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We demonstrate the generation of counter-rotating cavity
solitons in a silicon nitride microresonator using a fixed,
single-frequency laser. We demonstrate a dual three-soliton
state with a difference in the repetition rates of the soliton
trains that can be tuned by varying the ratio of pump
powers in the two directions. Such a system enables a
highly compact, tunable dual comb source that can be
used for applications such as spectroscopy and distance
ranging. © 2018 Optical Society of America
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Advancements in optical frequency comb technology over the
past two decades have enabled applications in a wide range of
fields including precision spectroscopy [1], frequency metrol-
ogy [2], optical clockwork [3,4], astronomical spectrograph
calibration [5,6], and microwave signal synthesis [7]. These
applications benefit from the high precision of the frequencies
of the comb lines and require low-noise, stable operation [8].
Stabilized low-noise comb sources were first demonstrated us-
ing mode-locked solid-state lasers and fiber lasers [9,10]. Over
the last decade, on-chip optical frequency comb generation
using microresonators has seen significant progress and has
been demonstrated in several materials including silica [11-14],
crystalline fluorides [15-17], silicon nitride (Si3Ny) [18-22],
hydex [23], diamond [24], aluminum nitride [25], silicon
[26,27], and AlGaAs [28]. Low-noise soliton mode-locked
microresonator frequency combs have been demonstrated
[13,14,17,20-22,27,29] by sweeping the relative detuning
between the laser and cavity resonance from blue to red detun-
ing [17,30]. The dynamics of mode-locking have been studied
using various approaches to control the effective detuning,
including laser frequency tuning [17,22,29], “power kick”
[13,14,21], and resonance frequency tuning using integrated
heaters [20] or free-carrier lifetime control [27].
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Recently there has been interest in studying the nonlinear
dynamics of bidirectionally pumped microresonators [31,32].
For cases in which the pumps have unequal powers, the
counter-rotating fields experience different nonlinear phase
shifts that lead to unequal detuning from the cavity resonances
for the clockwise (CW) and counterclockwise (CCW) direc-
tions. Such behavior can lead to bistability [31] and can be
exploited to create a gyroscope with enhanced sensitivity to
rotation [33,34]. For the case in which such a system can
be mode-locked, it would result in the generation of two soliton
trains with different repetition rates in a single microresonator
and thus be used as a dual-comb source in a number of appli-
cations [35—42]. Recently counterpropagating solitons were
generated in silica microresonators using a single laser, fre-
quency shifted using two acousto-optic modulators (AOMs)
pumping a single microresonator [32]. The difference in effec-
tive detuning was controlled using the two AOMs and leads
to a difference in repetition rate for the solitons. While there
have also been recent demonstrations of bidirectional mode-
locked solid state [43] and fiber [44,45] laser cavities, a
microresonator-based system could be highly compact and fully
integrated onto a chip.

In this Letter, we present a novel approach to generating
counter-rotating trains of solitons in a single microresonator
using a single-pump laser, without using frequency shifting
devices, by thermally tuning the microresonator. By tuning
the relative pump powers in the two directions, we can control
the repetition rate of the two soliton mode-locked pulse trains.
Such a dual comb source using a single-pump laser and
single microresonator eliminates common mode noise due
to relative fluctuations between two resonators and lasers,
and would enable improved real-time, high signal-to-noise ratio
(SNR) measurements of molecular spectra [40], time-resolved
measurements of fast chemical processes [46], and precise dis-
tance measurements [47,48].

In our experiment [Fig. 1(a)], we use a single-frequency laser
(1559.79 nm) with a narrow linewidth (1 kHz) as our pump
source, which is amplified using a polarization-maintaining
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Fig. 1. (a) Experimental setup to generate counter-rotating solitons
in a single microresonator using a single pump laser. We characterize
the generated counter-rotating solitons (b) individually, measuring the
optical spectra and transmitted optical powers in the CW and CCW
directions, and (c) after combining the output in both directions to
measure the mixed optical and heterodyned RF signal.

(PM) erbium-doped fiber amplifier (EDFA). The remaining
experimental setup consists of PM components to ensure that
the polarizations of the pump light and that of the generated
combs are maintained throughout. We split the amplified out-
put using a 50:50 splitter, and the outputs of the splitter are
sent to a pair of variable optical attenuators (VOAs) to inde-
pendently control the pump power in the CW and CCW
directions. The pump for the CW and CCW directions is con-
nected to port 1 of the two circulators. Port 2 of both circula-
tors is connected to a pair of PM-lensed fibers to couple light in
and out of the chip. We use a Si;Ny ring with a 200 GHz free
spectral range (FSR) and a cross section of 950 x 1500 nm that
yields anomalous group-velocity dispersion at the pump wave-
length, as required for soliton formation [20]. The microreso-
nator is undercoupled with an extinction ratio of 0.53, and the
resonance frequency of the ring is controlled using integrated
platinum  resistive heaters. We observe a narrowing of the
detuning region corresponding to simultaneous soliton gener-
ation in both directions that we believe occurs due to the non-
linear coupling between the counter-rotating modes. We find
that the overlap in the detuning region for generation of the
three-soliton state in both directions is sufficiently broad to per-
mit stable operation, in contrast to the single- and two-soliton
states where the detuning region was too narrow for sustained
operation. The resulting 3-FSR comb spectra indicate three
equally spaced solitons in the cavity for each direction. The
generated combs in the CW and CCW directions are coupled
out using the lensed fibers at port 3 on the respective circula-
tors, and the optical spectra and transmitted power of each are
measured using two optical spectrum analyzers (OSAs) and fast
photodiodes (>12.5 GHz) [Fig. 1(b)]. The two soliton trains
are then combined using another 50:50 splitter, and the optical
and RF properties of the dual comb are measured using an OSA
and microwave spectrum analyzer (MSA) [Fig. 1(c)].

We generate a three-soliton state in both directions with
resonance tuning of the microresonator at a speed of
200 Hz. In order to tune the cavity resonance frequency close
to the pump laser frequency, we apply 98 mW of electrical
power to the integrated heater (R = 200 €). The pump
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Fig. 2. Transmitted pump power as a downward current ramp is
applied, followed by a fixed current offset to reach the three-soliton
state. 30 mV corresponds to 3.86 mW in the bus waveguide.

transmission is recorded as we scan the cavity resonance across
the laser, and we observe a low-noise “step” on the red-detuned
side characteristic of soliton mode locking [17,20], which cor-
responds to the three-soliton state. We use the thermal tuning
method to reach this state deterministically [20] by applying a
downward current ramp to a fixed DC offset current (Fig. 2).
We generate a bidirectional three-soliton state over pump
powers from 1.35 to 6.1 mW in the bus waveguide in each
direction, and record its properties over this range.

The generated combs are sent to a pair of OSAs to record the
optical spectrum. To allow for simultaneous measurement of
the spectra (Fig. 3) and pump transmission (Fig. 2), the
OSAs are triggered using a signal from the arbitrary waveform
generator that is used to drive the integrated heater. The 3-FSR
spaced optical spectra in the CW [Fig. 3(a)] and CCW
[Fig. 3(b)] directions show good agreement with the hyperbolic
secant pulse profile, as shown by the black dashed curves.

We use a 50:50 splitter to combine the two combs and
send them to both an OSA and a photodiode (bandwidth
>250 MHz) to detect the heterodyne RF signal on a MSA.
The measured optical spectrum [Fig. 4(a)] shows a hyperbolic
secant spectral profile with a 3-FSR spacing, as seen in the indi-
vidual optical spectra for the each direction (Fig. 3). However,
due to the OSA resolution limit of 1.25 GHz (0.01 nm), the
difference in repetition rates is not resolvable. We measure the
heterodyned RF signal and observe a RF comb with a spacing
of 19 MHz, which indicates a difference in the FSR of
6.3 MHz since the measured RF beatnotes correspond to
multiples of 3 x Af, from the two three-soliton states. The
linewidth of the first RF comb line is <100 kHz measured
at a resolution bandwidth of 50 kHz [inset of Fig. 4(b)], which
corresponds to a mutual coherence time for the two solitons
of >10 ps.

Power (dBm)
5§ 8 8

&
3

&
3

1 1 1 1 1 1 1 1 1 N
1530 1540 1550 1560 1570 1580 1590 1530 1540 1550 1560 1570 1580 1590
Wavelength (nm) Wavelength (nm)

Fig. 3. Measured optical spectra for the (a) CW and (b) CCW
directions. We observe a three-soliton mode-locked comb in both di-
rections, and the sech? fits are shown with the dashed black curves.
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Fig. 4. (a) Optical spectrum for the dual comb with both the CW
and CCW soliton trains combined. We observe a three-soliton spec-
trum. The sech? fit is shown in the dashed black curve. (b) Measured
heterodyned RF comb with a sequence of beat notes corresponding to
multiples of 3 x A £, for a power ratio » = 0.67. The inset shows the
first beat note in the heterodyned RF comb.

We develop a simple model to predict the difference in rep-
etition rates for the counter-rotating solitons. The self-phase
and cross-phase modulation (XPM) for the pumps induces a
shift in the pump-cavity detuning for the CW and CCW
modes due to a change in the effective index. The pump-cavity
detuning in each direction (dwcvy, Soccy) depends on pump
detuning with respect to the cold cavity mode (6w,) and the
intracavity pump powers (PCW, Pccy) as given by

dwcy = 6w, + 2 (Pew + 2Pcew)s

Neff Aeff

EAFE(PCC\X/"‘FzPC\X/) (1)

5wCC\X/ = 50)1, +
where wy is the resonance frequency, A.g is the mode area, 7.4
is the effective index of the waveguide, and 7, is the nonlinear
index coefficient [31]. Unequal pump powers in the CW and
CCW modes yield a difference in the pump-cavity detuning in
the CW and CCW directions. The peak power of the generated
solitons has a linear dependence on the pump-cavity detuning
[13,17] as given by

_ 2cA7,

o = S, (2)

W71

P

where L is the cavity length and 7, is the round trip time. As a
result, unequal pump powers lead to unequal peak powers for
the counter-rotating solitons. We assume over each round trip
that the solitons acquire a nonlinear self-phase shift, as well as a
cross-phase shift from the pump fields. Due to the small tem-
poral overlap between the counter-rotating solitons, we neglect
the XPM from the counter-rotating soliton. If we assume the
XPM from the pump fields acts on both solitons equally and
cancels out, the unequal peak powers of the solitons in the two
directions result in a difference in the nonlinear phase over one
round trip that results in a difference in the repetition rates
Af, as given by

Af, =|fcw - fccw|—gA S

where g is the factor for the nonhnear phase shift induced by
the dissipative soliton on itself.

Using Eqgs. (1)—(3), Af', can be expressed in terms of the
transmitted pump power P in the clockwise direction, the
ratio » = Pcow/Pew of pump powers, and the ratio n of
the intracavity pump power to the transmitted pump power,

|P sol,cw — Psolcow s (3)
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which depends on the losses in the ring and the coupling con-
stant, as well as losses due to coupling from the bus waveguide
to the lensed fiber (2 dB), at the circulator (1 dB) and 50:50
splitter (3 dB). The value of Af', /P, can then be expressed
purely in terms of material and waveguide parameters such that
Moo g2l @
P out effAeff

This result suggests that we can control Af, by simply
varying the ratio of the counter-rotating pump powers.
Experimentally we use the VOAs to independently control
the pump power in the two directions. The coupled pump
power in the bus waveguide in both directions is varied over
a range of 1.35 to 6.1 mW. We measure the transmitted pump
powers in each direction to determine P, and r. We measure
the frequencies of the heterodyned RF peaks and infer the dif-
ference Af . The ratio Af /P, yields a normalized measure
of the tunability of the difference in FSR at different power
levels. We plot the measured values of Af /P, and the fit
to Eq. (4) while varying 7 in (Fig. 5). We observe reasonable
agreement between the theoretically predicted curve and the
measured values. The parameter # in Eq. (4) depends on
the coupling constant between the bus waveguide and micro-
resonator, and on the waveguide loss. Over a range of power
ratios close to unity, we observe locking between the two sol-
iton trains, which is indicative of identical repetition frequen-
cies for the CW and CCW soliton trains. A full understanding
of the locking mechanism of the repetition rates over a range
of power ratios will require extension of the theoretical analysis
to include soliton comb formation dynamics, including the
coupling between the modes in both directions. We use
Eq. (4) with the waveguide parameters 7, = 25 x 1072° mWZ,
A = 1x10712 m?, and 74 = 1.8 to fit the red curve in
Fig. 5 and from this fit extract the value of g x 1 to be 4700.
In conclusion, we observe counter-rotating solitons in a sin-
gle microresonator using a single pump laser. We demonstrate
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Fig. 5. Difference in repetition rate normalized to the power in the
clockwise mode (A f,/P,,.) as a function of the power ratio 7. Each of
the measured points from the experiment is plotted as a black dot.
The red curve represents the theoretical curve from Eq. (4).
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the ability to tune the difference in the repetition frequency of
the two soliton trains by varying pump power for the modes in
the clockwise and counterclockwise directions. Using a single-
frequency laser and a single microresonator eliminates common
mode noise in the dual-comb source. With future advances, we
envisage a fully integrated tunable dual-comb source, with elec-
trical control of both the mode locking as well as the tuning of
repetition rates, that would find applications in dual-comb
spectroscopy and adaptive distance measurement.
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