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Steering optical comb frequencies
by rotating the polarization state
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We demonstrate a new approach to steer the frequencies
of a nonlinear polarization-rotation mode-locked laser,
where a specially designed intrcavity electro-optic modula-
tor tunes the polarization state of the laser signal. This ap-
proach not only results in the broadband associated with
high performance, but also results in a large dynamic range
associated with good robustness. Our experimental results
show that frequency control dynamic ranges are at least
one order of magnitude larger than those of the previous
ultra-fast frequency control techniques, reaching hundreds
of hertz and hundreds of megahertz for repetition rate
(f,) and carrier-envelope-offset frequency (f.,), respec-
tively.  © 2017 Optical Society of America
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Optical frequency combs, which establish the bridge between
the microwave domain and the optical one, enable the precise
measurement of optical signals in phase and have revolution-
ized a wide range of fields such as fine optical spectroscopy [1],
optical frequency standards [2], ultra-fast science research [3],
ultra-stable microwave generation [4], and precise ranging mea-
surement [5]. To a great extent, all the above-mentioned ap-
plications are based on the precise control of the repetition rate
(f,) and carrier-envelope-offset frequency (f )

Generally, the capability of frequency control is determined
by two main aspects: the servo bandwidth associated with per-
formance and the dynamic range associated with robustness.
The f, is usually controlled using a piezoelectric transducer
(PZT) with a few tens of kilohertz bandwidth limited by acous-
tic resonances [6]. Bandwidths over 100 kHz are possible by
using two PZT: a slower PZT with a large modulated range
and a faster PZT with high resonance frequency [7,8]. High
bandwidths (up to 1 MHz) are obtained using an intracavity
electro-optic modulator (EOM) by tuning the optical length
of the cavity [9-11]. More specifically, a waveguide EOM is
employed with an extremely high bandwidth of more than
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1 MHz and low drive voltages [12,13]. Unfortunately, the
EOM produces a small control range of the f, by changing
the refractive index of the EO crystal. It is a common strategy
to combine an EOM and a low-bandwidth PZT, achieving
tight stabilization of the £, over a large dynamic range, which
needs a complex control technique [14]. The f_, is typically
controlled by tuning the pumping power with a relatively low
bandwidth (100 kHz typically) limited by the gain lifetime
[15,16]. Alternatively, an extracavity acousto-optic modulator
is used for f . control with the submegahertz bandwidth
[17,18], though the method has a limitation of the output
power and the diffraction effect on the laser; megahertz band-
width (over 1 MHz) is documented by using a graphene modu-
lator (GM), which modulates the intracavity laser power
without adverse effects on the laser [19,20]. However, another
feedback to the pump power for long-term operation has to be
adopted at the same time due to the small dynamic range of
the GM.

In a fiber-based nonlinear polarization-rotation (NPR) sys-
tem, the laser keeps a mode-locked state, while the polarization
state changes over a certain controlled dynamic range of comb
frequencies [21,22]. This range corresponds to a controlled dy-
namic range of comb frequencies. In this Letter, we stabilize
frequencies of an optical comb by tuning the polarization state
with a specially designed intracavitcy EOM. The preliminary
results show that this approach not only has broadband fre-
quency control ability such as what is in a traditional intracavity
EOM technique, but also significantly enlarges the control dy-
namic range.

The experimental setup is shown in Fig. 1. The mode-
locked laser, pumped with two 980 nm 500 mW pigtailed di-
ode lasers, has a repetition rate of 192 MHz. The output power
is ~144 mW. The peak power wavelength is 1575 nm, and the
full width at half-maximum of the spectrum is ~30 nm. The
ring cavity of the laser includes three types of fibers: a 41 cm
(Er110-4/125) erbium-doped fiber, a 48 cm single-mode fiber
(SMF)-28 fiber, and a 5 cm HI1060 fiber. The PZT (0.5 cm)
driven by a tunable high-voltage signal generator (0 V,
+150 V) tunes the reflection mirror over a range of
~5 pm, which corresponds to a shift in the repetition rate
of ~1 kHz. A specially designed 3 mm thick EOM is used
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Fig. 1. Experimental setup. The Er:fiber femtosecond laser source
has a ring cavity, including four wave plates, a PBS, three collimators
(Cos), a wavelength division multiplexer (WDM) with an isolator
(ISO), an EOM, and fibers. A PZT mounted on a mirror (M) is em-
ployed to adjust the cavity length. A highly nonlinear fiber (HNLF)
and an erbium-doped fiber amplifier (EDFA) produce the f, signal.
Three frequency counters record the shifts of £, f.,, and the comb
teeth at 1555 nm. The inset shows the polarization state shift in ellip-
ticity (theoretical data, red dashed line; experimental data, red points)
and azimuth (theoretical data, blue dashed line; experimental data,
blue point) as a function of voltage on the EOM.

to control the polarization state. The EOM, inserted right after
the polarization beam splitter (PBS), is driven with a high-
voltage signal generator (-200, +200 V) with a modulation
port for response measurement and stabilization of the comb
frequencies. The f,, f ., and the frequency of the mode near
the reference laser (1555 nm) are monitored using frequency
counters.

The EOM is employed to tune the polarization state with a
coefficient of ~0.12 mrad/V, which is measured over the range
from -200 to 200 V. It is made of an LiINbOj crystal with a size
of 3(x) x 5(y) x 3(z) mm?>. The direction of the laser passes
along the crystal’s optical axis (defined as the z-axis). The ex-
ternal electric field is parallel to the x-axis, and the two yz sur-
faces are coated with gold. The incidence light has a linear
polarization state aligned to the x-axis.

The rotation of the polarization induced by the external
electric field can be calculated using the refractive index ellip-
soid theory [23]. The phase change between the x-axis and
y-axis of the incident light is given by

Ap = Qr/N)LryVii]d, (1)

where 7, is the nonzero component of the electro-optic tensor
for LINbO3, 7 is the index of refraction of LiNbOj; crystal, V'
is the voltage applied across the EOM, and 4 is the distance
between the electrodes on the EOM. By using the Jones matrix
and stokes vectors [24,25], we can express the polarization
rotation in azimuth and in ellipticity as

tan 2y = tan 20/ cos ¢,
sin 2y = cos 26 sin ¢, (2

where y is the azimuth angle, y is the ellipticity angle, and 6 is
the angle between the initial polarization direction and x-axis.
In this case, the polarization of the incident light is perpendicular
to the x-axis (§ = 0). As shown in the inset of Fig. 1, the theo-
retical rotation of the polarization in ellipticity and in azimuth
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are 0.14 mrad/V and null, respectively, which is in agreement
with the experimental result of 0.12 mrad/V.

Figure 2 shows the measure date for the response of comb
frequencies to the voltage applied on the EOM. The frequency
variation of a comb tooth @1555 nm (nf, + f..)> [ o> and
nf, as a function of voltage gives corresponding coefficients of
about 0.07 MHz/V, -0.33 MHz/V, and 0.40 MHz/V. The
control coefficient of £, in contrast to the traditional intracav-
ity EOM technique with the same size of EOM, is about one
order of magnitude lager [26]. Note that our EOM modulates
e and 7f, by almost the same amount, indicating that it can
work as a modulator for either f, or f . Furthermore, we
observe that the frequency of the comb tooth is relatively stable,
resulting in smaller crosstalk between the control servo loops of
[ oo and the tooth’s frequency. On the other hand, the sensi-
tivity of f, to the pump current is about 7 MHz/mA, while
that of the £, is about 0.5 MHz/mA and is 10 times smaller
than the modulation of f',; such a relation between polarization
and current can easily control the comb’s frequency stabiliza-
tion. Another advantage of this approach is that the power fluc-
tuation introduced by the £, control is small, about 1/270th
of the pumping power method in Ref. [26]. This is good for
frequency comb utilization because some applications are sen-
sitive to power variation.

To estimate the frequency steering range by tuning the
polarization, we change the ellipticity ¥ and azimuth y by
rotating the wave plates following the EOM. The tuning range
of the ellipticity ¥ and azimuth y are 0.24 and 0.28 rad, respec-
tively, as shown in Fig. 3. Beyond this range, the signal-to-noise
ratio of f., starts to drop down and/or a continuous-wave
(CW) signal appears in an optical spectrum. The dynamic ranges
of f, and f_,, are about 1 kHz and 850 MHz over this range.
These ranges are comparable to those commonly used in large
dynamic frequency control techniques (i.e., /', controlled with a
PZT and [, controlled by tuning the pumping power), imply-
ing that it can be used to steer the optical comb frequencies with
both a broad bandwidth and a relatively large dynamic range.

In Fig. 3(a), all the measured points are distributed in a tilt
plane, where the sensitivities of f, are ~3 kHz/rad in ellipticity
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Fig. 2. Variation of comb frequencies versus voltage acting on the
intracavity EOM. Frequency variations of the comb teeth @1555 nm
(f,s +f cco)> [ eco» and nf, are shown with blue, red, and black lines,

respectively, where 7 is about 1 x 106,
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Fig. 3. Relation between comb frequencies and polarization state.
(a) Variation of repetition rate f, as a function of ellipticity y and azi-
muth y. (b) Variation of the carrier-envelope-offset frequency f, as a
function of ellipticity ¥ and azimuth y. The maximum directions, de-
noted by ®, and @, are 0.68 and 0.67 rad, respectively, measured from
the azimuth axis, so that one can control the frequencies with maximum

sensitivities of ~6 kHz/rad and -5000 MHz/rad, respectively.

and ~5 kHz/rad in azimuth, exhibiting a maximum sensitivity
at ~6 kHz/rad. In Fig. 3(b), the sensitivities of f . are about
-2700 MHz/rad in ellipticity and about -4200 MHz/rad
in azimuth, exhibiting a maximum sensitivity of about
-5000 MHz/rad. It is clear that the tilt plates in both subfigures
are very similar, showing that the comb teeth at 1.5 pm (i.e.,
feeo + nf,) are relatively stable. Such behavior can be under-
stood as related to the birefringence effect of a laser cavity.
A change of power ratio between slow and fast axes accompanied
with polarization state changes leads to a group-velocity shift.
Thus, the phase velocity, dominated by gain and nonlinear
effects is relatively stable. Consequently, /.., representing the
difference between the group velocity and phase velocity, is also
sensitive to polarization state. Furthermore, the dynamic range of
frequency control causing by the cavity’s birefringence can be
calculated through the following method: first, we assume that
all birefringence is attributed to the Er110 fiber because the bi-
refringence coefficients of the SMF-28 fiber and the HI1060
fiber are small and can be neglected; then the birefringence co-
efficient of the Er110 is calculated (about 670 fs/m) according to
the character of the optical spectrum in Ref. [27]. Finally, we can
deduce that the birefringence level of our experimental system is
~320 fs, which induces a relative shift of the repetition rate
of ~6.2x 107, corresponding to a maximum sensitivity of
12 kHz/rad. Compared with the experimental one, the reduction
factor of 0.5 is attributed to the fact that the polarization state
rotation is not along with the maximum efficient direction.
To verify frequency steering ability of our approach, we sta-
bilize f'., onto an frequency reference with the EOM and
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Fig. 4. Setup and results of comb frequency stabilization.
(a) Schematic of the comb’s frequency stabilization, where f ., is
phase-locked onto a synthesizer (Synl) with the new technique,
and the comb teeth (~193 THz) are phase-locked onto a CW laser
(1555 nm) with a frequency shift produced by a second synthesizer
(Syn2). Loop filters (LFs) are proportional-integral amplifiers.
(b) In-loop phase noise of f...; the inset shows the spectrum.
(¢) In-loop relative frequency instability of f'., (solid black square)
and a comb tooth (dashed black square); the inset shows the raw data
of f.., fluctuations.

simultaneously stabilize the comb teeth onto a CW laser at
1555 nm by controlling the pumping power and the PZT,
as shown in Fig. 4(a). The phase noise of f. is below
-60 dB/rad’/Hz, except for some noise bumps near
100 Hz, as shown in Fig. 4(b). The phase jitter from 1 Hz
to 100 kHz is about 0.1 rad. The gain bumps show up at
~650 kHz and ~1.8 MHz [sce the inset of Fig. 4(b)]; the for-
mer one is attributed to the integral gain, while the latter one is
due to the proportional gain, corresponding to the control
bandwidth of f .. The peak in-loop frequency jitter, recorded
with a frequency counter, is well below 10 mHz at a 1 s gate
time, as shown the inset of Fig. 4(c). The frequency stability
normalized by 193 THz (1555 nm) is about 2 x 1017 /s and
scales down with a slope of 1/7 for short terms, as shown in
Fig. 4(c). Note that the frequency counters used are Il-type
ones made by K & K company under an averaging mode.

The relative frequency stability of a comb tooth is about 10
times higher because the response speed of the pumping power
control is relatively slow. The crosstalk effect between the two
frequency control loops cannot be observed, even under high gain
conditions; yet, it was the dominating limitation of our previous
system with the traditional intracavitcy EOM technique [26].

This technique can also be used for frequency stabilization
of f,. We phase-lock the 48th repetition frequency harmonic
to a 9.2 GHz reference signal using the EOM. The in-loop
relative frequency instability of £, is 8 x 1071 /s, limited by
the noise floor of the measurement system.

In summary, we have developed a new technique for the
control of optical comb frequencies by tuning the polarization
state of the laser. This approach can steer frequencies in a broad
bandwidth and over a large dynamic range by taking advantage
of the birefringence of the whole laser cavity. With this tech-
nique, hybrid frequency control is no longer mandatory for
tight stabilization of the comb frequency [14]. In addition,
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it exhibits fewer side effects such as small crosstalk and small
power variation during frequency control. Moreover, improv-
ing the frequency control coefficient can be easily accomplished
by employing high birefringence fibers.
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