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Octave Spanning Tunable Frequency Comb from a Microresonator
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We report the generation of an octave-spanning optical frequency comb in a continuous wave laser
pumped microresonator. The generated comb spectrum covers the wavelength range from 990 to 2170 nm
without relying on additional external broadening. Continuous tunability of the generated frequency
comb over more than an entire free spectral range is demonstrated. Moreover, the linewidth of individual
optical comb components and its relation to the pump laser phase noise is studied. The ability to derive
octave-spanning spectra from microresonator comb generators represents a key step towards f-2f self-
referencing of microresonator-based optical frequency combs.
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Optical frequency combs [1-4] enable precise measure-
ments of optical frequencies and can be used in a wide range
of scientific and technological applications. Recently, a new
class of frequency comb generators has emerged [5-7],
based on parametric frequency conversion of a continuous
wave (CW) laser inside a high-Q silica microresonator [8].
In addition, this method has been demonstrated in a variety
of other microresonator geometries and materials, includ-
ing crystalline calcium fluoride resonators [9-11], fused
silica microspheres [12], silicon nitride microresonators
[13,14], as well as compact fiber cavities [15] and high
index silica based microresonators [16]. However, to date
no octave-spanning combs have been demonstrated utiliz-
ing microresonators, which are required to achieve self-
referencing with an f-2f interferometer.

Here, we present octave-spanning frequency comb
generation in optical microresonators. Moreover, we
demonstrate continuous tunability of the comb, providing
a route to self-referencing [2—4] of high repetition rate
microresonator-based frequency combs as required for
metrology applications. The employed experimental setup
is depicted in Fig. 1(a) and consists of an external cavity
diode laser (ECDL) that is amplified by an erbium doped
fiber amplifier (EDFA) to an output power of up to 2.5 W.
The light is coupled into a microresonator mode using a
tapered optical fiber [17]. Owing to the high power coupled
into the resonator, the optical modes experience a signifi-
cant thermal frequency shift, requiring a large (ca. 1 THz)
tuning range of the laser to stay resonant with the cavity
mode. The laser is tuned into a resonance from high to low
frequencies, which results in thermal self-locking [18] of
the microresonator mode to the pump laser. The optical
frequency comb is monitored by two optical spectrum
analyzers (OSA). Figure 1(b) shows that when pumping
with 2.5 W of power at 1560 nm, a spectrum spanning
more than one octave is directly generated inside the
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microresonator. This spectrum has been recorded using a
80 wm-diameter microresonator with a mode spacing of
850 GHz and a quality factor of Q = 2.7 X 108.

An important prerequisite for many applications of an
optical frequency comb is its tunability. Especially for
spectroscopy with a frequency comb with large mode sepa-
ration, it is advantageous to be able to position a comb mode
at any frequency of interest. While control and stabilization
of mode spacing and offset frequency of a microresonator-
based frequency comb have been shown in previous work
[6], tunability of the pump laser frequency (defining one of
the comb lines) over more than an entire free spectral range
of the microresonator is presented here. This remarkable
tuning capability is shown in Fig. 2. The thermal effect
allows the microresonator modes to follow the pump laser
frequency within a tuning range exceeding 1 THz, while an
octave-spanning frequency comb from 140 to 280 THz is
maintained over nearly 500 GHz tuning range. Since this
frequency shift only depends on material properties of the
microresonator, namely, the thermal expansion, thermally
induced refractive index change and the optical Kerr effect,
it is possible to derive the temperature change of the reso-
nator material. For this calculation the contribution of the
Kerr effect is subtracted first, being responsible for an
estimated resonance shift of Avy,, = 100 GHz. The Kerr

shift is estimated using Avge, = % 2 for a micro-
ny 4w RA

resonator with a radius of R = 40 wm, an optical quality
factor of Q = 2 X 108, an effective mode area of Ay =
4 um?, a launched power of P;, = 1 W, the speed of light
in vacuum c¢ and the linear (ny = 1.44) and nonlinear
(n, =22x10"% mWZ) refractive index of fused silica.
Subtracting the Kerr contribution leads to a thermally in-
duced mode shift of Ay, = 900 GHz. This equates to a
temperature change of AT = % ~ 800 K (with @ =
6 X 107% K! being a combined constant describing both
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FIG. 1 (color online).
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Octave-spanning frequency comb generation in a microresonator. (a) Experimental setup with external cavity

diode laser (ECDL), erbium doped fiber amplifier (EDFA), photo diode (PD), and optical spectrum analyzers (IR-A OSA, 0.6-1.7 um;
IR-B OSA, 1.2-2.4 pm). (b) Octave-spanning optical frequency comb, generated in a 40 pwm-radius microresonator with a mode
spacing of 850 GHz. The denser lines on the low frequency side are a replica of the high frequency end of the spectrum at half the
frequency due to the grating spectrometer’s second order diffraction. This artifact allows us to determine the carrier envelope offset
frequency from the optical spectrum within the resolution of the spectrum analyzer (inset). (c),(d) Microscope images of the fused
silica microresonator. The 1 wum light can be detected by the CMOS camera.

the thermal expansion and thermally induced refractive
index change of fused silica). However, the temperature
change is still well below the annealing point at 1140 °C
and the softening point at 1665 °C of fused silica. On first
notice, Fig. 2 appears to show a uniform comb shift with the
pump laser frequency, corresponding to a pure carrier en-
velope offset frequency change. However, closer inspection
reveals a slight variation of the comb spacing as a result of
a change in intracavity power due to changed detuning
between pump laser and microcavity mode [6]. Figure 3
shows the variation of the mode spacing and the carrier
envelope offset frequency based on the data in Fig. 2. The
influence of the pump laser detuning on the mode spacing is
rather small with 4.83 GHz/THz compared to the impact
on the carrier envelope offset frequency, which equates to
153 GHz/THz.

The geometry of a microresonator is critical for broad-
band comb generation. Mode profile and resonance fre-
quencies of different microresonator geometries were
simulated using finite element methods [19], taking
geometrical and material dispersion into account (Fig. 4).
The geometries are defined by a fixed microresonator
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FIG. 2 (color online).

radius of 40 um and a set of different minor radii (cross
sections). Based on these simulations the resonator’s group
delay dispersion (GDD) and the resulting wavelength de-
pendent mismatch A» between positions of the equidistant
comb modes and resonator modes (which are not equidis-
tant due to dispersion) can be derived [20]. The simulations
show that the extent of the minor radius—which is experi-
mentally controllable—considerably influences mismatch
and dispersion of the resonator. However, even for a dis-
persion optimized geometry the mismatch in the wings
of octave-spanning combs exceeds 10 GHz [Fig. 4(d)].
An explanation for the broadband comb generation is
cross- and self-phase modulation induced frequency pull-
ing similar to processes in mode locked lasers [21,22]. In
contrast to earlier work [5], the ability to generate octave-
spanning combs is mainly attributed to optimized resonator
dispersion as well as higher optical quality factors and
higher pump power. While a flat dispersion is beneficial
for broad comb generation and microresonator modes, this
has to be balanced with the increasing mode area, raising
the power threshold [23] for the four-wave mixing process.
A dispersion optimized resonator geometry with a radius of
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Tunable octave-spanning microresonator-based frequency comb. The horizontal axis shows the measured

frequency comb at different pump laser frequencies (vertical axis). The brightest line corresponds to the pump laser (with a power of
1 W in this measurement). A magnified part of the spectrum in the right panel shows that the comb lines can be tuned more than a full

free spectral range.
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FIG. 3 (color online). Microresonator comb tuning parameters.
(a) Measured frequency shift of the =25th and =50th sideband
with respect to the pump laser at different pump laser detuning
(m denotes the mode number of the comb line). The black line
has a slope of 1 and reflects the shift of the pump laser itself. The
line with m = 1 shows the shift of the carrier envelope offset
frequency f ... (b),(c) Effect of the pump frequency detuning on
feeo and comb spacing.

40 pm and a cross section radius of 2.8 um is used for the
experiments.

An important property of the generated comb modes is
their linewidth. A fiber laser (A = 1050 nm, <50 kHz
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FIG. 4 (color online). Simulation of mode area and dispersion.
(a) Simulated mode profile superimposed on a scanning electron
microscope image of a cleaved microresonator. (b) Simulated
effective mode area for different wavelengths. (c),(d) Simulated
group delay dispersion (GDD) and mismatch Av between posi-
tions of equidistant comb modes and resonator modes (for zero
mismatch at the pump laser frequency of 193 THz). The larger
radii show a reduced influence on the resonator dispersion
(traces for 3.5 and 4 um radius are nearly identical).

short term linewidth) is employed to record a beat note
with the high frequency end of the comb (Fig. 5). The
observed linewidth corresponds to Af = 70 MHz, which
is significantly broader than the noise observed in more
narrow combs [5,6] and exceeds the cold cavity linewidth
(~ 1 MHz). Further measurements reveal that the pump
laser noise imprints itself also on modes that are not
participating in the FWM process, i.e., it leads to cavity
frequency noise of the optical resonator. The width of the
measured beat note exhibits a complex dependence on both
pump power and detuning of the laser with respect to the
cavity resonance. Figures 5(d) and 5(f) show that changes
in the pump laser detuning can strongly influence the comb
linewidth. In addition, under certain coupling conditions
we observed not a single beat note but multiple beat notes.
One possible origin of this splitting can be due to mechani-
cal modes of the resonator, which are coupled via radiation
pressure (which has been extensively studied in both silica
[24] and crystalline [25] microresonators). Another pos-
sible origin of this phenomenon can be merging of sub-
combs generated at different wavelengths with different
repetition rates. Indeed, the linewidth of microresonator as
well as comb modes is influenced by different noise pro-
cesses, including thermorefractive noise, thermoelastic
noise, thermal Brownian motion, ponderomotive noise,
photothermal noise, and self- and cross-phase modulation
noise [26,27]. Self- and cross-phase modulation is esti-
mated to be the major contributor to the observed line-
width, which is given by the single sided noise spectral
density
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FIG. 5 (color online). Linewidth of frequency comb modes.
(a),(b) Octave-spanning comb with pump laser at 1550 nm and
corresponding radio frequency beat note with a fiber laser at
1050 nm (arrow in spectrum). (c),(d) Comb in different resonator
with narrowband beat note (measured with 3 MHz resolution
bandwidth). Comb and beat note in (e),(f) show the transition to
a broader beat note at different detunings between pump laser
and microresonator resonance. The beat notes in (d),(f) are
generated with an additional external cavity diode laser at the
positions of the arrows in the spectra in (c),(e).
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where S%3(€)) denotes the spectrum of fluctuations of
the intracavity power. Diode lasers generally exhibit
substantial excess phase noise [28] and we experimentally

determine the noise of the employed diode laser Sy ;" to

be approximately 80-100 dB above the quantum level
S?b";m =hv/P;, for a pump power of P;, =2 W and
Fourier frequencies () from dc to well above the cavity
cutoff given by «/27 = 10 MHz. This phase noise is in a
critically coupled high-Q cavity most efficiently converted
to intracavity amplitude noise via quadrature rotation

2/.2
Q / Tt ump

SEp (Dl = 4Ppump =153 S0

Q), @
for a laser-cavity detuning of A = k/2 and where 7,
denotes the cavity round trip. Inserting this expression
into Eq. (1) and integrating according to

0 OT1/2
o =2 [ SW(Q)d—] 3)
Q- 2

allows estimating a resulting comb linewidth of
O Vs =~ 4 GHz. This shows that the amount of linewidth
broadening induced by the pump laser phase noise can
significantly exceed the cold cavity linewidth explaining
the striking observation in Fig. 5(f) (beat note broader than
k/27). The lower integration boundary )* /27 = 1 MHz
in Eq. (3) denotes the inverse measurement time. For
smaller detuning this noise decreases and is finally gov-
erned by the much smaller pump laser amplitude fluctua-
tions. However, operating the comb too close to zero
detuning does not allow for a stable thermal self-lock
[18]. Importantly, for a quantum limited pump laser of
2 W the linewidth would equate to approximately v, =
200 kHz, indicating that significant improvements may be
possible using a low phase noise pump laser.

The ability to generate a full octave-spanning frequency
comb within a monolithic microresonator is a further step
towards direct integration of optical frequency standards
into compact microphotonic devices. Microresonator-
based combs can complement conventional combs sources
in applications where high repetition rate, high power per
comb line, tunability, and bandwidth is critical, such as
astrophysical spectrometer calibration [29], optical arbi-
trary waveform generation [30], direct comb spectroscopy
[31], advanced telecommunications, microwave frequency
generation [9], or optical coherence tomography [32].
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