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We study frequency fluctuations in self-sustained oscillators based on nonlinear underdamped
resonators. An important type of such resonators are nano- and micro-electro-mechanical systems.
Various noise sources are considered, with the emphasis on the fundamentally unavoidable noise that
comes along with dissipation from the coupling to a thermal reservoir. The formulation in terms of
the action-angle variables of the resonator allows us to analyze a deeply nonlinear regime. In this
regime the vibration frequency as a function of the action can have an extremum. We show that
frequency fluctuations can be strongly reduced by choosing the operation point at this extremum.
We suggest a practical implementation of a nanoresonator that has the appropriate property and

show explicit results for the corresponding model.

I. INTRODUCTION

Self-sustained oscillations underlie the operation of a
wide range of systems, various types of clocks, frequency
generators, and lasers being familiar examples. One of
the most important problems of the physics and appli-
cations of these systems is frequency fluctuations. Many
aspects of this problem are common for different types
of vibrational systems. To be specific, in this paper we
are motivated by and will discuss frequency fluctuations
in the context of nano- and micro-electro-mechanical sys-
tems (NEMS and MEMS), although the results are not
limited to these systems. During the past decades there
have been developed various types of NEMS and MEMS,
which are mechanical resonators with eigenfrequencies ly-
ing in a broad range from 10* to 10° Hz. The vibrational
eigenmodes often have a high quality factor @, given by
the ratio of the eigenfrequency to the energy decay rate;
even at room temperatures @ can be as large as 8x 108 [1].
These features enable numerous applications of NEMS
and MEMS, including various applications that require
compact frequency sources, cf. [2] [3].

NEMS and MEMS are mesoscopic systems: they are
large on the atomic scale, but at the same time they are
small. Therefore their vibrational modes often exhibit
significant levels of nonlinearity and relatively strong
fluctuations, cf. [4H7]. An important part of these fluc-
tuations comes from the thermal noise that emerges be-
cause of the coupling of the modes to other degrees of
freedom, which form a thermal reservoir. Thermal noise
is an unavoidable source of fluctuations, because it nat-
urally comes along with dissipation and is related to the
decay of the modes by the fluctuation-dissipation the-
orem. This noise directly leads to fluctuations of the
phases (and ultimately the frequencies) of the modes.

Another important source of frequency fluctuations
due to thermal noise comes from the interplay of this
noise with the nonlinearity of the vibrational modes. In-
deed, the nonlinearity leads to the dependence of the vi-

bration frequency on the energy, or equivalently, on the
vibration amplitude. Because of the noise, the amplitude
fluctuates in time, resulting in frequency fluctuations. A
well-known manifestation of this effect is the characteris-
tic broadening of the power spectrum of the vibrational
modes and, consequently, of the spectrum of the response
to an external field [§]. In nanoscale vibrational systems,
such broadening has been studied in detail in several ex-
periments, cf. [9HI6] and references therein.

To perform self-sustained vibrations, a resonator has to
be complemented by an amplifying feedback loop. The
amplifier determines the vibration amplitude. It is well
known, cf. [I7HI9] that, for a linear resonator, the inten-
sity of frequency fluctuations induced by thermal noise
scales as the inverse squared vibration amplitude. Sup-
pressing the fluctuations requires exciting the resonator
to comparatively large amplitudes. However, if the vi-
bration nonlinearity comes into play, fluctuations of the
vibration amplitude make an increasingly important con-
tribution to fluctuations of the vibration frequency. A
conventional strategy for alleviating this effect is to en-
gineer resonators that remain linear in a comparatively
broad amplitude range, cf. [20H22].

A qualitatively different approach aimed at suppress-
ing the noise from the feedback loop was pioneered by
Greywall et al. [23] 24] and was later extended in
Refs. 25H28. This approach exploits the bistability of
the response of the nonlinear resonator to a resonant
drive and the possibility to tune this resonator to a
specific point on the response curve. Yet another ap-
proach is based on using coupled modes [29], including
nonlinear resonance in coupled modes [30} [31]. Besides
frequency sources, suppressing frequency fluctuations is
critically important for many other applications of NEMS
and MEMS, from mass sensing, cf. [32H35], to various
force measurements, including measurements of magnetic
forces, cf. [36H39).

In this paper we show that, if the nonlinearity of a
weakly damped resonator meets certain fairly general



conditions, it can be used to suppress the amplitude-
to-frequency noise conversion in a well-defined range of
comparatively large vibration amplitudes [40]. The ex-
tent of the suppression and the frequency range can be
controlled, as we show on a simple example. This al-
lows one to operate the resonator in an optimal regime
in terms of reducing both the small-amplitude and the
conventional large-amplitude frequency fluctuations.
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FIG. 1. Sketch of the types of noise that lead to frequency
fluctuations and the ways of suppressing them.

The idea of the approach is based on the observation
that the eigenfrequency of a resonator may depend on
the vibration amplitude nonmonotonically. Near the ex-
trema of this dependence small amplitude fluctuations
are not translated into frequency fluctuations. An inter-
esting manifestation of the effect of the nonmonotonicity
in open systems, i.e., in the absence of a feedback loop,
is the noise-induced narrowing of the power spectrum
[41]. Here, the width of the spectrum of a nonlinear vi-
brational mode first increases with the increasing noise
intensity, but then decreases, before it ultimately starts
increasing again. In a micromechanical system this effect
was recently observed by Huang et al. [15].

The analysis below uses the fact that the vibrational
mode is strongly underdamped, i.e., the vibration fre-
quency largely exceeds the decay rate. Respectively, the
amplification is also weak, in the appropriate units, as it
only needs to compensate the weak damping. In contrast
to much of the previous work on NEMS and MEMS, it
is not assumed that the nonlinearity is weak and the vi-
bration frequency as a function of the amplitude remains
close to its zero-amplitude value. The analysis extends
to the case where the frequency at the extremum of its
amplitude dependence may be singificantly different from
its zero-amplitude value. In many systems, such a notice-
able change of the vibration frequency is not accompa-
nied by generating strong overtones, as will be seen in
the example we discuss. Moreover, the amplifier in the
feedback loop can be an efficient frequency filter, which

will suppress overtones at the output of the system.

Technically, the approach is based on separating dy-
namical time scales, in the spirit of the method of averag-
ing [42[43]. Since the vibration frequency is much higher
than the rate at which the oscillator amplitude changes,
one can calculate the amplitude change by averaging the
equations of motion over the amplitude-dependent vibra-
tion period. A more general and insightful way to do this,
which we follow, is to describe the vibration dynamics in
terms of action-angle variables. Importantly, the separa-
tion of time scales also strongly simplifies the analysis of
fluctuations, as the system is susceptible to the noise in
comparatively narrow frequency intervals centered at the
vibration frequency and, generally, its overtones, includ-
ing zero frequency.

The goal of the paper can be understood from the
schematic of the fluctuation suppression in Fig. We
consider a basic model of an oscillator that consists of
a resonator and a feedback loop. The resonator has a
vibrational mode with a high quality factor Q. The os-
cillations of this mode are the output of the system. A
part of the output is amplified, transformed by the feed-
back loop, and fed back as a resonant force that drives
the vibrational mode. In addition, there is noise that also
drives the mode and leads to fluctuations of the vibration
frequency. This noise includes the internal noise of the
resonator and the noise from the feedback loop.

The relevant types of the noises and the ways to sup-
press them are sketched in Fig. The noises have dis-
tinct sources, and therefore different spectra and statis-
tics. The dissipation-related resonator noise usually has
a broad spectrum with the width exceeding the vibra-
tion frequency. This noise is unavoidable, as mentioned
above. However, there is also a low-frequency noise,
which comes primarily from defects in the system and di-
rectly affects the frequency, cf. [6] and references therein.
Similarly, the noise from the feedback loop can have both
broad-band and low-frequency components, the phase-
shift noise being an example of the latter. Importantly,
both the resonator and the amplifier noises cause fluc-
tuations in the vibration amplitude and thus the action
variable of the vibrational mode, which transform into
frequency fluctuations in a nonlinear resonator. It is
the way of suppressing this transformation, and thus re-
ducing the effect of the broad-band (in particular, the
dissipation-related thermal) noise, that we consider.

In Section [[T] we formulate the problem and describe
the model of the resonator. In Section [l we describe
the deterministic dynamics in terms of the action-angle
variables and derive the equations motion for the period-
averaged action and phase. In Sec. [[V] we discuss the
noise terms in these equations. In Sec. [V] the equations
for the action and the phase are linearized near the sta-
ble vibrational state and small fluctuations about this
state are considered. In Sec. the action (or ampli-
tude) dependence of the fractional frequency fluctuations
is discussed and the proposed means of suppressing these
fluctuations is described. Section [VII] uses a simple ex-



ample to illustrate the efficacy of the proposed method
of suppressing frequency fluctuations. Section [VII]] con-
tains concluding remarks.

II. THE MODEL

The major element of the oscillator is a weakly damped
vibrational mode which we assume to be a mode of a
micro- or nano-mechanical resonator. The mode is to
be operated at amplitudes well beyond its linear dy-
namic range. Various sources of nonlinearity of vibra-
tional modes in NEMS and MEMS have been identified
[44, 45]. The mode dynamics can be described as the
dynamics of a particle with mass M, coordinate ¢, and
momentum p vibrating in a potential U(q), so that the
Hamiltonian of the system has the form

p?
H= 2M+U(q)' (1)

If the mode were isolated, it would perform vibra-
tions with constant energy. However, the underlying
NEMS/MEMS mode is coupled to other degrees of free-
dom of the resonator and the surrounding medium, which
serve as a thermal reservoir. Therefore the energy is not
conserved. Energy dissipation can be described by a fric-
tion force L(q,p) that slows down the motion and breaks
time-reversal symmetry. A simple familiar example of
such force is viscous friction, L(q,p) = —2T'p. However,
generally the force is retarded [46, @7]. The form of the
force depends on the underlying microscopic mechanism.
Several such mechanisms have been proposed for differ-
ent MEMS and NEMS modes, see [48-54] and references
therein.

We consider the case where the resonator quality fac-
tor, @, is large, which implies a small dissipation rate.
Slow dissipation is advantageous in several respects, in-
cluding the reduction of the frequency noise due to ther-
mal fluctuations; MEMS and NEMS used for making os-
cillators usually have a large @ factor. For @@ > 1 the
nonlinear mode is sensitive primarily to excitations of the
thermal reservoir in a narrow interval centered at the vi-
bration frequency, and possibly its overtones. Therefore,
on the time scale long compared to the vibration period,
the retardation of the friction force can be disregarded,
as first shown for a harmonic oscillator [55] and later ex-
tended to weakly nonlinear vibrations [50].

Sustaining vibrations of the oscillator requires com-
pensating the energy dissipation. This is achieved by
adding a feedback loop that incorporates an amplifier
and a phase shifter. In the equation of motion, we will
model the force that provides the energy gain due to the
amplified feedback by a gain force G(q,p).

In addition, there are various other perturbations act-
ing on the vibrational mode, which we lump into a force
f(q,p)&(t). Here £(t) is a random function of time which
models internal and external noises. The vector notation
is used here not for different spatial components, but

rather to indicate that there are different components of
the noise that come from physically distinct sources, cf.
Fig. [ Generally, these components are statistically in-
dependent. They drive the system directly as a force [the
“additive” noise [57]] and modulate the parameters of the
system, so that the overall random force depends on the
dynamical variables ¢, p. This dependence is described by
the weighing factor £(g,p). The (g, p)-dependent weights
of the noise components, which are given by the compo-
nents of the vector f, are generally different.

With these three forces, the equation of motion of the
system reads,

q=p/M,
p=—0,U+G(q,p) — L(q,p) +f(qg,p)E(t).  (2)

Again, we emphasize that the retardation in L(g,p) and
f(q,p) is disregarded conditionally, keeping in mind the
description of the dynamics on the slow time scale, which
is given in Sec. [[TT] Respectively, the forces L and G are
small compared to the characteristic values of the restor-
ing force |0,U|. Since L is small, only small G is required
to sustain oscillations. The noise £(t) is assumed to be
weak. This means that the noise-induced variances of the
vibration amplitude and frequency are small compared to
the squared amplitude and frequency, respectively. We
further assume that the noise £(t) is zero-mean and sta-
tionary, (€(t)€(¢')) is a function of t—¢' only, and similarly
for higher-order correlators.

III. ACTION-ANGLE VARIABLES

We are interested in the regime where the vibrations
of the mechanical system are nonlinear. They are al-
most periodic, for weak noise, but generally are nonsi-
nusoidal. It is convenient then to describe the dynam-
ics of the system in terms of its action-angle variables,
I=2r)"'§$pdgand ¢ = (9/9I) [*pdq’. For a Hamil-
tonian system, Eq. , the transformation from (g, p)
to (I,¢) is a standard canonical transformation of me-
chanics [58]. If the conservative system has energy E,
its vibration frequency w(I) is I/0E = w~'(I); in such
a system the action variable remains constant, whereas
d¢/dt = w(I). The coordinate and momentum are func-
tions of I, ¢, with ¢(I,¢) and p(I,¢) being 2m-periodic
in ¢.

For a harmonic mode, w([) is a constant, w(I) = w(0).
For a conservative system, the typical scale I, of the
action variable I where the vibration nonlinearity is pro-
nounced is given by the condition

|w(Ta1) = w(0)] ~ w(0).

In what follows we choose a constant in ¢ so that
p(I,nm) = 0 for integer n. With this choice, since ¢
and p are, respectively, even and odd functions of time
in a conservative system, ¢(I, ¢) and p(I, ¢) are even and



odd in ¢. This means that in the Fourier series

a(1,6) =Y au(De™, p(1,¢) = pa(l)e™ (3)

we have gn = 4—n = q; and Pn = —P-n = 7p;kz'
In the variables I, ¢ the equations of motion be-
come

I'=(059)[G — L+£(q,p)&(t)],
¢ =w(I) — (019)[G — L+ £(q,p)&(t)]. (4)

Equations explicitly show that, if G, L, and f are
small then, over the vibration period 27 /w([), the action
I changes only slightly and the increment of the phase
is close to 27, on average. In fact this is what we mean
by the dissipation, gain, and noise being weak. The ef-
fect of G, L, and f therefore accumulates on times much
larger than the vibration period. To describe the effect
of dissipation and gain, we note that, with ¢, p expressed
as functions of I and ¢, the terms containing G(q, p) and
L(q,p) are periodic in ¢. They can be written as sums
of terms o exp(ing). The terms with n # 0 oscillate in
time with period 27 /w(I). Therefore the effect of these
terms does not accumulate.

To describe the long-term dynamics we can average
over ¢ the regular terms in Egs. and rewrite these
equations as

I~ (05q)[G(q,p) — L(g, p)] + &1 (1, 1),
¢~ w(I) = (019)[G(q.p) — L(q,p)] + &o(I, 1),  (5)

where the overline means averaging over ¢,

Vo) =20 [ deviL.e).

0

The functions &r(1,t) = {(09)f(¢,p)€(t)}s and
Es(I,t) = —{(019)f(q, p)&€(t) }4 are the noise terms. The
curly brackets {...}4 indicate that the correlators of the
corresponding noise terms are averaged over ¢, and there-
fore we write these terms as functions of I and ¢. This
issue is discussed in more detail below.

Prior to discussing the noise terms we note that, if we
disregard fluctuations, Eq. shows that both I and
b — w(I) vary on the time ¢,, which is determined by
the characteristic reciprocal values of G and L. It is on
the time scale ¢, that we can disregard both the retar-
dation of the backaction from the thermal reservoir (cf.
Refs. [59, 60] and references therein) and the delay of the
feedback loop; see also Sec. [VILC| In addition, it is as-
sumed that the correlation time of the thermal reservoir
is small compared to t,.

In Eq. , the terms —(094¢)L(q,p) and (949)G(q,p)
describe, respectively, the energy loss due to the coupling
to the thermal reservoir and the energy gain due to the
amplifier. The terms —(9rq)L(q,p) and (9rq)G(q,p), on
the other hand, describe the corresponding shifts of the
vibration frequency. Overall, for underdamped systems,

the formulation in terms of the action-angle variables is
advantageous, as it does not require the knowledge of the
shape of the limit cycle in the phase space of the oscillator
used in other approaches [26] [61].

IV. THE STRUCTURE OF THE NOISE TERMS

The noise terms in Egs. can be generically written
in the form Y, f,(I) exp(ing)&(t). The functions f, are
the Fourier components of dsqf and 0rgf in the equa-
tions for I and é, respectively; here we are interested in
the structure of the noise terms and do not discuss their
specific form. Different components of the noise £(t) have
different power spectra and possibly different statistics.
Some of them, like the thermal noise that comes along
with the regular force L, have a broad spectrum, with a
correlation time t.o, < t,. We will denote this broad-
band noise by &,(t) and the corresponding weighing fac-
tors by f,(Lbb) (these factors are different for I and ¢). In
the average values ( bb) (1(1))em?® &, (1)), the oscillat-
ing terms will be filtered out by the oscillator. Therefore
these averages depend on I(t), but not on ¢(¢). They can
be included in the noise-independent terms in Eq. , SO
that the broad-band part of the noise will have zero mean.

The pair correlation functions of the corresponding
noise components are sums over n,m of the terms

(FP (1) e On (0) F3) (1(H)) €™ ().

In these sums one should keep only smooth terms with
n = —m. Over the noise correlation time t¢o., the
value of I(t) changes very little, I(t) =~ I(¢'). There-
fore one can write the pair correlator as a sum of the
terms (| £3™ (I(t.))]? cos[nw (I(£.)) (t = ')]&wb (1)&nb ()
with t, = (¢t +t')/2. These terms do not contain the
phase ¢. Higher-order correlators related to the broad-
band noise can be analyzed similarly, they are also inde-
pendent of ¢.

We now discuss the low-frequency noise &i¢(t), with
the correlation time t..,, that largely exceeds the vibra-
tion period 27 /w(I) and can exceed the relaxation time

t,. In the Fourier series )" f,slf) exp(ing), for the weigh-
ing factor f19 one should keep only the slowly varying
terms, i.e., the noise can be written as fo(lf) (I(t))&s(t).

The Fourier components f" exp(ing) with |n| > 0 are

filtered out. We can again include (f(()lf) (I(t))&¢(t)) into
the noise-independent terms in Eq. and thus assume
that the low-frequency part of the noise has zero mean.

The above analysis shows that both the broad-band
and the low-frequency components of the noise can be
written as functions of I and ¢ that do not contain the
phase. This justifies writing the noise terms in Eq. as
&r(I,t) and €4(1,¢). Since w(I) > 1/t,, these two types
of noise essentially include all physically relevant noises
that drive the mode.



In physical systems, an important type of the broad-
band noise is the previously mentioned thermal noise
that comes from the coupling to a thermal reservoir and
is attendant to the dissipative force L(g,p). A broad-
band noise can come also from external sources. Typi-
cally a broadband noise is well approximated by an ad-
ditive force, i.e., the function £(°P) that multiplies &, (t)
in Eq. can be assumed to be independent of ¢, p. The
components of £(°?) can be set equal to unity by rescal-
ing &pp(t). The terms proportional to the powers of ¢, p
in £°P) are often small. If such terms are not important,
we can write the broadband components of the noises in

Eq. as

P ) = Oqten(t), €LV (I,1) = —0rg€un(t).  (6)

However, if nonlinear friction in the resonator is signif-
icant, cf. Refs. [54] [62H65], one should take into ac-
count a g-dependent component of the broadband noise
[56]. This can be done by replacing in Eq. @ Eop(t) —
Eop(t) + qf,(azl)(t). The noise component 51(;;1)@) can
be often assumed statistically independent from the g¢-
independent part of the broad-band noise.

The components of the low-frequency noise that are
not multiplied by ¢ or/and p are filtered out by the os-
cillator. Therefore, in the analysis of the low-frequency
noise one should take into account the dependence of
£05) in Eq. on the dynamical variables of the oscilla-
tor. It should be noted that, generally, the power spec-
trum of the broadband noise &,,(¢) may be nonzero at
zero frequency. When the corresponding noise compo-
nent is multiplied by a ¢-independent part of drq(I, ¢),
it contributes to the noise {4 (I,t). We incorporate this
contribution into the low-frequency phase noise.

V. FLUCTUATIONS ABOUT THE STABLE
VIBRATIONAL STATE

A. Noise-free regime

Of primary importance in terms of the operation of
the oscillator are the time-independent solutions I and
¢ = Q of Eq. in the absence of fluctuations. These
solutions are given by the equations

[(&bq)[G(q,p) - L(q,p)ﬂ =0, (7)

I=1Ig
0 = QL) = w(l) — [@ro[G(a ) — L(.p)]

I=Iy

The values of I; and €2 give the operation point of the os-
cillator. They determine the amplitude of the vibrations
and their frequency. In the considered slow decay/weak
amplification case |2 —w(Is)| < Q. Note that there may
exist multiple steady states but here we focus on one sta-
ble steady state and do not discuss the effects related
to switching between the stable states. Generally, the
vibrations in a stable state are nonsinusoidal, i.e., ¢(t)
and p(t) have components that oscillate at the overtones
of Q. However, as mentioned above, in many cases of
interest, including the practically important example we
show below, these components are small and fall off ex-
ponentially with the increasing number of the overtone
[the exponent is determined by the imaginary part of the
time ¢ where ¢(t), p(t) have singularities as functions of
the complex time for the conservative motion, cf. [58]].

B. The low-frequency power spectra of the
dynamical variables

We assume that the noise is weak. This means that
the root mean square fluctuations of the action about
its stationary value are small compared to I, and also
that the variance of the phase that accumulates over the
period 27/ is small compared to 2. For a weak noise,
one can analyze the oscillator dynamics by expanding the
regular parts of Eq. about I,

61 ~ —aly) 01 + &(Ig, 1)
¢~ QIx) + B(Ist) 0T + &y, 1), (9)

where o(I) = d {(8¢q)(L - G)} /dI and B(I) =
dQ(I)/dI. The stable operation of the oscillator requires
that a(ls) > 0. The previously introduced relaxation
time of the oscillator is t, = 1/a(ls). We note that this
time differs from the relaxation time of small-amplitude
vibrations of the nano- or micromechanical system on
which the oscillator is based. However, at least for a
not too large amplitude, these parameters have the same
order of magnitude.

Conventional characteristics of fluctuations in the os-
cillator are the power spectrum of the intensity fluctu-
ations Sr(w) and the power spectrum of the fractional
frequency fluctuations S,(w), where the fractional fre-
quency is defined in terms of the time derivative of the
vibration phase as [66]

y(t) = 6 — L))/ QL) (10)

From Eq. (E[) we see that these power spectra are simply expressed in terms of the power spectra of the noise



components,

Sr(w) = / h dte™ (SI(t)S1(0)) =

— 00

a? (L) + w?

EII(Istaw)a

Sy(w) _ /oo dtezwt<y(t)y(0)> = Q_Q(Ist) E¢¢(Ist7UJ) + ﬂ2(Ist)SI(UJ) + Qﬂ(ISt)Re {E[¢(Ist7w)/[a(lst) + ZW]}:|, (11)

— 00

where

3MLm:/mdﬁ“@Uﬁ@@®> (12)

— 00

with u,v standing for I and ¢.

Of interest for understanding the frequency stability
are the power spectra at low frequencies w < 2. They
characterize the slow fluctuations of the amplitude and
frequency of the self-sustained vibrations. The variances
of the action and the fractional frequency, respectively,
are

1

wm:—/&wmvw>l

T oor

o /Sy(w)dw. (13)

It follows from Egs. and @ that the dominant
contribution to the noise spectrum Z;;(w) that deter-
mines S; comes from the broadband noise. If the ran-
dom force &pp,(t) has a smooth power spectrum around
the frequency Q(Ig) and its overtones, as is usually the
case, the function Z;;(w) depends very weakly on w for
w < QIst), toge- Therefore

(61%) = [20(Is)] " 'Er1 (I, 0). (14)

In many cases of interest for NEMS and MEMS, includ-
ing the example below, the decay rate of the action «(I)
is a smooth function that does not vary much with I in
the range of interest. The major dependence of the ac-
tion fluctuations on I is then determined by the factor

E71(1,0). As seen from Eq. (), the broadband contri-

bution E?}b)(l ,w), which is the leading contribution to

Err(I,w), in the range of small I scales as

:(bb)(I w) x (959)? 2

=i 4 5q)% oc I oc A%, I < Iy, (15)
where A is the vibration amplitude. This expression is
familiar for thermal noise in a damped harmonic oscilla-
tor and is, ultimately, a consequence of the equipartition
theorem for such an oscillator. The analysis of the de-
pendence on I of the power spectrum of the fractional
frequency fluctuations is more complicated and will be
described in the next section.

VI. FRACTIONAL FREQUENCY
FLUCTUATIONS

It is seen from Eq. that there are three contribu-
tions to the power spectrum of the fractional frequency

(

fluctuations. One comes from the phase noise, =g (1, w),
the other comes from the action (and thus vibration am-
plitude) fluctuations, S;(w), and the third one from the
interference of the first two. In turn, the phase noise
spectrum has a contribution from both the broad-band
and the low-frequency noise. The former contribution,
E(bb)(l ,w), which includes that from the thermal noise
related to the dissipation, is often considered as the ulti-
mate lower (“fundamental”) limit on the frequency noise
intensity [4, 6, 32, [67]. As seen from Eq. (6]), this inten-
sity is oc (07¢)%. For a linear oscillator, this parameter
falls off with the increasing vibration amplitude A o I'/2
as

=S (I w) o (919)° < IT o A2, T < Iy, (16)

It is this relation that imposes a restriction on the vibra-
tion amplitude from below in order to have an apprecia-
ble frequency stability. The relation drq oc I~1/2 does
not apply for large amplitudes where the vibrations are
significantly nonlinear. However, quite generally |0;¢|
falls off with increasing amplitude, as will be seen in the
example below.

In contrast, the contribution to Zg44 (I, w) from the low-
frequency noise does not necessarily fall off with increas-
ing amplitude. This is clear already from the simplest
example of the low-frequency noise which corresponds to
fluctuations of the mode eigenfrequency wy. Here the
force component in Eq. is f19(¢,p) o< ¢q. Then the

phase noise is fgf) x q0rq. The intensity of this noise is
independent of the vibration amplitude for a linear os-
cillator and in many models becomes weakly amplitude-
dependent for a moderately strong nonlinearity. The way
of decreasing this noise depends on its source. For exam-
ple, one component of this noise comes from scattering of
thermal excitations off the considered vibrational mode,
the mechanism known for impurity vibrations in solids
[68, [69]. We note that the coupling to a thermal reser-
voir that leads to the nonlinear friction discussed below
also leads to this noise [64]. The intensity of this noise
depends on the geometry of the resonator and decreases
with decreasing temperature. Another important source
are two-level systems [6l [7OH73]. The noise from two-level
systems can be reduced by using single-crystal resonators
and improving the surface quality.

Yet another source of the frequency fluctuations is the
amplifier noise. Generally both the phase and the am-
plitude of the signal from the amplifier are fluctuating.
Greywall et al. [23] showed that the effect of the fluctua-
tions of the amplifier phase can be eliminated by tuning



the weakly nonlinear and weakly damped resonator to the
cusp (codimension two) bifurcation point of the nonlin-
ear resonator response to a sinusoidal drive. Later Kenig
et al. [26] considered the reduction of the effect of the
feedback-loop noise where both the amplification and the
phase lag are fluctuating. The success of this approach
is highly sensitive to how the amplifier operates.

In contrast, here we are interested in reducing the un-
avoidable noise that comes along with dissipation because
of the coupling to a thermal reservoir. Respectively, of
central interest is the contribution to the frequency noise
given by the term 82(Is)S;(w) in Eq. . This con-
tribution comes from the fluctuations of the action, or
equivalently, of the vibration amplitude. From Egs. @
and , where there is no nonlinear friction, the de-
pendence of the noise intensity =;7(0) on the action I is
given by the factor (94q)%. For I < I,,;, where the oscil-
lator is weakly nonlinear, this factor is oc I. It usually
also increases with increasing I where the nonlinearity
is not small. It is this increase that does not allow one
to suppress the contribution of the broadband noise to
Eee by just increasing the vibration amplitude. It there-
fore imposes a fundamental limitation on the frequency
stability.

The contribution of the last term in Eq. to the
fluctuation spectrum Sy (w) comes from the interference
of the action and phase noises. For the broad-band
noise, this interference is suppressed for w — 0 because
04q90rq = 0 by parity. On the other hand, noises from
different sources are uncorrelated. Therefore, this term
is small for small frequency and we will not discuss it.

A. Reducing the effect of the amplitude
fluctuations

The effect of the action noise Sj(w) on the frequency
fluctuations is determined by the parameter §(Ig). This
parameter characterizes the oscillator nonlinearity. In
the usually considered limit of weak nonlinearity, 8(Is)
is a constant. This is the case for the weak Duffing nonlin-
earity, which is often used to describe MEMS and NEMS
[23,126] [44]. In the Duffing model, the potential in Eq.
is U(q) = $Mw3q® + $ M~q*, where v is the nonlinearity
parameter, and then

dw/dl =~ 3y/4Mwi (I < Iy). (17)

In the model the contribution of the action noise to
the frequency fluctuations spectrum is seen from Eq.
to be « I, i.e., it linearly increases with the action.

One may infer from Egs. - that, generally,
for very small Iy the power spectrum of the frequency
fluctuations S, (w) will be decreasing with the increasing
I because of the Iy — 0 divergent term in Egq(Is,w).
However, with a further increase in Iy, Sy (w) may start
increasing because of the oscillator nonlinearity and the
conversion of the amplitude noise into frequency fluctu-
ations. Therefore Sy(w) should have a minimum as a

function of I, as is indeed demonstrated for the mi-
cromechanical system studied by Huang et al. [I5].

One can reduce the lower bound on the frequency fluc-
tuations imposed by the coupling to a thermal reservoir,
if the parameter §(Iy) is made small in a range of the vi-
bration amplitudes where the term Eg;b) is already small.
Moreover, there may be an optimal value of the action
I, the “sweet spot,” where B(I,) = dQ/dI = 0. If one
thinks of the dependence of the vibration frequency w(I)
on [ as dispersion, such sweet spot may be called a “zero-
dispersion” point. We remind that Q(7) is close to w([),
and therefore quite generally if Q(7) has an extremum
at I = I, the function w(I) has an extremum, too, and
for I ~ I.. When discussing the model of a nonlinear
system where the zero-dispersion point arises, we will be
referring to the extremum of w(I), since this is the func-
tion that describes the dynamics in the absence of a weak
coupling to a thermal reservoir. This is advantageous as
different models of the coupling that lead to the same
character of the decay can give a somewhat different fre-
quency renormalization.

Where I, is sufficiently large, operating the oscilla-
tor near this I, may be optimal in terms of suppress-
ing frequency fluctuations. On the one hand, Eg;b) is
suppressed by a comparatively large I., as seen from
Eq. , while on the other hand, the amplitude noise is

not converted into frequency fluctuations.

One can then expect a complicated behavior, where
Sy(w) first decreases with increasing I, then starts in-
creasing because of the increasing 3257(w), but then it
may start decreasing again where (I ) starts decreas-
ing. Ultimately, S, will reach an absolute minimum and
after that will increase again [40]. Such double-minimum
behavior is indeed observed in the simple model we dis-
cuss below and can be seen in [I5]. It raises the question
of the optimization of the operation point of the oscilla-
tor.

The dependence of S (w) on Iy is somewhat similar to
the dependence of the width of the power spectrum on
the noise intensity (temperature) in passive (no feedback
loop) resonators in which the vibration frequency w(I)
is nonmonotonic. As mentioned earlier, in such systems
the power spectrum first broadens with the increasing
temperature due to the increasing range of the vibration
energies and, consequently, of the vibration frequencies
w(I). However, as the energy range further increases ex-
tending to the range of small |dw/dI|, the width of the
spectrum decreases[41]. This is because the vibration
amplitude increases with the increasing I, and therefore
vibrations with large I make a dominating contribution
to the spectrum whereas, at the same time, the frequen-
cies of vibrations with different I are close to each other
where |dw/dI| is small, that is, near I,. The spectral
narrowing associated with the vanishing of dw/dI is an
example of a group of the “zero-dispersion” phenomena
[r4).



VII. AN ILLUSTRATIVE EXAMPLE

In this section, we illustrate the above general the-
ory using a simple model of the feedback loop and the
resonator. In particular, we consider a prototypical res-
onator described by a biased Duffing model. As men-
tioned earlier, the Duffing model applies to a large num-
ber of micro- and nanomechanical resonators. Imple-
menting a static bias in these systems is fairly straightfor-
ward and can be accomplished by applying a gate voltage,
for example. The model of a biased Duffing oscillator has
the desired property, namely a tunable operating point
where the frequency is independent of the amplitude, the
zero-dispersion point. The occurrence of such an oper-
ating point and the possibility to appropriately tune the
system has been demonstrated in several types of MEMS,
cf. [15] 21, including systems designed for time-keeping
[64].

We first discuss the deterministic (noise-free) dynamics
and show that the system can be made to operate at the
sweet spot. Then we investigate the noise properties of
the oscillator and demonstrate the benefits of operating
at a zero-dispersion point.

A. Dissipation and feedback

The analysis of self-sustained vibrations of a strongly
underdamped resonator should include a discussion of
the mechanisms of the energy loss and gain and of the
conservative motion of an isolated mode. We begin with
the loss and gain mechanisms.

The most frequently considered mechanism of losses
in MEMS and NEMS is viscous friction, where the fric-
tion force is proportional to the velocity (or equivalently,
the momentum) of the mode. The function L(q,p) that
describes this force has the form

L =2Tp. (18)

We note that, even for weakly nonlinear vibrational
modes, the friction coefficient I' generally depends on
the mode frequency. This dependence is smooth and is
different for different mechanisms of damping, cf. [44]
73, [75]. It may be weak for some important mecha-
nisms, like thermoelastic relaxation or scattering by two-
level systems, provided the temperature diffusion rate
or the decay rate of the two-level systems exceed the
NEMS/MEMS frequency. We will be interested in the
value of T' for the mode frequency close to w(I,), but
strictly speaking, when determining the working point of
the resonator, one may have to take into account the fact
that I' can depend on w. This dependence does not affect
the qualitative results we consider, and therefore we will
disregard it.

For the viscous friction 7 the phase-averaged loss

terms in Eqgs. have the form

r [?" 0q
@)l = [ rgedo=orl.

(9rg)L = 0. (19)

We used here that g and 9;q are even in ¢, whereas p is
odd.

The gain can be modeled in a variety of ways, cf. [23]
20]. Tt incorporates amplification of the output signal, a
phase shift between this signal and the signal that is fed
back into the resonator, and saturation that limits the
energy put into the resonator. Here we are interested in
the regime of comparatively large amplitudes and use a
saturated phase-shifted harmonic feedback,

G = gcos(¢p + A), (20)

where g is the gain saturated amplitude and A is the
phase shift added to the phase ¢ of the output signal. The
saturated amplitude is independent of the signal at the
output of the resonator, but the signal from the amplifier
is sinusoidal at the frequency of the output signal.

For this form of the gain, the corresponding phase-
averaged gain terms in Eq. are given by

(050)G = ga(I) sin A,

(@10)G = g(da1 /dI) cos A (21)

[the Fourier coefficient ¢; (I) is defined in Eq. (3)].
From Eq. @, the stable steady-state value of the ac-
tion Iy is given by the root of the equation

gsin A = 2T /q1 (L) (22)

for which the coefficient «(Is) in the linearized equation
of motion @ is positive. With the account taken of

Eq. ,
a(ly) = 2U[L - (dIng, /dIn 1)y, (23)

The stability condition a(Ig) > 0 imposes a constraint
on the feedback parameters g and A. The other im-
portant constraint comes from the analysis of fluctua-
tions, which are inevitably present in the amplifier. We
will consider the most important case where the fluctua-
tions of g and A have long correlation times compared to
1/a(I), i-e., to the order of magnitude, compared to the
relaxation time of the resonator. It follows from Egs.
and that these fluctuations produce fluctuations in
both the action I and the phase ¢. The phase noise
from small fluctuations in A is minimal when A = 0, 7.
However, these conditions correspond to zero amplifica-
tion; the stationary value of Iy is seen from Eq.
to be equal to zero. On the other hand, phase fluctu-
ations due to small fluctuations in g are minimized for
A = 7/2,37/2; however the effect of fluctuations in A
on the phase fluctuations is maximal in this case. Gener-
ally, the mean values of the feedback coefficients can be



optimized depending on the relative strengths of the fluc-
tuations of g and A. Often A is set equal to 7/2, in which
case the value of g required to achieve self-oscillation with
a given amplitude is minimal, as seen from Eq. .

It follows from Egs. and , the parameter [ that
determines the effect of the action fluctuations on the
frequency fluctuations has the form

B(Iy) = (dQ/dl)y,
= (dw/dI)1., — g(d*q1/dI?)}., cos A. (24)

For cos A = 0 the feedback loop does not shift the vibra-
tion frequency compared to the resonator frequency, and
then f(Is) = (dw/dI)y,,, i.e., the parameter 8 depends
on the dispersion of the resonator frequency only.

As mentioned earlier, for large vibration amplitudes
it may be necessary to take into account nonlinear fric-
tion. At the phenomenological level, in the simplest case
this friction is described by the van der Pol force, L, =
4T (q/q0)?p [we use the notations of Refs. [54] [56];
qo = (h/2Mwy)'/?; the parameter I'™) is o 7, so that
h drops out from the expression for the classical nonlin-
ear friction force]. Incorporating this force is straightfor-
ward. Equations and for the stationary value of
the action I and the decay rate a(l) will be modified
to

K(Is) =0,

_ op () (rg2)1 7{ ¢’pdg,  a(ly) = [dK(1)/dI],,.
(25)

K(I) = gq:1(I)sin A — 2T'T

As expected, the nonlinear-friction induced term o I'(")
in K(I) increases with the action variable I faster than I
(as I?, for small I), and therefore stronger amplification
is required to maintain a large value of Iy, when nonlinear
friction is significant. However, this friction is usually not
strong in MEMS and NEMS.

B. Conservative dynamics of a biased Duffing
oscillator

We now turn to the conservative dynamics of a biased
Duffing mode. This model has the desired nonmonotonic
dependence of the vibration frequency on the action. The
potential of the mode has the form,

1 1
U(q) = Ag+ §Mw3q2 + ZM’yq‘l. (26)

Here A is the bias field, and we assume v > 0, the con-
dition met in many NEMS and MEMS.

The Hamiltonian equations of motion ¢ = p/M, p =
—dU/dq in the potential can be solved explicitly in
terms of the Jacobi elliptic functions [4I]. The scaled
coordinate (y/w?)'/2q as a function of the scaled time
w.t depends on the single scaled bias parameter A and
the scaled action variable I,

A= (V2 /MWP)A, I =1Iy/M?. (27)
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The vibration frequency as a function of I is shown
in Fig. The eigenfrequency wg = w(I = 0) of the
vibrations at the minimum of U(q) (where I = 0) differs
from we; it monotonically increases with increasing |A|.
From [41], one finds, after some algebra, that w(0) =
we(1 +3X2/2) for |A\| < 1 and w(0) =~ v3w.|A['/3 for
IA| > 1. The slope dw(I)/dI ~ 3(1 — 13)\2?)/4 for I — 0
and |A| < 1 is positive, but it becomes negative for |A| >
8/73/2. On the other hand, w(I) increases with I at large
I irrespective of A,

w(l) ~ T(3/4)we I (7T (T/4)]"/? /20 (5/4)]*/*

~ 116w Y3, T>1.

Therefore w has a minimum as a function of I for
|A| > 8/73/2.The position of this minimum is marked
in Fig. For the considered case of weak damping of
the resonator and, respectively, weak amplification by
the feedback loop, the value of I at the minimum of w(I)
is very close to the sweet spot I, given by the equations
B(I.) = 0 that takes into account the renormalization
w(I) = Q).

The amplitude 2|¢; ()] of the main tone of the conser-
vative vibrations scales as [ 1/2 for small I and as I'/3
for large I. For large I the ratio of 2¢;(I) to the total
vibration amplitude is ~ 0.825. For such I, the ampli-
tude of the (2n+ 1) overtone is x exp[—(2n+ 1)7/2] and
thus quickly falls off with increasing n (the fall-off is even
faster for smaller I; even overtones have parametrically
small amplitudes for large I).

It follows from the scaling that, if nonlinear friction can
be disregarded, the decay rate of the fluctuations of the
action is a(ly) ~ T' for small Iy and a(ly) ~ 4I'/3 for
large I, Since the ratio Iy /q1(Ig) in Eq. (22) monotoni-
cally increases with increasing I, the stationary value of
the action is uniquely determined by the feedback loop
parameters g and A.

C. Frequency fluctuations in a biased oscillator

We will now apply the general results to the analysis
of the fractional frequency fluctuations in the oscillator
described by the model . As indicated in Sec. of
primary interest in terms of the fundamental limit on S,
are the fluctuations that invariably come along with dis-
sipation. They are induced by the corresponding thermal
noise. In the case of linear friction, this is a broadband
noise with the correlator

(Epp(H)épp(t)) = 2D6(t — ), D =2TMkgT. (28)
If there is an extra source of broadband noise, the noise
intensity D is appropriately increased.

As indicated earlier, the major Fourier component of
the vibrations for the model is the main tone. There
are higher-frequency overtones, which are small, and also
a zero-frequency component ¢(I,¢). The static shift
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FIG. 2.  Frequency dispersion w([) for the biased Duffing
resonator with the potential energy as a function of the
scaled action I = I /Muw? for several values of the scaled bias
parameter A, Eq. . From top to bottom A = 2.5 (brown),
2 (purple), 1.5 (orange), 1 (green), 0.5 (yellow) and 0 (blue).
The black dashed line is the locus of zero dispersion points,
dw/dI = 0.

q(I,¢) does not lead to dissipation and thus is not of
interest in the present context; its effect in NEMS has
been studied in Ref. [76]. In what follows we take into
account only the main tone, i.e., we approximate

q(1,¢) = q(1,¢) ~ 2q:(I) cos ¢ (29)

Disregarding small-amplitude high overtones does not
change the qualitative results. Moreover, we will study
the range of I where the frequency shift |w(I) — w(0)]
is not necessarily small, but remains smaller than w(0).
In this case, in the main-tone approximation both
the friction coefficient and the noise intensity are deter-
mined by the power spectrum of the thermal reservoir
near w(0) (more precisely, we are talking here about the
power spectrum of the operator h;, that determines the
energy qhy of the coupling of the resonator to the ther-
mal reservoir). On the other hand, if higher overtones
of q(I, ¢) were substantial, it would be necessary to keep
track of the power spectrum of the thermal reservoir at
the frequencies ~ nw(I) with n > 1. If the properly
weighed power spectrum is not flat, this would limit the
applicability of the approximation and also of the
linear friction approximation .

In the main-tone approximation, the nonlinear fric-
tion is determined by the power spectrum of the thermal
reservoir at frequencies ~ 2w(0) (the relevant term in the

coupling Hamiltonian in this case is qghl(;nl)/ 2). For the
corresponding broad-band noise we write

GG

implying that the power spectrum of 51()%1) (t) is flat in a
sufficiently broad range around 2w(0). For thermal fluc-
tuations D™D = 4F(n1)q0_2MkBT. In fact, the applica-
bility of the model to the analysis of fluctuations about

=2DOV§(t —t'), (30)
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the stable state requires only that the spectrum of 51()?)1) (t)
be flat in the region of the width o< a(Iy) around w(Ig),
for linear friction, and 2w(Iy) for nonlinear friction.
Equations @ and - allow us to find the corre-
lators Zg¢ (I, w) and Z;7(I,w) in Egs. and and
thus the power spectra of the intensity fluctuations and
the fractional frequency fluctuations. For linear friction

Err(Iw) = 4Dl (D, Egs(I,w) = 4D|0rar (1)

(31)
whereas for nonlinear friction
—(nl n
20 (1,w) = 4D gy (1)[*,
—(nl n
=0 (1,w) = D8y, (1)? 2. (32)

Given that ¢;(I) ~ [I/2Mw(0)]*/? for I — 0, we see
that, for small I, the fractional frequency fluctuations for
w < a(I) scale with I as

Sy(w) ~ m [Ifl + 41(3IW/F)2]
D@
+ gy LHA@e/] (39)

where Jrw is calculated for I — 0; the right-hand side
should be calculated at the stationary value of the action
variable I = I . Note that we consider S,(w) rather
than the variance S, (0) to take into account the situation
where there is a weak 1/f-type noise in the system; in
this case w plays the role of the reciprocal observation
time during which the contribution of such fluctuations
is small, whereas formally the variance of the fractional
frequency diverges for w — 0.

It is seen from Eq. that the fractional frequency
fluctuations fall off with the increasing action I in the
small-I range: S, o< I~! for very small I. If the res-
onator is linear, 0w = 0, as the vibration amplitude is
increased the phase noise decreases towards the limit set
by the nonlinear friction D™ (and the low-frequency
noise). Increasing the amplitude up to the maximal pos-
sible level is the common approach employed for reducing
phase noise. This maximal level is set by the nonlinear-
ity. Where Orw(I) is nonzero and w(l) monotonically
depends on I, function Sy has a minimum and increases
with I for larger I. This means that there is an optimal
operating amplitude determined by the balance of the
term oc =1 and the terms o< I and o IZ? in Eq. .

In both the unbiased and biased Duffing models, for
very large I(>> In1), S, decreases with increasing I, if
we use the approximation . However, describing this
range using the Duffing model is impractical, as higher-
order nonlinearities usually come into play, cf. Refs. [15]
21l and [64] and papers cited therein.

An important feature of the model (26]), which makes
it distinct from the standard Duffing model, is that w(I)
is nonmonotonic. Function w(I) displays a minimum,



as seen from Fig. [2| and this minimum lies in the range
where the nonlinearity is still moderately small, that is,
where |win(I) — w(0)| is significantly smaller than w(0).
For weak damping and amplification, the corresponding
value of I determines the sweet spot I, i.e.,

Wmin(I) = w(l).

Operating the resonator at Iy, = I, is advantageous, as
it minimizes the effect of the amplitude fluctuations and
simultaneously strongly reduces the effect of the phase
fluctuations. We note that, for weak nonlinearity and a
strong signal from the amplifier, the condition dQ2/dI =0
may hold even where the eigenfrequency w(I) is mono-
tonic; the analysis of noise suppression has to be done
differently in this case [27].

To find the power spectrum of the fractional frequency
fluctuations Sy for the model beyond the small-I ap-
proximation, one can calculate w(I) and ¢;(I) from the
Hamiltonian equations of motion in the potential
and also, independently, use the explicit expressions in
terms of the elliptic integrals and Jacobi elliptic func-
tions. For linear friction, the value of Iy is determined
by the amplifier through Eq. . In the dimensionless
variables I, which is defined in Eq. , o(I) = w(I)/we,
and ¢y (1) = (712 Jwe)qi(I), we can write

4D~ 5 9% ~
S)0) = 3t Sy =87(0)| (07
2 —2
~ 12/ ~\2 We _ ~ 7
+a:2(07@)? 25 (1 dlnql/dlnI)) L (34)

The dimensionless function S'y is shown in Fig. The
dependence of Iy on the amplification factor g is mono-
tonic, and therefore, qualitatively, the plot would have
the same form if S, were plotted vs g.

100 \/\

0.01

0.001 0.1 10
Iy

FIG. 3. Scaled fractional frequency fluctuations Sy ver-
sus the scaled action I calculated at the operating point
Iy = Iy/Mw? given by Eq. for the biased Duffing os-
cillator; I'/we = 0.01. The curve with a single minimum at
relatively small I, corresponds to A = 0, whereas the curves
that display the increasingly smaller minimal Sy correspond
to A = 0.5,1.0,1.5,2.0,2.5. The color coding is the same as
in Fig. ]
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A remarkable feature of the fractional frequency fluc-
tuations seen from Fig. |3] is the double-minimum struc-
ture. The necessary condition for its occurrence is that
w(I) is nonmonotonic, i.e., the scaled bias parameter is
A > 8/7%/2. The first minimum occurs for I, < I, and is
due to the competition of the decrease of the phase fluc-
tuations with the increasing I and the increase of the con-
tribution from the amplitude fluctuations, cf. [77]. For
linear friction it is located at Iy ~ I'/2|0jw|;—o in the
limit of small I'/|0;w|. This is the “conventional” opti-
mal operation point of the resonator. However, for the
considered nonmonotonic w([), S, has another minimum
located at I,.

It is critically important that .S, is significantly smaller
at the sweet spot I, than at the first minimum. Figure
shows that, even for the @ factor much smaller than the
Q factors of typical MEMS and NEMS, the minimal S,
can be readily made smaller by a factor ~ 102 than for
a monotonic w(I). This demonstrates the advantage of
using the sweet spot to reduce frequency fluctuations. It
suggests numerous applications in NEMS/MEMS based
time-keeping devices and also in sensing devices, which
often utilize phase-locked loops.

VIII. CONCLUSIONS

This paper describes a means for suppressing frequency
fluctuations due to the fundamentally unavoidable ther-
mal noise that comes along with the dissipation of a vi-
brational mode in a nonlinear resonator. The idea is
to use large-amplitude vibrations to suppress phase fluc-
tuations induced by this noise while at the same time
eliminate the nonlinearity-induced conversion of the am-
plitude fluctuations into frequency fluctuations. This
is accomplished by making the frequency a nonmono-
tonic function of the vibration amplitude and operating
the system at the extremum of this function, the zero-
dispersion point. Along with the thermal noise, this also
eliminates the amplitude-to-frequency conversion of fluc-
tuations caused by a nonequilibrium noise, including the
broad-band noise from the feedback loop.

The distinctive feature of the approach is that it con-
siders the regime of comparatively large vibration ampli-
tudes. The analysis in terms of the action-angle variables
allows one to study not only a broad range of parameters
of the conservative motion, but also different dissipation
mechanisms, such as linear and nonlinear friction. It also
applies for various models of the amplifier, since the key
feature of the dynamics, the nonmonotonic frequency de-
pendence on the amplitude, is a feature of the resonator
itself.

The frequency and amplitude of the vibrations at the
sweet spot can be controlled, which adds tunability to
a resonator. This is illustrated by the simple example,
which considers a conventional bias control of nano- and
micro-mechanical resonators.

The proposed approach does not eliminate the low-



frequency phase fluctuations, which are caused by the
material problems in the resonator and can also come
from the feedback loop. However, it allows tuning the
feedback loop so as to minimize the effect of its low-
frequency fluctuations. For example, tuning the average
phase shift allows reducing the effect of fluctuations of
this shift.

12
ACKNOWLEDGMENTS

We are grateful to H. B. Chan, M. C. Cross, T. W.
Kenny, R. Lifshitz, M. L. Roukes, and S. M. Soskin
with whom the ideas and the preliminary results of this
work were discussed over the last few years. This re-
search was supported in part by the DARPA MTO-
DEFYS (Dynamic Enabled Frequency Sources) Program
under Grant FA8650-13-1-7301. SWS and MID were also
supported by the National Science Foundation (grants
CMMI 1662619 and CMMI 1561829, and CMMI 1661618
and DMR 1806473).

[1] A. H. Ghadimi, S. A. Fedorov, N. J. Engelsen, M. J.
Bereyhi, R. Schilling, D. J. Wilson, and T. J. Kippen-
berg, Elastic Strain Engineering for Ultra-Low Mechani-
cal Dissipation, Science 360, 764 (2018).

[2] O. Brand, I. Dufour, S. M. Heinrich, and F. Josse, eds.,
Resonant MEMS: Fundamentals, Implementation, and
Application (Wiley-VCH, Singapore, 2015).

[3] M. H. Roshan, S. Zaliasl, K. Joo, K. Souri, R. Palwai,
L. W. Chen, A. Singh, S. Pamarti, N. J. Miller, J. C.
Doll, C. Arft, S. Tabatabaei, C. Sechen, A. Partridge,
and V. Menon, A MEMS-Assisted Temperature Sensor
With 20- $\mu \textK$ Resolution, Conversion Rate of
200 S/s, and FOM of 0.04 pJK2, IEEE J. Solid-State
Circuits 52, 185 (2017).

[4] J. R. Vig and Y. Kim, Noise in Microelectromechani-
cal System Resonators, IEEE Trans Ultrason Ferroelectr
Freq Control 46, 1558 (1999).

[5] A. N. Cleland and M. L. Roukes, Noise Processes in
Nanomechanical Resonators, J Appl Phys 92, 2758
(2002).

[6] M. Sansa, E. Sage, E. C. Bullard, M. Gely, T. Alava,
E. Colinet, A. K. Naik, G. L. Villanueva, L. Duraffourg,
M. L. Roukes, G. Jourdan, and S. Hentz, Frequency Fluc-
tuations in Silicon Nanoresonators, Nat Nanotech 11, 552
(2016).

(7] O. Maillet, X. Zhou, R. R. Gazizulin, R. Tlic, J. M.
Parpia, O. Bourgeois, A. D. Fefferman, and E. Collin,
Measuring Frequency Fluctuations in Nonlinear Nanome-
chanical Resonators, ACS Nano 12, 5753 (2018).

[8] M. I. Dykman and M. A. Krivoglaz, Theory of Nonlin-
ear Oscillators Interacting with a Medium, in Sov. Phys.
Reviews, Vol. 5, edited by I. M. Khalatnikov (Harwood
Academic, New York, 1984) pp. 265-441, https://web.
pa.msu.edu/people/dykman/pub06/DKreview84.pdf.

[9] A. W. Barnard, V. Sazonova, A. M. van der Zande, and
P. L. McEuen, Fluctuation Broadening in Carbon Nan-
otube Resonators, PNAS 109, 19093 (2012).

[10) W. J. Venstra, R. van Leeuwen, and H. S. J. van der
Zant, Strongly Coupled Modes in a Weakly Driven Mi-
cromechanical Resonator, Appl Phys Lett 101, 243111
(2012).

[11] M. H. Matheny, L. G. Villanueva, R. B. Karabalin, J. E.
Sader, and M. L. Roukes, Nonlinear Mode-Coupling in
Nanomechanical Systems, Nano Lett 13, 1622 (2013).

[12] J. Gieseler, L. Novotny, and R. Quidant, Thermal Non-
linearities in a Nanomechanical Oscillator, Nat. Phys. 9,

806 (2013).

[13] T. F. Miao, S. Yeom, P. Wang, B. Standley, and
M. Bockrath, Graphene Nanoelectromechanical Systems
as Stochastic-Frequency Oscillators, Nano Lett 14, 2982
(2014).

[14] O. Maillet, X. Zhou, R. Gazizulin, A. Maldonado Cid,
M. Defoort, A. D. Fefferman, O. Bourgeois, and E. Collin,
Non-Linear Frequency Transduction of Nano-Mechanical
Brownian Motion, Phys Rev B 96, 165434 (2017).

[15] L. Huang, S. M. Soskin, I. A. Khovanov, R. Mannella,
K. Ninios, and H. B. Chan, Frequency stabilization and
noise-induced spectral narrowing in resonators with zero
dispersion, Nat. Commun. 10, 3930 (2019).

[16] Y. Amarouchene, M. Mangeat, B. V. Montes, L. Ondic,
T. Guérin, D. S. Dean, and Y. Louyer, Nonequilibrium
Dynamics Induced by Scattering Forces for Optically
Trapped Nanoparticles in Strongly Inertial Regimes,
Phys. Rev. Lett. 122, 183901 (2019).

[17] S. M. Rytov, Fluctuations in Oscillating Systems of the
Thomson Type .1., Sov Phys JETP-USSR 2, 217 (1956).

[18] S. M. Rytov, Fluctuations in Oscillating Systems of the
Thomson Type .2., Sov Phys JETP-USSR 2, 225 (1956).

[19] E. Rubiola, Phase Noise and Frequency Stability in Oscil-
lators (Cambridge University Press, Cambridge, 2009).

[20] I. Kozinsky, H. W. C. Postma, I. Bargatin, and M. L.
Roukes, Tuning Nonlinearity, Dynamic Range, and Fre-
quency of Nanomechanical Resonators, Appl Phys Lett
88, 253101 (2006).

[21] N. Kacem, J. Arcamone, F. Perez-Murano, and S. Hentz,
Dynamic range enhancement of nonlinear nanomechan-
ical resonant cantilevers for highly sensitive NEMS
gas/mass sensor applications, J. Micromech. Microeng.
20, 045023 (2010).

[22] J. van Beek and R. Puers, A Review of MEMS Oscilla-
tors for Frequency Reference and Timing Applications, J
Micromech Microeng 22, 013001 (2011).

[23] D. S. Greywall, B. Yurke, P. A. Busch, A. N. Pargellis,
and R. L. Willett, Evading Amplifier Noise in Nonlinear
Oscillators, Phys Rev Lett 72, 2992 (1994).

[24] B. Yurke, D. S. Greywall, A. N. Pargellis, and P. A.
Busch, Theory of Amplifier-Noise Evasion in an Oscil-
lator Employing a Nonlinear Resonator, Phys Rev A 51,
4211 (1995).

[25] E. Kenig, M. C. Cross, L. G. Villanueva, R. B. Kara-
balin, M. H. Matheny, R. Lifshitz, and M. L. Roukes,
Optimal Operating Points of Oscillators Using Nonlinear


https://doi.org/10.1109/JSSC.2016.2621035
https://doi.org/10.1109/JSSC.2016.2621035
https://doi.org/10.1021/acsnano.8b01634
 https://web.pa.msu.edu/people/dykman/pub06/DKreview84.pdf
 https://web.pa.msu.edu/people/dykman/pub06/DKreview84.pdf
https://doi.org/10.1021/nl403936a
https://doi.org/10.1021/nl403936a
https://doi.org/10.1103/PhysRevLett.122.183901
https://doi.org/10.1088/0960-1317/20/4/045023
https://doi.org/10.1088/0960-1317/20/4/045023

Resonators, Phys Rev E 86, 056207 (2012).

[26] E. Kenig, M. C. Cross, J. Moehlis, and K. Wiesenfeld,
Phase Noise of Oscillators with Unsaturated Amplifiers,
Phys Rev E 88, 062922 (2013).

[27] L. G. Villanueva, E. Kenig, R. B. Karabalin, M. H. Math-
eny, R. Lifshitz, M. C. Cross, and M. L. Roukes, Surpass-
ing Fundamental Limits of Oscillators Using Nonlinear
Resonators, Phys. Rev. Lett. 110, 177208 (2013).

[28] G. Sobreviela, C. Zhao, M. Pandit, C. Do, S. Du, X. Zou,
and A. Seshia, Parametric Noise Reduction in a High-
Order Nonlinear MEMS Resonator Utilizing Its Bifur-
cation Points, |J. Microelectromechanical Syst. 26, 1189
(2017)!

[29] E. Kenig, M. C. Cross, R. Lifshitz, R. B. Karabalin, L. G.
Villanueva, M. H. Matheny, and M. L. Roukes, Passive
Phase Noise Cancellation Scheme, Phys Rev Lett 108,
264102 (2012).

[30] D. Antonio, D. H. Zanette, and D. Lopez, Frequency Sta-
bilization in Nonlinear Micromechanical Oscillators, Nat.
Commun. 3, 806 (2012).

[31] C. Zhao, G. Sobreviela, M. Pandit, S. Du, X. Zou, and
A. Seshia, Experimental Observation of Noise Reduction
in Weakly Coupled Nonlinear MEMS Resonators, |J. Mi-
croelectromechanical Syst. 26, 1196 (2017).

[32] K. L. Ekinci, Y. T. Yang, and M. L. Roukes, Ultimate
Limits to Inertial Mass Sensing Based upon Nanoelec-
tromechanical Systems, J Appl Phys 95, 2682 (2004).

[33] M. S. Hanay, S. I. Kelber, C. D. O’Connell, P. Mulvaney,
J. E. Sader, and M. L. Roukes, Inertial Imaging with
Nanomechanical Systems, Nat Nano 10, 339 (2015).

[34] E. Sage, M. Sansa, S. Fostner, M. Defoort, M. Gely, A. K.
Naik, R. Morel, L. Duraffourg, M. L. Roukes, T. Alava,
G. Jourdan, E. Colinet, C. Masselon, A. Brenac,
and S. Hentz, Single-Particle Mass Spectrometry with
Arrays of Frequency-Addressed Nanomechanical Res-
onators, Nat Comm 9, 3283 (2018).

[35] S. Dominguez-Medina, S. Fostner, M. Defoort, M. Sansa,
A.-K. Stark, M. A. Halim, E. Vernhes, M. Gely, G. Jour-
dan, T. Alava, P. Boulanger, C. Masselon, and S. Hentz,
Neutral mass spectrometry of virus capsids above 100
megadaltons with nanomechanical resonators, |Science
362, 918 (2018).

[36] T. R. Albrecht, P. Griitter, D. Horne, and D. Rugar, Fre-
quency Modulation Detection Using High Q Cantilevers
for Enhanced Force Microscope Sensitivity, J Appl Phys
69, 668 (1991).

[37] D. Rugar, R. Budakian, H. J. Mamin, and B. W. Chui,
Single Spin Detection by Magnetic Resonance Force Mi-
croscopy, Nature 430, 329 (2004).

[38] C. L. Degen, M. Poggio, H. J. Mamin, C. T. Rettner, and
D. Rugar, Nanoscale magnetic resonance imaging, PNAS
106, 1313 (2009).

[39] S. L. de Bonis, C. Urgell, W. Yang, C. Samanta,
A. Noury, J. Vergara-Cruz, Q. Dong, Y. Jin, and A. Bach-
told, Ultrasensitive Displacement Noise Measurement of
Carbon Nanotube Mechanical Resonators, Nano Lett 18,
5324 (2018).

[40] The idea and the preliminary results of this paper
were presented in the Ph.D. thesis “Noise in non-
linear micro-resonators” by N. J. Miller (Michigan
State University, 2012) https://d.lib.msu.edu/etd/
42/datastream/0BJ/download/Noise_in_nonlinear_
micro-resonators.pdf| and reported at the 8th Euro-
pean Nonlinear Dynamics Conference (Vienna, 2014). A

13

qualitative confirmation of these results in an experiment
on a MEMS-based system was reported in Ref. [15].

[41] M. I. Dykman, R. Mannella, P. V. E. McClintock, S. M.
Soskin, and N. G. Stocks, Noise-Induced Narrowing of
Peaks in the Power Spectra of Underdamped Nonlinear
Oscillators, Phys Rev A 42, 7041 (1990).

[42] V. 1. Arnold, Mathematical Methods of Classical Mechan-
ics (Springer, New York, 1989).

[43] J. A. Sanders, F. Verhulst, and J. Murdock, |Averaging
Methods in Nonlinear Dynamical Systems, 2nd ed., Ap-
plied Mathematical Sciences (Springer-Verlag, New York,
2007).

[44] S. Schmid, L. G. Villanueva, and M. L. Roukes,
Fundamentals of Nanomechanical Resonators (Springer,
Switzerland, 2016).

[45] M. I. Younis, MEMS Linear and Nonlinear Statics and
Dynamics, Microsystems (Springer US, 2011).

[46] H. Mori, Transport, Collective Motion, and Brownian
Motion, Progr Theor Phys 33, 423 (1965).

[47] R. Kubo, The Fluctuation-Dissipation Theorem, Rep
Prog Phys 29, 255 (1966).

[48] C. Zener, Internal Friction in Solids. I. Theory of Internal
Friction in Reeds, Phys Rev 52, 230 (1937); Internal
Friction in Solids II. General Theory of Thermoelastic
Internal Friction, Phys Rev 53, 90 (1938).

[49] R. Lifshitz and M. L. Roukes, Thermoelastic Damping
in Micro- and Nanomechanical Systems, Phys Rev B 61,
5600 (2000).

[50] M. C. Cross and R. Lifshitz, Elastic Wave Transmission
at an Abrupt Junction in a Thin Plate with Application
to Heat Transport and Vibrations in Mesoscopic Systems,
Phys Rev B 64, 085324 (2001).

[61] I. Wilson-Rae, Intrinsic Dissipation in Nanomechanical
Resonators Due to Phonon Tunneling, Phys Rev B 77,
245418 (2008).

[52] A. Croy, D. Midtvedt, A. Isacsson, and J. M. Kinaret,
Nonlinear Damping in Graphene Resonators, [Phys Rev
B 86, 235435 (2012)

[53] S. S. Iyer and R. N. Candler, Mode- and Direction-
Dependent Mechanical Energy Dissipation in Single-
Crystal Resonators Due to Anharmonic Phonon-Phonon
Scattering, Phys Rev Appl. 5, 034002 (2016).

[54] J. Atalaya, T. W. Kenny, M. L. Roukes, and M. I. Dyk-
man, Nonlinear Damping and Dephasing in Nanome-
chanical Systems, Phys Rev B 94, 195440 (2016).

[55] N. N. Bogolyubov, On Some Statistical Methods in Math-
ematical Physics (in Russian) (Acad. Sci. Ukr. SSR,
Kiev, 1945).

[656] M. I. Dykman and M. A. Krivoglaz, Classical Theory of
Nonlinear Oscillators Interacting With A Medium, Phys
Stat Sol B 48, 497 (1971); Quantum-Theory of Nonlin-
ear Oscillators Interacting With a Medium, JETP 37,
506 (1973); Spectral Distribution of Nonlinear Oscilla-
tors With Nonlinear Friction Due To A Medium, Phys
Stat Sol B 68, 111 (1975).

[67] H. Risken, The Fokker-Planck FEquation,
(Springer, Berlin, 1996).

[58] L. Landau and E. Lifshitz, Mechanics, 3rd ed. (Elsevier,
Amsterdam, 1976).

[59] B. Carmeli and A. Nitzan, Non-Markoffian Theory of Ac-
tivated Rate Processes, Phys Rev Lett 49, 423 (1982).

[60] S. Linkwitz and H. Grabert, Energy Diffusion of a Weakly
Damped and Periodically Driven Particle in an Anhar-
monic Potential Well, Phys Rev B 44, 11888 (1991).

2nd ed.


https://doi.org/10.1103/PhysRevE.86.056207
https://doi.org/10.1103/PhysRevE.88.062922
https://doi.org/10.1103/PhysRevLett.110.177208
https://doi.org/10.1109/JMEMS.2017.2736022
https://doi.org/10.1109/JMEMS.2017.2736022
https://doi.org/10.1109/JMEMS.2017.2764138
https://doi.org/10.1109/JMEMS.2017.2764138
https://doi.org/10.1126/science.aat6457
https://doi.org/10.1126/science.aat6457
https://doi.org/10.1073/pnas.0812068106
https://doi.org/10.1073/pnas.0812068106
https://d.lib.msu.edu/etd/42/datastream/OBJ/download/Noise_in_nonlinear_micro-resonators.pdf
https://d.lib.msu.edu/etd/42/datastream/OBJ/download/Noise_in_nonlinear_micro-resonators.pdf
https://d.lib.msu.edu/etd/42/datastream/OBJ/download/Noise_in_nonlinear_micro-resonators.pdf
https://doi.org/10.1007/978-0-387-48918-6
https://doi.org/10.1007/978-0-387-48918-6
https://doi.org/10.1007/978-1-4419-6020-7
https://doi.org/10.1007/978-1-4419-6020-7
https://doi.org/10.1103/PhysRev.52.230
https://doi.org/10.1103/PhysRevB.61.5600
https://doi.org/10.1103/PhysRevB.61.5600
https://doi.org/10.1103/PhysRevB.86.235435
https://doi.org/10.1103/PhysRevB.86.235435
https://doi.org/10.1103/PhysRevApplied.5.034002

(61]

[62]

(63]

(64]

[65]

[66]

(67]

(68]

(69]

A. Demir, A. Mehrotra, and J. Roychowdhury, Phase
noise in oscillators: A unifying theory and numerical
methods for characterization, IEEE Trans. Circuits Syst.
Fundam. Theory Appl. 47, 655 (2000).

A. FEichler, J. Moser, J. Chaste, M. Zdrojek, I. Wilson-
Rae, and A. Bachtold, Nonlinear Damping in Mechan-
ical Resonators Made from Carbon Nanotubes and
Graphene, Nat. Nanotech 6, 339 (2011).

S. Zaitsev, O. Shtempluck, E. Buks, and O. Gottlieb,
Nonlinear Damping in a Micromechanical Oscillator,
Nonlinear Dyn. 67, 859 (2012).

P. M. Polunin, Y. Yang, M. I. Dykman, T. W. Kenny,
and S. W. Shaw, Characterization of SMEMS$ Resonator
Nonlinearities Using the Ringdown Response, JMEMS
25, 297 (2016).

A. Kegkekler, O. Shoshani, H. S. J. van der Zant, P. G.
Steeneken, and F. Alijani, Enhanced nonlinear damp-
ing in graphene by parametric-direct internal resonance,
arXiv:2006.09364 (2020), [arXiv:2006.09364.

D. Allan, H. Hellwig, P. Kartaschoff, J. Vanier, J. Vig,
G. Winkler, and N. Yannoni, Standard terminology for
fundamental frequency and time metrology, in |Proceed-
ings of the 42nd Annual Frequency Control Symposium,
1988./ (1988) pp. 419-425.

A. N. Cleland, Thermomechanical Noise Limits on Para-
metric Sensing with Nanomechanical Resonators, New J
Phys 7, 235 (2005).

M. A. Ivanov, L. B. Kvashnina, and M. A. Krivoglaz,
Spectral Distribution of Localized Vibrations, Sov Phys
Solid State 7, 1652 (1965).

R. J. Elliott, W. Hayes, G. D. Jones, H. F. MacDonald,
and C. T. Sennett, Localized Vibrations of H- and D-

[70]

[71]

[72]

(73]

(74]

[75]

[76]

[77]

14

Tons in the Alkaline Earth Fluorides, Proc Roy Soc Lond.
A289, 1 (1965).

K. Y. Fong, W. H. P. Pernice, and H. X. Tang, Frequency
and Phase Noise of Ultrahigh Q Silicon Nitride Nanome-
chanical Resonators, Phys Rev B 85, 161410 (R) (2012).
Y. Zhang, J. Moser, J. Giittinger, A. Bachtold, and M. I.
Dykman, Interplay of Driving and Frequency Noise in
the Spectra of Vibrational Systems, Phys Rev Lett 113,
255502 (2014).

T. Faust, J. Rieger, M. J. Seitner, J. P. Kotthaus,
and E. M. Weig, Signatures of Two-Level Defects in
the Temperature-Dependent Damping of Nanomechan-
ical Silicon Nitride Resonators, Phys Rev B 89, 100102
(2014).

M. Hamoumi, P. E. Allain, W. Hease, L. Morgenroth,
B. Gérard, A. Lemaitre, G. Leo, and 1. Favero, Micro-
scopic Nanomechanical Dissipation in Gallium Arsenide
Resonators, Phys Rev Lett 120, 223601 (2018).

S. M. Soskin, R. Mannella, and P. V. E. McClintock,
Zero-Dispersion Phenomena in Oscillatory Systems, Phys
Rep 373, 247 (2003).

S. Ghaffari and T. W. Kenny, Damping in Resonant
MEMS;, in Resonant MEMS: Fundamentals, Implemen-
tation, and Application, edited by O. Brand, 1. Dufour,
S. Heinrich, and F. Josse (Wiley, 2015) p. 55.

A. Eichler, J. Moser, M. I. Dykman, and A. Bachtold,
Symmetry Breaking in a Mechanical Resonator Made
from a Carbon Nanotube, Nat Commun 4, 2843 (2013).
D. K. Agrawal and A. A. Seshia, An analytical formula-
tion for phase noise in MEMS oscillators, IEEE Transac-
tions on Ultrasonics, Ferroelectrics, and Frequency Con-
trol 61, 1938 (2014).


https://doi.org/10.1109/81.847872
https://doi.org/10.1109/81.847872
https://arxiv.org/abs/2006.09364
https://doi.org/10.1109/FREQ.1988.27634
https://doi.org/10.1109/FREQ.1988.27634
https://doi.org/10.1109/FREQ.1988.27634
https://doi.org/10.1109/TUFFC.2014.006511
https://doi.org/10.1109/TUFFC.2014.006511
https://doi.org/10.1109/TUFFC.2014.006511

	Suppressing Frequency Fluctuations of Self-Sustained Vibrations in Underdamped Nonlinear Resonators
	Abstract
	Introduction
	The model
	Action-angle variables
	The structure of the noise terms
	Fluctuations about the stable vibrational state
	Noise-free regime
	The low-frequency power spectra of the dynamical variables

	Fractional frequency fluctuations
	Reducing the effect of the amplitude fluctuations

	An illustrative example
	Dissipation and feedback
	Conservative dynamics of a biased Duffing oscillator
	Frequency fluctuations in a biased oscillator

	Conclusions
	Acknowledgments
	References


