optical frequency comb; delay line; frequency noise.

For f ., stabilization, in most cases, an f — 2f interferometer
is commonly used for f_., detection. In this case, the f . signal
is also referenced to a radio reference and able to inherit its sta-
bility!?**!). Besides this, the phase noise of f ., could be reduced
passively or by phase locking to the laser’s f, as well 2223,
Another significant approach that needs to be mentioned here
is to phase lock two comb modes in the OFC to two optical refer-
ences separately>*). In this way, all the comb modes are capable
of inheriting stability of the low-noise optical references, thus,
resulting in a stabilized f .

Besides radio frequency references and optical references,
kilometer-long fiber delay lines are also proved to be reliable
references for short-term stability enhancement in OFCs
recently?>*"), In this Letter, we improve the short-term stability
of the comb modes in OFCs using a fiber delay line as a refer-
ence. Two schemes are proposed, and their stabilization perfor-
mances are compared with our prior work!**, We labeled three
stabilization schemes as follows: (i) 1566 nm comb modes are
stabilized to a fiber delay line, and f ., is stabilized to a rubidium
microwave atomic clock; (ii) 1566 nm comb modes and f ., are
stabilized to a fiber delay line; (iii) 1526 nm and 1566 nm comb
modes are stabilized to a fiber delay line. The short-term stability
of the OFCs stabilized by these schemes is obviously enhanced,
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down to the 1072 level at millisecond average time. The third
scheme shows the lowest residual phase noise by seizing two
bunches of comb modes in the OFC to the fiber delay line at
the same time. Fiber-delay-line-referenced OFCs provide reli-
able laser sources in low-noise-OFC-based precise metrology
and other applications.

The target OFC modes’ frequency noise detection and stabi-
lization are based on the delayed self-heterodyne (DSH)
method, which is a state-of-the-art technique in CW lasers’ fre-
quency noise detection and suppression. Procedures for comb
modes’ frequency noise reduction using DSH are as follows.
A bunch of comb modes (centered at 4, or 4,) of the OFC under
stabilization are filtered out by a dense wavelength division mul-
tiplexer (DWDM) and sent into a home-built asymmetric fiber
interferometer (AFI), as shown in Fig. 1. Detailed configuration
of the AFI could be found in our previous publication*>**!, The
heterodyne beat from the interferometer carries the frequency
noise p - O[t(nf o, + fceo + 2f moa)l; Where p accounts for the
entire number of comb lines within the DWDM’s bandwidth.
n represents the mode number. 7 is the round-trip delay time
in the interferometer. 8[z(nf e, + fceo + 2fmoa)] represents the
frequency noise of the comb lines. f, 4 represents the acoustic
optical frequency shifter’s modulation frequency in the interfer-
ometer. The kilometer-long optical fiber delay line in the inter-
ferometer magnifies the frequency noise of the comb modes by a
factor of 7. Error signal containing comb-line frequency noise p -
O[z(nf ep + feo)] could be generated by mixing the heterodyne
beat with 2f 4. Through feeding back this error signal on either
intra-cavity or extra-cavity actuators using a proportional-inte-
gral-derivative (PID) controller, the frequency noise of the fil-
tered comb lines could be effectively suppressed.

Repetition rate stabilization of the target OFC requires
the participation of two separated bunches of comb modes,
e.g, mth and nth comb modes. Two beat notes carrying
comb-line frequency noise p - S[z(mf o, + feo + 2f moa)] and p -
O[z(nfep + feeo + 2f moa)] are detected by two low-noise photo-
diodes separately. After f .., and f, 4 are rejected by a frequency
mixer, the repetition rate noise, (m — n)f .,,, could be obtained,
as shown in Fig. 1. Similarly, feeding back this error signal to
cavity length modulation or pump current modulation using
a commercial PID servo could suppress the repetition noise
of the OFC. More details in f ., noise stabilization have been
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Fig. 1. Principle of comb mode noise detection and repetition rate noise
detection based on DSH method. AFI, asymmetric fiber interferometer.
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reported in literature!*”). In practice, the length of fiber delay
in the fiber interferometer needs to be carefully chosen.
Longer fiber delay leads to higher discrimination sensitivity in
the DSH setup for frequency noise detection. However, the
longer the fiber delay line is, the lower frequencies of the null
frequency points in the transfer function are. For example, when
the fiber delay line is 10-km-long, null frequencies would gradu-
ally arise at the 10 kHz Fourier frequency range, which would
restrain the phase-locking bandwidth. Consequently, in both
comb mode and repetition rate noise reduction, kilometer-long
fiber delay line is typically chosen under the consideration of this
tradeoft. Three distinct stabilization schemes will be introduced
in detail in what follows.

2. Comb Modes at 1566 nm Are Stabilized to a Fiber
Delay Line, and fie, Is Stabilized to a Signal Generator

Our first stabilization scheme is to phase lock the repetition rate
of the OFC to a signal generator, which is referenced by a rubid-
ium microwave atomic clock. Meanwhile, 1566 nm comb modes
are phase locked to the fiber delay line. The mode-locked laser
under stabilization is a home-built Er-fiber mode-locked laser
with 205 MHz repetition rate. As shown in Fig. 2(a), the optical
pulses from the laser are detected by a high-speed photodiode
(Electro-Optics Technology, ET-3000A). As a result, the repeti-
tion rate’s fifth harmonic is detected and filtered out by a band
pass filter (center frequency of 1.025 GHz). Through pump
power feedback using a PID controller, the fifth repetition rate
harmonic is phase locked to the signal generator. After phase
locking, stability of the repetition rate inherits that of the micro-
wave reference, which is at the 107! level in 1 s and the 10713
level in 100 s. The locking bandwidth of the repetition rate is
~10kHz. Then, comb modes around 1566 nm are filtered out
and sent into the asymmetric Michelson fiber interferometer.
The output heterodyne beat carrying the frequency noise of
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Fig. 2. Three experimental schemes of the fiber-delay-line-referenced OFCs.
PD, photodetector; BPF, band-pass filter; SG, signal generator; AFl, asymmetric
fiber interferometer.
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filtered comb modes is mixed with 2f 4 and further fed back on
an extra-cavity acousto-optic frequency shifter (AOFS) with
40 kHz modulation bandwidth. The phase-locking bandwidth
is mainly limited by the null frequency points in the fiber delay
line. To this end, both degrees of freedom of the target OFC, f rep
and f ., are fully stabilized.

To evaluate the noise performance of the fully stabilized OFC,
out-of-loop phase noise measurement is conducted. In this case,
we beat a certain comb mode in the OFC with a commercial
1542 nm CW laser (Stable Laser Systems). The typical linewidth
of the CW laser is 1 Hz. Since the reference CW laser has neg-
ligible noise compared to stabilized OFC, the phase noise and
Allan deviation of the resulting beat signal (f,.,) represent
the noise performance of the comb mode at 1542 nm in the
OFC. A frequency analyzer is applied to record the frequency
fluctuation of f, ., with gate time of 100 ps. The fractional
Allan deviation of f ., is calculated, as shown in Fig. 3(a). When
the OFC is free-running, the Allan deviation of f,,, is at the
107! level, as represented in the gray curve in Fig. 3(a). After
phase locking, the short-term stability (100 ps to 10 ms range)
of fieq is obviously enhanced by one order of magnitude, as
shown in the orange curve in Fig. 3(a). Allan deviation averages
down as 77'/2 until 10 ms and reaches 4.4 X 107'2 at 6.4 ms.
However, in the long-time scale, f},, starts to drift. The single-
side phase noise power spectral density (PSD) of f, ., is charac-
terized by a signal source analyzer (Keysight, E5052b).
Accordingly, from comparison of residual phase noise PSD of
Sbeat Detween the free-running condition and phase-locked con-
dition, the phase noise has been suppressed by one order of mag-
nitude at < 10 kHz Fourier frequency range. The suppression
bandwidth is ~40 kHz, where a servo bump at this frequency
in the phase noise curve exists, as shown in the orange curve
in Fig. 3(b).

3. Comb Modes at 1566 nm and f;., Are Stabilized to a
Fiber Delay Line

The second stabilization scheme is to phase lock both f.., and
1566 nm comb modes in the OFC to the fiber delay line, as illus-
trated in Fig. 2(b). Repetition rate stabilization to the fiber delay
line needs two heterodyne beats at 1526 nm and 1566 nm. Here,
the 1566 nm heterodyne beat is split by a 50:50 coupler. Half-
power of the beat is utilized for comb modes stabilization, which
is the same as scheme (i). The rest power of the beat is directed to
the local oscillator (LO) port of a mixer. It should be noted that
the LO port of the mixer we used here requires at least 7 dBm
power input to fully drive the mixer with low conversion loss.
The 1566 nm beat needs to be amplified by an electronic ampli-
fier before going into the mixer’s LO port. At the same time, the
1526 nm beat goes into the RF port of the mixer. The result from
the intermediate frequency (IF) port characterizes the f, noise
of the target OFC. Regarding this as the error signal, the repeti-
tion rate could be stabilized to the fiber delay line via pump cur-
rent feedback using a PID controller.
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Fig. 3. (a) Frequency stability and (b) out-of-loop phase noise PSD of 1542 nm
comb mode using scheme (i).

After the close of two phase-locked loops, the out-of-loop
measurement of fi, is conducted, as a similar manner in
scheme (i). The corresponding Allan deviation and phase noise
PSD are shown in Figs. 4(a) and 4(b), respectively. The results
are very similar to scheme (i), showing enhanced short-term
stability.

4. Comb Modes at 1526 nm and 1566 nm Are Stabilized
to a Fiber Delay Line

The third stabilization scheme is inspired by the phase locking
scheme from Ref. [24], where both 1526 nm and 1566 nm comb
modes are stabilized to the fiber delay line, as illustrated in
Fig. 2(c). The error signal from the 1566 nm heterodyne beat
is fed back upon the extra-cavity AOFS through a PID servo
for f., stabilization. On the other hand, the error signal from
the 1526 nm heterodyne beat is fed back upon pump current
modulation through a proportional-integral (PI) servo for rep-
etition rate stabilization. The out-of-loop measurement results
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Fig. 4. (a) Frequency stability and (b) out-of-loop phase noise PSD of 1542 nm
comb mode using scheme (ii).

are presented in Fig. 5. After phase locking, Allan deviation of
fbeat Te€aches 2.7 X 107'% at 6.4 ms. Phase noise PSD is presented
in Fig. 5(b). After phase locking, the integrated residual phase
noise is 666 mrad (from 10 MHz to 1 kHz) and 1.5 rad (from
5 MHz to 100 Hz). The phase noise of the fiber delay line could
also be characterized using the commercial CW laser. The CW
laser is directed into the AFI. The output heterodyne beat is
detected, filtered, amplified, and finally mixed with 2f 4.
Through division of the mixing result’s voltage PSD by the fiber
delay line’s transfer function'®*??), phase noise of the fiber delay
line could be retrieved, as represented by the gray curves in
Figs. 3(b), 4(b), and 5(b).

To summarize, we compared three distinct stabilization
schemes using a fiber delay line as a reference: (i) 1566 nm comb
modes are stabilized to a fiber delay line and the repetition rate is
stabilized to a signal generator; (ii) 1566 nm comb modes and
repetition rate are stabilized to a fiber delay line; (iii) 1526 nm
and 1566 nm comb modes are stabilized to a fiber delay line. The
short-term stability of the OFCs stabilized by these schemes is
obviously enhanced, down to the 1072 level at millisecond
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Fig. 5. (a) Frequency stability and (b) out-of-loop phase noise PSD of 1542 nm
comb mode using scheme ().

average time. The noise performance comparison between these
three cases is shown in Table 1. In these three cases, the lowest
Allan deviations are nearly at the same level. The short-term sta-
bility is better than that of most microwave atomic clocks. The
phase noise spectra show some distinction. In schemes (i) and
(i), fifth f ., (~1 GHz, radio frequency domain) and (m — n)f .,
(~5THz, terahertz frequency domain) are phase locked, respec-
tively. The stability would be degraded by certain factors when
transferred to 1540 nm comb modes (194.8 THz, optical

Table 1. Noise Performance Comparison of Three Stabilization Schemes.

Stabilization Lowest Allan Integrated Phase Noise
Scheme Deviation (from 5 MHz to 100 Hz) (rad)

(7 44 %107 at 64 ms 77

(i1 141072 at 3.2 ms 37

(iif) 271077 at 64 ms 15
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frequency domain). However in scheme (iii), two phase-locked
loops directly seized two bunches of comb lines in the optical
frequency domain (196.6 THz and 191.57 THz). Thus, the third
scheme characterizes the lowest integrated phase noise.
Therefore, we think it is the most practical stabilization scheme.
It should be noted that the advantage of using the fiber delay line
as a reference is its superior short-term stability. The long-term
stability in all the three cases is gradually deteriorating, which is
affected by the slow drifting of the fiber delay line due to the
environmental variations. Additional temperature control
may partly overcome this problem. Fiber-delay-line-referenced
OFCs get rid of f — 2f interferometers and low-noise optical
references. The entire phase-locking system is with low-cost,
compact, and highly integrated. More importantly, the stabiliza-
tion could be realized with only hundred-milliwatt average
power. Thus, this derived phase-locking method is not
restrained for mode-locked lasers’ stabilization, but could be also
applied in noise suppression of electro-optic (EO) combs, quan-
tum cascade laser combs, micro-resonator combs, etc. All of
these merits enable the presented OFC to be a practical laser
source in low-noise-OFC-based precise metrology, microwave
generation, and dual-comb spectroscopic applications.
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