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Temporal cavity solitons, or dissipative Kerr solitons (DKS) in integrated microresonators, are essential for
deployable metrology technologies. Such applications favor the lowest noise state, typically the single-DKS state
where one soliton is in the resonator. Other multi-DKS states can also be reached, offering better conversion
efficiency and thermal stability, potentially simplifying DKS-based technologies. Yet they exhibit more noise
due to relative soliton jitter, and are usually not compatible with targeted applications. We demonstrate
that Kerr-induced synchronization, an all-optical trapping technique, can azimuthally pin the multi-DKS
state to a common reference field. This method ensures repetition rate noise independent of the number
of solitons, making a multi-DKS state indistinguishable from a single-DKS state in that regard, akin to
trapped-soliton molecule behavior. Supported by theoretical analysis and experimental demonstration in an
integrated microresonator, this approach provides metrological capacity regardless of the number of cavity

solitons, benefiting numerous DKS-based metrology applications.

I. Introduction

The prospect of generating cavity solitons (CSs) was ex-
tensively theoretically explored in the 1990s', with the
focus being on spatially diffractive resonators where the
solitons would manifest themselves as self-localized, indi-
vidually addressable spots on a two-dimensional spatial
plane®. Research on spatial CSs targeted the realization of
all-optical memories® and optical computing”, leveraging
the ability to controllably trap the solitons in specific spa-
tial locations, with experimental demonstrations achieved
in semiconductor microcavities® '°. Despite such results,
the limit in cavity size to house a large number of solitons,
together with different spurious effects (cavity defects,
free carrier processes, etc.) hindered robust development
towards market applications.

In part to overcome issues relating to spatial CSs, the
early 2010s saw significant efforts to explore temporal
CSs: pulses of light that can persist in passive waveguide
resonators. With the object of addressing similar appli-
cations as their spatial counterparts, temporal CSs were
first experimentally demonstrated in a macroscopic fiber
ring resonator'!, and it was shown that they could be
trapped in the time domain by appropriately modulat-
ing the coherent field driving the resonator!?'4. While
such trapping has enabled a temporal CS-based optical
buffer operating at 10 GHz'5, technical requirements to
sustaining the solitons make the application impractical
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as of today.

Temporal CSs have also been realized in integrated
optical microresonators, where they are commonly re-
ferred to as dissipative Kerr solitons (DKSs)!6. In that
context, the solitons have enabled the creation of optical
frequency combs (OFCs), unlocking altogether new ap-
plications such as integrated optical clockworks'™'®, and
low-noise microwave generation'?2°, while maintaing com-
patibility with low size, weight, power and cost (SWAP-C)
requirements?!-?2. Therefore, temporal DKS trapping, be-
yond applications originally envisaged for spatial DKSs,
are of use in OFC systems. For example, it can be used
to discipline the repetition rate for improved noise per-
formance?®. Yet, established methods relying on direct
modulation of the monochromatic field driving the res-
onator or the cavity detuning!'®'%23 are not well suited
for on-chip microring resonators since the DKS repetition
rate is too high to be compatible with electronics that cre-
ate the trapping potential. Hence, an all-optical technique
is preferable, which can be achieved using bichromatic
pumping?#2°. To minimize the repetition rate noise, it
is further preferable to operate with large bichromatic
modal spacing, hence maximizing the resultant optical
frequency division (OFD) factor.

Recently, a novel scheme known as Kerr-induced syn-
chronization (KIS) has been experimentally demon-
strated'®26, whereby a reference laser whose frequency
is tuned close to a comb tooth makes it possible to syn-
chronize the DKS comb to the reference, corresponding to
phase trapping in the azimuthal domain'8. KIS efficiency
can be further improved through on-resonance comb-tooth
operation'®27 at a cavity mode close to the phase-matched
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dispersive wave frequency?®3°. While the efficacy of this
scheme has been demonstrated for single-DKS operation,
its metrological impact on multi-DKS states remains com-
pletely unstudied. Addressing this shortcoming is par-
ticularly important, given that multi-DKS states have
been shown to exhibit higher conversion efficiency®! and
enhanced robustness against thermal effects®? than single-
DKS states. Yet, multi-DKS states are usually not de-
sirable since they exhibit a relative jitter between each
DKS [Fig. lal, leading to higher microcomb repetition
rate noise®?. Such multi-soliton relative jitter may be
mitigated in the soliton-molecule regime, where two or
more solitons interact directly with one another*, poten-
tially in a long-range fashion through their tails®>. Soliton
molecules rely on the asymptotically stable balance be-
tween attractive and repulsive interactions and have been
demonstrated in bulky fiber systems3%37 and crystalline
millimeter cavities®®3°. However, various sources of noise
can still influence the solitons’ characteristics (and hence
mutual interactions), leaving residual relative jitter.%". In
small resonators, molecule formation has relied on modal
interaction (defect or avoided mode crossing) for different
solitons to interact, resulting in their binding into so-called
soliton crystals*'. In their more robust form, this leads to
perfect soliton crystal formation#? akin to cnoidal waves®3.
However, this sturdiness comes at the cost of a frequency
comb whose frequency spacing is large (multiple times
that of a single soliton state), making it impractical for
repetition rate detection. Additionally, the soliton crystal
behavior does not prevent the entire molecule from being
sensitive to noise, particularly thermo-refractive noise,
which is a dominant noise source in small microring res-
onators**~46. To this extent, it is paramount to determine
if a coherent temporal DKS trapping compatible with
integrated photonics technology can exist, enabling pre-
dictable and deterministic low-noise microcomb operation
independent of the microring design and multi-DKS state.
In this work, we demonstrate that KIS enables rela-
tive azimuthal pinning of the different DKSs in an in-
tegrated silicon nitride (Si3IN4) microresonator through
the shared reference intracavity field. Experimentally, we
demonstrate that the same repetition rate noise can be
measured—which is consistent with the optical division of
the two pumps’ noise—regardless of the number of DKSs
present in the cavity. Our work highlights the metrologi-
cal capacity of transforming a multi-DKS into low-noise
coherent state through Kerr-induced synchronization.

I1. Results

Experimental demonstration and empirical model
of KIS-mediated locking of a multi-DKS state

First, we aim to experimentally investigate the trapping
of a multi-DKS state. To do so, we use a similar
SiOs-embedded SizNy microring resonator as in ref. 18,
and described in more detail in the Methods section. We
use a main pump at wp/27 ~ 282.5 THz (1061.9 nm)
with about 150 mW on-chip power which, given the
resonator dispersion, generates an octave-spanning
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Fig. 1 — Impact of Kerr-induced synchronization (KIS) on
multi-soliton states. a Single-pump case where two dissipative Kerr
solitons (DKSs) live in the cavity. They are both in phase since
they are pumped by the same continuous wave laser. However,
since they are not bound to one another, their jitters are
independent, i.e., there is a relative jitter between the DKSs. This
results in an output pair of pulse trains carrying independent
repetition rate noise, yielding a noisier optical frequency comb than
in the single-DKS case. b Kerr-induced synchronization enables the
phase locking of a DKS to the intracavity reference field, produced
by sending another weak reference continuous wave pump laser
into the microring. In the multi-DKS state, we show that both
DKSs synchronize to the same common reference field, which pins
their azimuthal positions, azimuthally trapping them and resulting
in the suppression of the relative jitter. As a result, the repetition
rate noise from the output pulse train now exhibits the same noise
characteristics as the single-DKS state.

frequency comb with dual dispersive waves at comb
tooth numbers relative to the main pump (defining
pw = 0)at p = —88 and p = 109. With this system,
different multi-DKS states can be obtained [Fig. 2al.
For the current experimental demonstration, we select a
two-DKS state, while other states that can be reached
will be discussed later. To synchronize the DKS, we
use a reference laser with less than 400 pW of on-chip
power that is injected close to the DKS comb line (within
a KIS locking window) around the dispersive wave at
mode p = —88 194.6 THz. We verify synchronization
through the repetition rate (wyep) disciplining!® and set
the reference laser frequency so that the same wyep is
exhibited both in and out of synchronization, for a fair
comparison (this occurs at the center of the KIS locking
window). Our experiments show that the two-DKS state
differs when in- and out-of-synchronization [Fig. 2a], in
particular in the interference pattern between the two
DKSs that leads to modulation of the comb spectral
envelope. It is worth pointing out that this phenomenon
is reversible from and to the KIS regime, since once the
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Fig. 2 — The multi-DKS comb envelope with and without KIS. a
Experimentally measured octave-spanning optical spectra of a
2-DKS state obtained with single pumping, thus unsynchronized (i.
red), and once in the KIS regime (ii. blue). The envelope in each
case represents the LLE simulation of the system for its respective
synchronization regime, which shows a modification of the comb
tooth power periodicity (inset) due to a shifted dual-DKS
interference pattern caused by a change in the relative DKS
position. The two spectra have a relative vertical shift of 42 dB for
display purposes. The mode p = 0 corresponds to the pumped
mode at ~282.5 THz (~1061.9 nm), and an increase of one in p
corresponds to a shift in frequency by the ~1 THz repetition rate.
b Azimuthal domain study of the 2-DKS system obtained from the
LLE simulations, with the trailing DKS referenced to § = 0. In the
single pump case (top, red), both DKSs are unbound, resulting in a
relative jitter. In the synchronized case (bottom, blue), the beating
between the pumped field at ¢ = 0 and the reference field at

s = —88 (grey) creates a fixed grid to which the DKSs can be
pinned. As a result, the DKSs adjust their azimuthal separation
relative to the unsynchronized case. This azimuthal shift explains
the modified interference pattern in the comb spectra.

reference pump is turned off the comb envelope pattern
returns to the unsynchronized state, highlighting the
reconfigurable aspect of this all-optical trapping.

The repetition rate of the OFC that we obtain
(wrep/2m =~ 1 THz) is too high for direct temporal de-
tection of the azimuthal trapping of the DKSs under KIS.
To gain insight on the nature of such synchronization,
we use the modified Lugiato-Lefever equation (mLLE),
describing the DKSs’ dynamics. The LLE was first de-
veloped for spatial DKSs®, then adapted to the temporal
domain?”, and then formulated for the specific case of
DKS comb generation in microresonators*®4% highlight-
ing the similar physics, including trapping. Our system
can be described by a mLLE that includes multiple driving
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forces**, written as:

WD __ (1 4iayyu -+ ilole

+i Y D) (p, t)e™’ + F, (1)

+ Fref €Xp {z (Oéref — oy + D(us)>t + iusﬂ]

with a normalization similar to ref. 48 that is relative to
the total losses in the cavity x. Here, ¥(0,t) is the intra-
cavity field and W(u,t) = [T (0, t)e™ " is its Fourier
transform, 6 and u are the azimuthal coordinate and the
azimuthal mode number, respectively, ¢ is the normalized
time, oy, and oyer are the normalized detuning of the pri-
mary and reference pumps respectively, F}, and Fier are
the external drive amplitudes of the primary and reference
pumps, and D is the normalized integrated dispersion of
the cavity in the p space. More details regarding the
simulation parameters are described in the Methods.

We numerically solve the mLLE and verify that the
resulting comb spectra matches against the experiment
[Fig. 2a]. We can then extract the azimuthal profile of
the two-DKS state both in- and out-of-synchronization
[Fig. 2b]. In the single pump case (i.e. unsychronized),
the background modulation from the dispersive wave
is small, and insufficient to trap the two DKSs into a
molecule?®5%51 In contrast, in the KIS regime, the back-
ground modulation is large enough to lock the two DKSs
at grid points that are defined by the modulation. This
modulation arises from the beating between the main
and reference lasers that are separated by p = —88 mode
numbers. This behavior is reflected in experiment by the
change in the interference pattern observed in the comb
envelope [Fig. 2a].

Linear stability analysis

The above empirical demonstration highlights the coher-
ent trapping aspect of the multi-DKS state to the same
reference field, yet does not fully elucidate the solitons’
relative dynamical stability. We can further our under-
standing of the system by performing a linear stability
analysis of the DKS solutions in Eq. (1)7:13:25:46:52,53 Con-
trary to most linear analysis studies that focus solely on
the single-soliton solution, we focus here on the two-DKS
state, this analysis enables us to retrieve the stability of
their common group velocity along with that of their rela-
tive jitter, providing new insights into the noise properties
of multi-soliton states. After a convenient change of vari-
able further detailed in ref.*®, we linearize the equation
following ref. 54 such that:

AAY(0,1)

ot =L ['(/)0 (07 t)] A¢(97 t)’ (2)

where 10(0,t) is the temporal stationary DKSs solution
obtained by solving Eq. (1) with its left-hand side set
to zero and setting the correct main pump power and
detuning to get the targeted intracavity state?. £ is a
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Fig. 3 — Dynamical spectrum of the linearized Lugiato-Lefever
equation describing the multi-DKS system, for a two-soliton state
in the cavity. a Out of synchronization, the position-shifting
eigenvalues (also known as the neutral or Goldstone modes) for the
global two-DKS system and their relative position are close to
Aps = 0, highlighting both a sensitivity to intra-cavity noise and
the independent jitter of the two DKSs in the multi-DKS state. b
In the KIS regime, the two Aps of interest migrate to —1. As ref.40
highlights, when susceptibility to noise is determined by the
eigenvalue(s) with the largest real parts, which in this case are of
the order of the photon lifetime. Hence, the two-DKS KIS-mediated
molecule has a stability in the presence of noise that is comparable
to the stability of a single DKS. We note that the other eigenvalue
whose real part is at —2 in a also migrates to —1, hybridizing with
the Aps and causing the split in the imaginary part we see in KIS.

linearized operator, and A(6,t) is a perturbation of the
stationary solution 1o (6,t). A perturbation can generally
be decomposed through a linear superposition of eigen-
functions v, (#) of £ with associated eigenvalues A, so
that after a time At, one can express the perturbation to
the intracavity field as:

Ap(0,to + At) = Z exp[An Atlan v, (6). (3)

Hence, from the study of \,,, we can conclude if the pertur-
bation is amplified (Re(\,) > 0), persists (Re(A,) = 0),
or is damped (Re(\,) < 0). Although the linearized op-
erator presents as many eigenvalues as the number of
modes used to model the system [Fig. 3], we are inter-
ested in one in particular — the so-called position-shifting
eigenvalue (\,s), also called the neutral mode or Gold-
stone mode’*2>—which is responsible for group velocity
noise. Since we study a multi-DKS state, here for the sake
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of simplicity a two-DKS state, the eigenvector (or eigen-
mode) projection results in studying the projected basis
of the two-DKS system. This analysis can be extended
to multi-soliton systems, where the eigenvalue count in-
creases with the number of solitons. The even eigenmode
with equal weights on each DKS site represents the global
motion, while odd eigenmodes that function between spe-
cific DKS pairs (zero elsewhere) describe relative motions.
In a two-DKS system, the only two eigenmode projections
possible are even and odd; they directly correspond to the
global and relative motion of the DKS pair®®, informing
us about the repetition rate noise and multi-DKS jitter,
respectively. However, larger DKS number systems may
require linear combinations of eigenmodes to determine
the relative motions between DKS pairs.

In the single pump case [Fig. 3a], both A, values ex-
ist around zero, highlighting that any intracavity noise
will persist and that the two-DKSs are weakly bound,
so that their group velocity noise is independent and
uncorrelated. In striking contrast, in KIS [Fig. 3b], the
two Aps values have migrated toward —1, corresponding
to the maximum damping of the intracavity noise at a
photon-lifetime rate Tpnot = 1/k that is consistent with
the initial normalization in Eq. (1). Such maximization
of the damping occurs when the reference laser is at the
comb tooth frequency of the unsynchronized DKS, corre-
sponding to the center of the KIS spectral window defined
as Ayis = 4t sWref (,%Edks)_l /EPret P with £ and Kexe
the total and coupling loss rate, Pf and P, the intracav-
ity reference and comb tooth powers at synchronization
mode pg, and Eqys is the total DKS energy. For different
reference frequencies within the KIS window, A,s will
exhibit continuous values from —1 (center of KIS) to 0
(edge of KIS)*. We note that a hybridization between Aps
and the other eigenvalues whose real part are originally at
—2 and migrate to —1 leads to the splitting of the imagi-
nary part of the eigenvalue in KIS, which does not impact
the noise damping properties. Since both the global and
relative position shifting eigenvalues are damped at the
same rate, the relative position in time of the two-DKS
system will exhibit correlated noise that is only limited
by the photon lifetime, similar to the single-DKS case®®.
Therefore, using a single- or multi-DKS while synchro-
nized to a reference pump results in the same outcome
from the linear stability analysis, and hence the noise
properties of the measured repetition rate are expected
to be the same. This suggests that under KIS, the multi-
DKS state becomes compatible with low noise metrology
applications.

Noise performance comparison between single-
and multi-DKS in KIS

In this final section, we proceed to measure the power
spectral density of the repetition rate frequency noise
Srep(f) for synchronized single- and multi-DKS states.
Using the same exact device as the one presented in Fig. 2,
we proceed to generate different DKS states. In order to
do so, we slightly tune both the main pump power (within
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Fig. 4 — Noise characterization of the repetition rate (wrep) in KIS
of a a single-DKS state, b two-DKS state and ¢ three-DKS state.
While the spectra look different due to the different number of
DKSs living inside the microring cavity (top inset for each plot),
the frequency noise spectral density remains the same as in the
single-DKS state (blue trace in the bottom of a, b and c), either for
a two-DKS state (b, pink) or three-DKS state (c, yellow). As
expected from KIS operation, the repetition rate noise corresponds
to the two uncorrelated pumps’ noise optically frequency divided
by a factor OF D = u? (grey trace in a, b and c). The noise floor of
the electro-optic comb (dashed curve), which enables measurement
of wrep ~ 1 THz, prevents the repetition rate noise from overlaying
on the frequency-divided pump noise beyond 5 kHz.
Unsynchronized repetition rate noise for each DKS state is not
measured since it is higher than the detection limit of our phase
noise analyzer, mostly due to the high thermorefractive noise of the
microcomb, which does not play a role when the system is
synchronized, as discussed in Ref.46.

10 mW) and main pump detuning to adiabatically land on
a multi-DKS state, from which we determine the number
and spacing of solitons by fitting to the observed spectral
envelope. The repetition rate is measured using an electro-
optic comb (EOcomb) apparatus described in more detail
in the Methods section.

In the case of the single-DKS [Fig. 4a], where the comb

spectrum has the signature smooth envelope, the obtained
Srep(f) exhibits the same noise as the main and refer-
ence pump noise frequency divided by the optical fre-
quency division factor OFD = p? = 882 = 7744, as
expected from previous study'®?2%, since the characteris-
tic frequency noise of the pumps is well-reproduced for
frequencies below 5 kHz after accounting for the OFD.
The EOcomb apparatus which lets us frequency trans-
late the large DKS wyep to a detectable bandwidth limits
our noise floor to about 102 Hz?-Hz~' at a Fourier fre-
quency of 2 kHz and 10* Hz?-Hz ! at a Fourier frequency
of 100 kHz. After generating different multi-DKS states,
either a two-DKS microcomb [Fig. 4b] or a three-DKS one
[Fig. 4c], the obtained Syep(f) presents the same charac-
teristics as the single-DKS state, with the same optically
frequency divided noise from the pumps, despite the mul-
tiple cavity solitons traveling within the resonator. Such
noise measurements validate the metrological capacity of
multi-DKS states in the KIS regime, demonstrating that
the azimuthal trapping of the DKSs by the reference field
is strong enough to provide a single repetition rate noise,
consistent with the theoretical linear stability described
earlier.

ITI. Discussion

To conclude, we have demonstrated that Kerr-induced
synchronization enables trapping of general multi-DKS
states, which leads to an on-demand low-noise coherent
state, where all the pulses are trapped by the background
modulation at a period s defined by the mode at which
the reference synchronizes the DKSs. Experimentally, the
spectrum of a two-DKS state provides sufficient discrep-
ancy in and out of synchronization to highlight the az-
imuthal trapping of the different DKSs to the ug reference
modulation. This enables a direct comparison with pump
phase-modulation trapping and provides an experimen-
tal demonstration of previous theoretical work where the
background modulation period is similar to the DKS
pulse width2®. We analyze the multi-DKS state and its
Kerr-induced synchronization through a theoretical linear
stability analysis of the mLLE, observing similar behavior
as in the single-DKS state, which per definition is a signa-
ture of the molecular behavior. In the linearized system,
the eigenvalue of interest )\, has a real part that moves
from zero (no intra-cavity noise damping out of synchro-
nization) to —1 (damping at the photon decay rate at the
center of the KIS window). In the multi-DKS case, the
real part of both the global multi-DKS eigenvalue and the
eigenvalue corresponding to the relative jitter between
the DKSs is present at —1, demonstrating the relative
noise suppression between each DKS. Finally, we show
experimentally that the repetition rate frequency noise
ends up being identical in a single-DKS or in a multi-DKS
state, which is solely determined by the pump frequency
noise and the optical frequency division factor u2, as usual
in KIS. Our work highlights that KIS brings metrological
capacity to multi-DKS states through azimuthal trapping
of the DKS and on-demand predictive low-noise operation.



Since integrated frequency combs rely on low SWaP-C,
the overall comb power remains largely limited, but can
be mitigated by increasing the number of pulses in the
cavity. Usually, this leads to a trade-off between either the
increase of the repetition rate noise with the multi-DKS
state order or an increase in the comb tooth spacing to
harmonics of wyep in the particular case of a multi-DKS
state often referred to as a soliton crystal*!. Although
control of the defects that can produce such soliton crystal
states has been demonstrated with laser injection®®, our
work instead shows that KIS enables a coherent azimuthal
trapping of all the DKSs present in the cavity. We there-
fore demonstrate that one can leverage the benefits of
multi-DKS states without being metrologically limited or
being forced to work with harmonics of the repetition rate.
In addition, since arbitrary multi-state DKS orders ex-
hibit the same noise performance as the single-DKS state,
our work could be extended to larger resonator circum-
ference (i.e. lower wyep combs) where much more pulses
could be fit inside the resonator, significantly increasing
the otherwise poor conversion efficiency of the microcomb
operation without sacrificing noise performance.

IV. Methods

Microring resonator design

The photonic chips were fabricated following the process
presented in ref 18 in a commercially available foundry.
We use a silicon nitride (SisN4) microring resonator em-
bedded in SiO, with an outer ring radius R = 23 pm
and ring width RW = 850 nm. A bus waveguide (width
Wwe = 460 nm) wrapped around the ring in a pulley-
like fashion®” with coupling length L. = 17 um and
gap G = 600 nm enables critical coupling at both the
main pump frequency wy/27 &~ 282.5 THz (1061.9 nm)
and the reference pump frequency wyer/2m ~ 194.6 THz
(1549.6 nm). The reference is selected to be at the low
frequency dispersive wave (DW) at ps = —88 comb teeth
away from the main pump. To access the soliton state,
we use about 150 mW of on-chip main pump power while
temperature stabilizing the resonator through a cooler-
pump’®®°? with about 250 mW of on-chip power in a
counter-propagating and cross-polarized (transverse mag-
netic) mode with respect to the main pump (to minimize
nonlinear interaction).

Simulation parameters

The simulation result of the Lugiato-Lefever equation
(LLE) presented in Fig. 2 used the same geometric parame-
ter of the microring resonator as presented above, with the
dispersion parameter D in the LLE obtained via accurate
finite element method (FEM) modelling'®. The simulated
intrinsic and quality factors are set to Q; = 1 x 105 and
Q. = 1 x 10° respectively. The detuning of the pump is
set to be (w(u = 0) — wg) /27 = 1.25 x 10° GHz, with
the main pump frequency wq/27 ~ 282.5 THz, while the
round trip time of the DKS is ¢, = 27 /wyep =~ 1 ps, yield-
ing a normalized parameter o = 4.4. The main pump
is set at an in-waveguide power of P, = 160 mW, and

the effective nonlinearity v = 3.2 W= '-m~! from FEM
calculations, resulting in a normalized driving force of
Fy = 2.78 and a normalized time 7 = 1.7 x 10°t

Repetition rate detection

In order to measure the close to 1 THz repetition rate of
the microcomb, we spectrally translate two adjacent comb
teeth close to one another to measure their beats, similar
to refs. 18,44. To perform such spectral translation, we use
an electro-optics (EO) comb consisting of two phase modu-
lators driven at wgo = (17.839x27) GHz, enabling two ad-
jacent microcomb teeth at ~ 271.5 THz and ~ 270.5 THz
to be spectrally translated by Ngo = 56 EOcomb lines.
Using a band-pass grating optical spectral filter with a
0.1 nm Gaussian shape full-width half maximum pass-
band, one can measure the beat note at wyeay = 22.75 MHz
(£10 kHz), letting us determine the DKS repetition rate
Wrep = NEOWEO +Wheat = 999.00675 GHz £10 kHz. wheat
is detected by a 50 MHz bandwidth avalanche photodiode
and processed with a phase-noise analyzer to study the
repetition rate frequency noise.
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