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Abstract: We present a frequency comb based on an all-fiber polarization-maintaining figure-8
laser. It is locked to an optical reference through an intracavity high-bandwidth electro-optical
modulator and has a flat phase noise of -78 dBc/Hz.
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Laser frequency combs have repeatedly proven to be a very valuable tool for precision spectroscopy and optical
frequency metrology in laboratories around the world [1, 2]. Early research concentrated mostly on solid-state
Ti:Sapphire femtosecond systems, but lately fiber laser combs have matured and have become a valuable alternative.
Their performance is comparable to that of Ti:Sapphire combs in terms of frequency stability [3], and fiber and
Ti:Sapphire combs were shown to be on par for comparing state-of-the-art optical clocks [4]. Also, like Ti:Sapphire
combs, fiber frequency combs can be phase-locked to an optical reference with subradian phase noise, at which
point the comb lines exhibit a linewidth limited only by the observation time. In that case, the relevant metric is not
the linewidth, but rather the phase noise on each comb line; Ti:Sapphire-, Erbium- and Ytterbium-based combs have
all demonstrated similar low residual phase noise.

Fiber combs do have a number of well recognized advantages over Ti:Sapphire combs. These advantages
include lower costs, unattended long-term operation [5], and ease of integration into fiber systems and compactness.
Mode-locking of fiber lasers, which is required for fiber laser frequency combs, can be achieved by various means
such as soliton or stretched-pulse fiber ring lasers, Fabry-Perot lasers with a saturable absorber, or figure-8 lasers; all
those approaches result in similar overall functionality of the comb [3]. A drawback of mode-locked fiber lasers is
their sensitivity to environmental fluctuations, such as changes in temperature and humidity or vibrations. The
vibration sensitivity can be greatly reduced by use of polarization maintaining (PM) instead of standard single-mode
fiber (SMF) [6]. Recently, an all-PM-fiber figure-8 laser was demonstrated [7]. To initiate mode-locking of this
figure-8 an intracavity electro-optical modulator (EOM) is driven at the cavity’s repetition rate of 27 MHz. As
opposed to actively harmonic mode-locked fiber lasers with high repetition rates [8], the EOM is switched off once
mode-lock is achieved and the figure-8 operates passively. This laser has a number of advantages as an optical
frequency comb including robustness to environmental perturbations, automatic initiation of mode-locking, and an
intracavity EOM of very high bandwidth to achieve tight phase-locking to an optical reference. Here, we
demonstrate a tightly locked frequency comb that incorporates this PM figure-8. This work is a further step towards
a robust, fieldable comb to support transportable optical clocks.

The comb setup is shown in Fig. 1. The pump laser diode of the figure-8 PM erbium-doped fiber amplifier
(EDFA) was driven at near its maximum drive current and its output was attenuated from 400 mW down to 130 mW
in order to reduce pump current induced noise on the figure-8’s output [9]. The combination of a high- and a low-
bandwidth actuator in form of an EOM and piezoelectric transducer (PZT) in the cavity allows for tight stabilization
of the repetition rate over a large dynamic range, as demonstrated by Hudson et al. [10], who placed both actuators in
a free-space section of the cavity. In this work, the PZT directly stretches fiber in the cavity, and the PM-EOM is a
commercial module designed for integration in 1550 nm fiber links.
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Fig. 1: Schematic comb setup. BPD: balanced photodetector, ISO: optical isolator, FL: fiber laser. Grey lines represent fiber, black lines wire.
The figure-8’s fiber is PM, the remaining fiber is SMF. The EDFA pumps and CEO feedback are not shown.

The output of the figure-8 is amplified from 5 mW to about 50 mW by use of a 65 cm long backward-pumped
EDFA. The pulses are then compressed by use of ~15 cm of SMF down to a FWHM of 53 fs, as shown in the
autocorrelation trace on the left panel of Fig. 2. After passing through ~40 cm of highly nonlinear fiber (HNLF),
which generates an octave-spanning continuum, the light is focused on a periodically poled LiNbO3 crystal that
creates doubled light at a wavelength of 1017 nm. Afterwards, the light is split into a 1017 nm branch to lock the
carrier envelope offset (CEO) frequency beat fcgo to an RF oscillator, and a 1550 nm branch to lock a comb tooth
near 1550 nm to a cavity-stabilized cw laser as shown in Fig. 1. The RF beat signal related to fcgo is divided by 8
before locking its phase to an oscillator at 15.0475 MHz through modulation of the figure-8’s pump laser current,
whereas the RF beat of f|s5, is directly locked to a 50 MHz oscillator through feedback to both the EOM and PZT.
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Fig. 2: Left: autocorrelation of the pulse at the start of the HNLF; right: lock count.

The right panel of Fig. 2 shows the frequency counter output of the CEO and optical lock with a gating time of
1 s. No glitches occurred for more than an hour; the standard deviation of the counted values for both are counter-
limited at ~0.5 mHz .

Fig. 3 shows the measured phase noise (PN) along with the spectra of the locked CEO and optical beats. The
“servo bumps” occur respectively at 40 kHz for PNcgo and 350 kHz for PNysso. The flat PNsso of -78 dBc/Hz at
frequencies below 100 kHz is consistent with the corresponding rf signal, which also shows a flat spectrum between
the carrier and the “servo bumps”. (The increase of the PNsso below 20 Hz is dominated by the measurement
system’s phase-noise floor.) The integrated PNsso is 40 mrad up to 100 kHz and 450 mrad up to the Nyquist
frequency of 13.5 MHz.
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Fig. 3: CEO and optical beat of the locked comb. Top: rf power spectrum with the frequency offset removed measured with a resolution
bandwidth of 3 kHz. The peak amplitude at 0 Hz is cut off in order to clarify the pedestals; bottom: phase noise.

In conclusion, we have demonstrated a fiber comb based on a passively modelocked all-PM-fiber figure-8 laser.
The combination of a slow PZT and a fast EOM actuator in the cavity of the figure-8 allowed for a high bandwidth
feedback to the cavity length and a very tight lock to a stabilized optical reference. The current phase-noise floor of
-78 dBc/Hz is limited by the signal-to-noise ratio of the optical beat. Potential applications that could benefit from
the low PN lie in heterodyne spectroscopy and range measurements based on frequency combs. Combined with the
combs robustness obtained by the use of PM fiber, this comb is a further step to a vibration-resistant portable,
compact, fiber-comb system.

References

[1] T. W. Hansch, “Nobel lecture: Passion for precision,” Rev. Mod. Phys., vol. 78, no. 4, pp. 1297-1309, Oct. 2006.
[2] J.L.Hall, “Nobel lecture: Defining and measuring optical frequencies,” Rev. Mod. Phys., vol. 78, no. 4, pp. 1279-1295, Oct. 2006.

[3] N. Newbury, W. Swann, I. Coddington, L. Lorini, J. Bergquist, and S. Diddams, “Fiber laser-based frequency combs with high relative
frequency stability,” Frequency Control Symposium, 2007 Joint with the 21st European Frequency and Time Forum. IEEE International,
pp- 980-983, May 29 2007 — Jun. 1 2007.

[4] T.Rosenband, D. B. Hume, P. O. Schmidt, C. W. Chou, A. Brusch, L. Lorini, W. H. Oskay, R. E. Drullinger, T. M. Fortier, J. E. Stalnaker,
S. A. Diddams, W. C. Swann, N. R. Newbury, W. M. Itano, D. J. Wineland, and J. C. Bergquist, “Frequency ratio of Al+ and Hg+ single-
ion optical clocks; metrology at the 17th decimal place,” Science, vol. 319, no. 5871, pp. 1808-1812, Mar. 2008.

[5] 1. Hartl and M. Fermann, “Er- and Yb-doped fiber laser frequency combs and their applications,” IEEE/LEOS Summer Topical Meetings,
2007 Digest of the, pp. 161-162, Jul. 2007.

[6] I Hartl, L. Dong, M. Fermann, T. Schibli, A. Onae, F.-L. Hong, H. Inaba, K. Minoshima, and H. Matsumoto, “Long-term carrier envelope
phase-locking of a PM fiber frequency comb source,” Optical Fiber Communication Conference, 2005. Technical Digest. OFC/NFOEC,
vol. 6, p. OFJ2, Mar. 2005.

[71 J. W. Nicholson and M. Andrejco, “A polarization maintaining, dispersion managed, femtosecond figure-eight fiber laser,” Opt. Express,
vol. 14, no. 18, pp. 8160-8167, Sep. 2006.

[8] M. Horowitz, C. R. Menyuk, T. F. Carruthers, and I. N. Duling, “Theoretical and experimental study of harmonically modelocked fiber
lasers for optical communication systems,” J. Lightw. Technol., vol. 18, no. 11, pp. 1565-1574, Nov. 2000.

[9]1 J.J. McFerran, W. C. Swann, B. R. Washburn, and N. R. Newbury, “Elimination of pump-induced frequency jitter on fiber-laser frequency
combs,” Opt. Lett., vol. 31, no. 13, pp. 1997-1999, Jul. 2006.

[10] D. Hudson, K. Holman, R. Jones, S. Cundiff, J. Ye, and D. Jones, “Mode-locked fiber laser frequency-controlled with an intracavity
electro-optic modulator,” Opt. Lett., vol. 30, no. 21, pp. 2948-2950, Nov. 2005.



