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Abstract: We developed a mode-filtering technique based on the all-fiber-based external
cavity for a fiber-based optical frequency comb for high repetition rate (frp) frequency comb,
and the carrier envelope offset frequency (feo) can be detected and stabilized and is robust to
environmental fluctuations. To achieve multiplication of the frp with a high multiplication
factor using the fiber ring cavity, a long fiber was developed to mitigate the physical
limitation inhibiting the shortening of the cavity length. In this study, the length of the fiber
cavity was set to 6.7 m (free spectral range = 44.7 MHz) as the fiber-based comb length was
6.1 m. We were able to demonstrate a multiplication factor of 11, i.e., frep increased from 48.7
MHz to 536.0 MHz with a side mode suppression ratio of about 25 dB using the double-pass
configuration.
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1. Introduction

Optical frequency combs have become indispensable tools in various science and technology
fields [1,2]. High-repetition-rate (frep) optical frequency combs possess the higher available
power per mode compared to lower fe, comb with fre, of around 100 MHz, and each comb
tooth can be resolved by a wavemeter or spectrometer. Therefore, they are required in various
applications such as high-precision spectroscopy [3,4], optical communications [5], arbitrary
waveform generation [6], high-precision microwave generation [7,8], astronomical
spectrograph calibration [9,10], and absolute distance measurements [11]. Many of these
applications require phase-stabilized frequency combs, that is, the detection and stabilization
of fep and carrier envelope offset frequency (feeo). A Kerr-lens mode-locked Yb:Y,03 ceramic
laser has been reported [12], and the direct generation of a f, = 15 GHz frequency comb has
been reported. However, for mode spacings above a few gigahertz, it is difficult to achieve
used self-referencing scheme because of the low pulse energy. In contrast, the fiber-based
frequency comb has been widely used in various applications involving phase-stabilized
frequency comb generation as fceo can be directly detected, provides systems with long-term
stability, and is compact and easy to operate at various wavelengths. In the case of a mode-
locked Yh:fiber laser, the generation of a frequency comb with fe, near 1 GHz and the direct
detection [13,14] and stabilization of feo using the self-referencing scheme have been
reported [15]. However, for higher fundamental fep, it is difficult to shorten the cavity length
of the laser owing to the physical limitation as it reduces the pulse peak power, which should
be maintained above a certain threshold to maintain the nonlinearity required for mode
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locking. The generation of f, = 3-GHz frequency combs has been reported with a Yb:fiber
laser; however, the direct detection of feo has not yet been demonstrated [16]. Er:fiber-based
frequency combs are most commonly used for phase stabilized frequency comb generation
with an all-fiber setup [17,18]. However, their fe, is typically around 100 MHz and it is
difficult to shorten the cavity length of the laser because of the physical limitation.

In order to overcome these limitations, the mode-filtering of low-fr, frequency combs has
been widely used. In the conventional method, the multiplication of low-f.e, frequency combs,
whose frep and feeo are stabilized, has been widely studied using Fabry—Perot cavities (FPCs)
[19-21]. This technique is capable of spacing modes up to several tens of gigahertz, and
improving in the signal detection sensitivity in microwave generation [20] and dual-comb
spectroscopy [21]. However, an FPC consists of two mirrors and free space, so it requires
critical beam alignment and suffers from environmental fluctuations. Therefore, it can be
detrimental to the robustness of the Er:fiber-based comb during environmental fluctuations. In
contrast, fiber-based ring cavities consisting of single fiber couplers (FCs) have recently
begun to attract attention as a robust and compact system for fe, multiplication [22,23].
Unfortunately, these cavities were only able to demonstrate a multiplication factor of 2
because of the physical limitation inhibiting the shortening of the cavity length, which is
required to expand the spacing of the filtered comb modes. In addition, the finesse of the fiber
cavity was very low (~6) because of the large coupling loss (~74%) of the free-space optical
delay line inside the cavity and the large splice loss between the dispersion compensating
fiber (DCF) and single-mode fiber (SMF).

In this study, we propose a mode-filtering technique based on an all-fiber-based long ring
cavity whose length is longer than the laser cavity length, i.e., the pulse separation. Because
the physical limitation regarding the cavity length is greatly mitigated, it can be utilized for
the high multiplication of fe,. The length of the fiber cavity was set to 6.7 m (free spectral
range (FSR) = 44.7 MHz) as the pulse separation was 6.1 m, and we were able to demonstrate
a multiplication factor of 11, i.e., fep increased from 48.7 to 536.0 MHz with a side mode
suppression ratio (SMSR) of about 25 dB owing to the all-fiber-based double-pass
configuration. The developed technique can be applied to high-frp, all-fiber-based frequency
comb generation that is able to detect fe.o directly, so is strongly desired in various
applications.

2. Experimental setup for mode-filtering technique based on an all-fiber-based
long ring cavity

The optical length of the external fiber-ring cavity nL (n: refractive index of fiber, L: cavity
length) was set to (M £ m)/M times the pulse separation c/frep, Where c is the speed of light in
a vacuum, M is the multiplication factor, and m is an integer, i.e., M X fe, = (M £ m) x FSR of
the fiber cavity. By applying two FCs to the fiber cavity, the transmission spectrum exhibits
sharp maxima at the resonant frequencies, therefore, comb modes with a separation of M X fip
can pass into the cavity. Moreover, in the case of (M + m), the fiber cavity length is longer
than the laser cavity length, therefore, the physical limitation inhibiting the shortening of the
length of the fiber ring cavity is greatly mitigated.

Figure 1 illustrates the experimental setup of the all-fiber-based mode filter for frp
multiplication. A mode-locked Er:fiber laser is used as a light source. The frp is tunable from
48.55 to 48.95 MHz using a fiber delay line in the laser cavity, with a central wavelength of
1560 nm. The output is passed into the fiber ring cavity via a circulator, an Er:fiber amplifier
(EDFAL), and a polarization controller (PC1). The fiber cavity consists of an SMF, DCF, and
two FCs with a 99/1 split ratio. The input and output of the fiber cavity are connected to 1%
ports, and the inside of the cavity is connected to the 99% ports of the FCs. By applying two
FCs to the fiber cavity, the transmission spectrum exhibits sharp maxima at the resonant
frequencies, similar to a free-space FPC; therefore, comb modes with a separation of M x fi
can pass into the cavity. After passing through the cavity, the output of the cavity is sent into
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the fiber loop mirror via PC2, EDFAZ2, and the coupler for the single-pass cavity output.
Then, the output is reflected from the fiber loop mirror and sent into the same cavity via the
same fiber path. After passing through the cavity again, the double-pass cavity output is
emitted from the circulator. From this, the all-fiber-based double-pass configuration [24] is
realized.

The DCEF is included inside the cavity to compensate for a net dispersion in the cavity of
zero around the wavelength of 1550 nm (Ag). Owing to the large difference between the mode
field diameters (MFDs) of the SMF (SMF28e + , Corning, MFD = 10.4 um at Xo) and DCF
(DCF38, Thorlabs, MFD = 6.0 um at Ag), the splice loss is large (our optimized value: 0.8
dB). To reduce the loss by using an intermediate fiber (IMF) between the SMF and DCF [25],
we used a 1-um SMF (980HP, Nufern, MFD = 6.8 um at Xo) and improved the splice loss by
about 0.3 dB.

Single pass

LD cavity output
" EDFA1 EDFA2
Circulator
(@)
pc2 EDF
Fiber loop
mirror

I1SO

LD

Fiber ring cavity

Double pass

Mode-locked Er:fiber laser .
cavity output

Fig. 1. Experimental setup. LD: Laser diode, WDM coupler: Wavelength division multiplexing
coupler, ISO: Isolator, EDF: Erbium-doped fiber, PZT: Piezoelectric transducer, PC:
Polarization controller, ODL: Optical delay liner, EDFA: Erbium-doped fiber amplifier, DCF:
Dispersion compensating fiber, IMF: Intermediate fiber. The black line represents the single-
mode fiber (SMF).

In this experiment, we demonstrated mode filtering with M = 11, thus, the optical length
of the fiber cavity was set to 6.7 m withm =1 (nL = (M + 1)/M X c/frep) for frep = 48.7 MHz
and, therefore, the FSR of the fiber cavity was 44.7 MHz ((11 + 1) x FSR = 11 X f,¢, = 536.0
MHz). As depicted in Fig. 2, the frequencies of the comb modes with a separation of 11 x frp
match the transmission peaks of the fiber cavity with a separation of 12 x FSR in this case.
The physical lengths of the SMF, IMF, and DCF were 3.0, 0.2, and 1.4 m, respectively. For
the adjustment of the transmission peaks and comb modes, we tuned the fr, of the fiber-based
frequency comb.
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Fig. 2. Depiction of mode-filtering effect with a long-fiber-based ring cavity. In this case, the
multiplication factor M = 11 and the integer m = 1, i.e., 11 x f,, = 12 x FSR.
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3. Experimental results

3.1 Transmission peaks of the long-fiber-based ring cavity

First, the basic performance of the developed fiber ring cavity was evaluated with a single-
frequency CW laser as a light source. Figure 3 shows the transmission peaks of the cavity
output when the laser frequency is swept. As shown in Fig. 3 (a), the FSR and the full-width
at half-maximum (FWHM) linewidth of the transmission peak (Av) are measured to be about
44.7 and 2.4 MHz, respectively, corresponding to a cavity finesse value of about 18.9 ( =
FSR/Av). The finesse of the fiber cavity can be expressed as mVK/(1 — K), thus, the coupling
ratio K of the cavity is approximately 84%. This value corresponds to the estimated internal
loss of the cavity (~81%) owing to the splice loss between the DCF and SMF. The splice loss
can be improved by parameter optimization. Figure 3 (b) shows the transmission peaks of the
double-pass cavity output, and the FSR is the same as the single-pass case, however, Av
decreases because of the double-pass. From this result, an improvement in the SMSR of the
unwanted comb modes is expected.
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Fig. 3. Transmission peaks of the fiber cavity output when a single-frequency CW laser is used
as a light source. (a) Single-pass cavity output and (b) double-pass cavity output.

3.2 Optical and RF spectra of single and double-pass cavity outputs

Figure 4 presents the optical and RF spectra of the input (Figs. 4 (a) and (b)), single-pass
cavity output (Figs. 4 (c) and (d)), and double-pass cavity output (Figs. 4 (e) and (f)). In this
evaluation, we did not stabilize the cavity length and environmental temperature around the
cavity, however, it was not a major issue in the range of the measurement results described in
this paper to demonstrate our proposed mode-filtering technique. Further cavity stabilization
can be implemented to improve performances. The FWHM of the optical spectra of the single
and double-pass cavity outputs are 18.3 and 16.0 nm, respectively. Because of the dispersion
compensation by using the DCF, almost no spectral narrowing is observed. In Fig. 4 (c) and
(e), the center wavelength of the optical spectra shifts to shorter wavelengths. The dispersion
compensated bandwidth is 1530-1560 nm. In contrast, the center wavelength of the input is
about 1560 nm and is at the edge of the compensated bandwidth; therefore, it shifted. The RF
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spectra shown in Figs. 4 (b), (d) and (f) were measured using a fast photodiode (F7096FC,
Hamamatsu), and the incident powers were 0.6 mW. In Fig. 4 (d), strong peaks at 536.0 MHz
and its harmonics are observed with an SMSR of ~9 dB in the single-pass case. On the
contrary, in Fig. 4 (f), the SMSR improves to ~25 dB because of the double-pass cavity
output. The SMSR of ~25 dB is already sufficient for various applications in frequency
domain, e.g., sensitivity improvement of dual-comb spectroscopy [21]. By decreasing the
splicing loss between DCF and SMF, we expect to improve the SMSR. A frequency of 536.0
MHz is obtained for the set value of M = 11 and m = 1 for frep = 48.7 MHz, i.e., 11 X figp =
536.0 MHz.
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Fig. 4. Optical and RF spectra. (a)(b) Input, (c)(d) single-pass cavity output, and (e)(f) double-
pass cavity output.

We also evaluated time-domain characteristics. The output of the cavity was detected
using a 1 GHz photodiode (1611FC-AC, Newfocus) and displayed on a fast oscilloscope.
Figure 5 presents the time domain signals of the input (Fig. 5 (a)), single-pass cavity output
(Fig. 5 (b)), and double-pass cavity output (Fig. 5 (c)). As shown in Figs. 5 (b) and (c), the
single-pass cavity output shows more than 95% amplitude modulation at the original 48.7
MHz repetition rate, while the double-pass cavity output shows less than 35% amplitude
modulation. These results demonstrate that the all-fiber-based double-pass configuration is a
powerful technique for the mode-filtering of the fiber-based frequency comb also in time-
domain.
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Fig. 5. Time domain signals. (a) Input, (b) single-pass cavity output, and (c) double-pass cavity
output.

3.3 Evaluation in optical frequency domain

In addition to RF domain evaluation, we measured the heterodyne beat signal between the
filtered comb mode and single-frequency CW laser (ORION, RIO) at a wavelength of 1560
nm (Fig. 6 (a)). As shown in Figs. 6 (b) and (c), the single-pass cavity exhibits an SMSR of
approximately 9 dB, while the double-pass cavity provides an SMSR of about 25 dB.
Theoretically, the SMSRs should be 6 dB larger than the RF domain evaluations, however,
here we obtain similar values because the cavity length was not stabilized. We expect higher
SMSRs in optical frequency domain when the cavity is stabilized. In this study, our goal is to
demonstrate the mode-filtering technique with a long-fiber-based ring cavity. Further study
will include the cavity stabilization by using the Pound-Drever-Hall (PDH) technique [26] or
the Hansch-Couillaud method [27]. From these results, mode-filtered comb modes and an
improvement in the SMSR in the optical frequency domain are confirmed. To the best of our
knowledge, this is the highest multiplication factor ever achieved for M = 11 and f USiNg a
fiber-based ring cavity.
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Fig. 6. Heterodyne beat signal. (a) Experimental setup, (b) single-pass cavity output, and (c)
double-pass cavity output.

4. Conclusions

In this paper, we demonstrated an all-fiber-based mode-filtering technique for the frp
multiplication of a low-fr, fiber-based frequency comb. The length of the external fiber ring
cavity was longer than that of the fiber laser cavity. Using such a long fiber cavity scheme
greatly mitigates the physical limitation to achieve high fr, multiplication. The cavity length
was set to 6.7 m (FSR = 44.7 MHz) as the pulse separation was 6.1 m (frp = 48.7 MHz), and
frep multiplication with M = 11 was demonstrated. In addition, the all-fiber-based double-pass
configuration generated comb modes with 11 x f, = 536.0 MHz and an SMSR of 25 dB. The
SMSR is already sufficient for various applications in frequency domain, e.g., sensitivity
improvement of dual-comb spectroscopy [21]. On the other hand, in time domain, the residual
interleaved pulse train causes amplitude modulation. Therefore, higher SMSR is demanded
for applications especially in time domain. In the range of the current configuration, further
multiplication factor will cause degradation of SMSR. However, by decreasing the splice loss
between DCF and SMF, we expect to improve the SMSR, and we obtained high SMSR of
>40 dB in preliminary experiment. Moreover, already with the demonstrated multiplication
factor of 11, we can generate mode-filtered comb modes with 2.75 GHz ( = 11 x 250 MHz)
with our proposed technique by using a commercially available fiber-based frequency comb
with frep of 250 MHz. Therefore, even higher repetition rate should be available with our
proposed technique. This technique does not impair the features of the original fiber-based
comb, and feeo can be detected and stabilized and is robust to environmental fluctuations.
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