lT City Research Online
UNIVEREI;;{ ]OSFgLfNDON

City, University of London Institutional Repository

Citation: Silver, J. M., Del Bino, L., Woodley, M. T. M., Ghalanos, G. N., Svela, A.,
Moroney, N., Zhang, S., Grattan, K. T. V. & Del'Haye, P. (2021). Nonlinear enhanced
microresonator gyroscope. OPTICA, 8(9), pp. 1219-1226. doi: 10.1364/optica.426018

This is the published version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/27288/

Link to published version: https://doi.org/10.1364/optica.426018

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Vol. 8, No. 9 / September 2021 / Optica 1219

S Research Article
| )

Check for
updates

Nonlinear enhanced microresonator gyroscope

JONATHAN M. SILVER,"* ® LEONARDO DEL BiINO,2 ® MiCHAEL T. M. WOODLEY,?
GEORGE N. GHALANOS,?® ANDREAS @. SVELA,® NIALL MORONEY,* SHUANGYOU ZHANG,?
KENNETH T. V. GRATTAN,* AND PascAL DEL’HAYE?>®

"National Physical Laboratory, Hampton Road, Teddington TW11 OLW, UK

2Max Planck Institute for the Science of Light, 91058 Erlangen, Germany

3Imperial College London, London SW7 2AZ, UK

“City, University of London, Northampton Square, London EC1V OHB, UK

*Department of Physics, Friedrich-Alexander University Erlangen-Nuremberg, 91058 Erlangen, Germany
5e-mail: pascal.delhaye@mpl.mpg.de

*Corresponding author: jonathan.silver@npl.co.uk

Received 24 March 2021; revised 10 June 2021; accepted 11 June 2021 (Doc. ID 426018); published 17 September 2021

Optical gyroscopes based on the Sagnac effect have been the mainstay of inertial navigation in aerospace and shipping for
decades. These gyroscopes are typically realized either as ring-laser gyroscopes (RLGs) or fiber-optic gyroscopes (FOGs).
With the recent rapid progress in the field of ultrahigh-quality optical whispering-gallery mode and ring microres-
onators, attention has been focused on the development of microresonator-based Sagnac gyroscopes as a more compact
alternative to RLGs and FOGs. One avenue that has been explored is the use of exceptional points in non-Hermitian
systems to enhance the responsivity to rotation. We use a similar phenomenon, namely, the critical point of a sponta-
neous symmetry-breaking transition between counterpropagating light, to demonstrate a microresonator gyroscope
with a responsivity enhanced by a factor of around 10%. We present a proof-of-principle rotation measurement as well
as a characterization of the system’s dynamical response, which shows the universal critical behaviors of responsivity
enhancement and critical slowing down, both of which are beneficial in an optical gyroscope. We believe that this con-
cept could be used to realize simple and cheap chip-based gyroscopes with sensitivities approaching those of today’s
RLGsand FOGs. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.426018

1. INTRODUCTION

The ultrahigh quality (Q) factors achievable with optical microres-
onators offer the possibility of realizing a novel form of an optical

sensitivity limit does not markedly increase in these systems, since
some of the noise from both quantum and other sources is ampli-
fied by the same factor as the signal [15-18], although instabilities
due to parametric noise can be removed at the cost of reducing
sensitivity [19]. The most sensitive microresonator gyroscopes
reported so far, with bias drifts of 3 deg/h [6] and 3.6 deg/h [9],
do not use EPs for reponsivity enhancement, but rather focus on
achieving alow noise floor.

One of the key features of ultrahigh-Q optical microresonators
is the strong Kerr nonlinearity that they exhibit at modest input
powers of milliwatts or even microwatts, leading to important
effects such as frequency comb generation [20-22]. Recently,
Kerr interaction between counterpropagating light waves in a

gyroscope [1,2] with a fraction of the size, weight, power consump-
tion, and cost of fiber-optic gyroscopes (FOGs) and ring-laser
gyroscopes (RLGs) [1]. Advances in microfabrication techniques,
combined with innovative methods of measuring the Sagnac effect
[3] in microresonators, are beginning to make mass-producible,
chip-based optical gyroscopes a real possibility. Examples of such
methods include phase modulation schemes [4,5], the Pound-
Drever-Hall (PDH) technique [6], and stimulated Brillouin
scattering or lasing [7-9]. Several techniques for enhancing the

rotation sensitivity have been proposed and demonstrated, includ-
ing phase difference traversal [10], dual-resonator reciprocal
measurement [11], tunable dispersion [12], and the use of excep-
tional points (EPs) in non-Hermitian systems [8,13,14]. This last
example has attracted considerable interest, as the response of the
resonator is proportional to the square root of the rotation velocity
atan ED, potentially leading to a sensitivity increase of several orders
of magnitude. Indeed, a four-fold increase in responsivity has been
observed using an EP [8]. However, recent work has also shown
that despite the divergent responsivity at an ED, the fundamental

2334-2536/21/091219-08 Journal © 2021 Optical Society of America

bidirectionally pumped microresonator was found to give rise to
spontaneous symmetry breaking [23-25]. This occurs because
the Kerr interaction between the counterpropagating waves,
a form of cross-phase modulation, is stronger than self-phase
modulation by a factor of 2 in a dielectric solid, which means that
differences between the counterpropagating circulating powers
self-amplify via resonance frequency splittings and consequent
pump-resonance detuning differences. As well as enabling novel
nonreciprocal optical components [26] and optical memories [27],
this symmetry breaking drastically enhances the response of the
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resonator to rotation [28,29] and near-field perturbations [30,31].
This occurs when the system is operating close to the critical point
of the symmetry-breaking transition, with a cube-root response,
and hence divergent responsivity to small rotation velocities, at
the critical point itself. Divergent sensitivity to external pertur-
bations is actually a universal feature of critical points in general
[32], occurring in systems as diverse as the Higgs mechanism [33],
ferromagnetism, liquid—gas critical points, superconductivity
[34], and superfluidity [35]. Another such universal feature is
critical slowing down [32], where the characteristic timescale of
the system’s response to a perturbation diverges towards the critical
point.

Based on this principle, we demonstrate an enhanced gyroscope
using a silica microrod resonator [36] with diameter 2.8 mm and
Q=2.9 x 10® coupled to a tapered optical fiber pumped with
laser light at 1550 nm. We directly observe both responsitivity
enhancement and critical slowing down. Both of these effects are
beneficial for a gyroscope, as together they cause the system to
act like a single-pole low-pass filter with a cutoff frequency that
approaches zero the closer the system is to the critical point [37]. In
other words, the system takes an amplified moving average of the
rotation velocity over a timescale equal to the inverse of the cutoff
frequency and above this frequency behaves like an integrator.
This is in particular useful for inertial navigation in vehicles such as
aircraft and spacecraft that only rotate slowly.

2. THEORETICAL BACKGROUND

In an optical ring resonator of diameter D and refractive index 7
rotating in its plane at angular velocity €2, the Sagnac effect causes
the resonance frequencies of counterpropagating pairs of modes at
vacuum wavelength A to differ by an amount [3]

DQ
Aw =21 2. )
7[0)\
For 1550 nm light in a silica resonator with a diameter of a few
millimeters, rotating at 1 deg/s, this s just tens of hertz (Hz), which
is already 3—4 orders of magnitude smaller than the resonator’s
linewidth, even for a state-of-the-art Q factor of 10° [38]. Thus, to
turn such a resonator into a gyroscope that significantly improves
on microelectromechanical systems (MEMS) devices [39], it is
necessary to be able to detect splittings of <107° of the linewidth,
which, although challenging, has actually been achieved using the
PDH technique [6].

Here, we investigate how the responsivity enhancement [28,29]
that exists near the critical point of Kerr-mediated symmetry
breaking between counterpropagating light fields [23,25] may
be used to measure Sagnac splittings several orders of magnitude
smaller than the resonator’s linewidth with a potentially very sim-
ple setup, as illustrated in Fig. 1(a). Monochromatic light of the
same power and frequency is coupled evanescently into a high-Q
ring resonator in both the clockwise and counterclockwise direc-
tions. The pump power and detuning are chosen so as to place the
resonator close to the critical point of the symmetry breaking.

Throughout this text, we shall express quantities in the dimen-
sionless forms listed in Table 1. Time is normalized by the inverse
half-linewidth 1/y and angular frequencies by y. Since the
dynamics we are interested in take place over timescales much
longer than 1/y, cavity ringdown effects are negligible, meaning
that the values of the circulating powers p1 ; are directly related to
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Fig. 1. (a) Simplified schematic of the nonlinear enhanced microres-
onator gyroscope. A high-Q optical ring resonator is pumped equally in
both directions with narrow-linewidth continuous-wave laser light via
a tapered optical fiber. The power and detuning are set so as to place the
resonator near the critical point of the symmetry-breaking regime [23,25],
and the transmitted powers, indicative of the circulating powers, are
detected on two photodiodes (PD). Rotation in the plane of the resonator
causes a difference between the readings on PD1 and PD2. (b) Top:
Circulating power p; in one of the two directions versus common-mode
(CM) detuning A, for three values of the differential-mode (DM)
detuning Ay and equal pump powers p;, = 1.8 (see Table 1). The way
in which the blue, green, and red curves deviate significantly from one
another approaching the critical points (of which we use the left one in
the experiments) is indicative of the system’s divergent responsivity to
Ag. All quantities are in their dimensionless forms (see Table 1). Faint
lines correspond to unstable solutions. By symmetry, the curves for p,
are identical but with A4 negated, so when p; takes the upper blue curve
p2 takes the lower red one, etc. Bottom: Partial derivatives of the DM
circulating power pq with respect to the DM detuning A4 and pump
power pq for the stable solutions in the case Ay = 0. These are calculated
using Egs. (S1) and (S2) in Supplement 1, which are equivalent to Egs. (5)
and (6) in the symmetry-unbroken regions where p4 = 0.

the transmitted powers detected on the photodiodes (PDs) in the
counterpropagating directions (see Fig. 1).

In the steady state, p; ; obey the following pair of simultaneous
equations [37]:

_ P12
1+ (pr2+2p21 — Al,z)2

P12 )

Note the factor of 2 in front of the counterpropagating circulating
power, which represents the ratio between the strengths of cross-
and self-phase modulation. For symmetric pump powers p1, = p
and detunings A, = A, the symmetric solution p; ;= p thus
satisfies

Va

TTHGr-Ar v

p
For p above the threshold 8/(3+/3) ~ 1.54, a symmetry-broken
regime exists, in which the symmetric solution is unstable and is
replaced by two stable asymmetric solutions that map to each other

under swapping of the two directions. The critical points satisfy the
condition [37]

(p—=8)Bp—-A)=-1 4)

This symmetry breaking is illustrated in Fig. 1(b) for p =1.8.
The upper panel shows how a detuning difference of just 1% of
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Table 1. Dimensionless Quantities Used in this

Paper’

x Description Formula

P12 Pump powers Min Lin1,2/ Do

P12 Circulating powers 27 Pirer .2/ (FoPo)

A, Pump detunings from resonance (wo — w12)/y

frequency without Kerr shift

212 Pump field amplitudes pra=le1al?

€1 Circulating field amplitudes pra=leral?

€12 Fractional pump power Pr2=p+e€1)

perturbations

Peds Peds CM and DM components ForX e{p, p, A, €},

A ds€cd X=X+ X2)/2,
Xa= (X, — X,)/2

8¢ CM pump detuning offset from A.—A

critical point

“The subscripts 1 and 2 refer to the two counterpropagating directions, and
‘¢’ and ‘d’ to common- and differential-mode (CM and DM) combinations
of these. 7;, is the resonant in-coupling efficiency equal to 4ky,/y?, where
K, Yo, and ¥ =¥, + « are the coupling, intrinsic, and total half-linewidths,
respectively. P, > and Py, , are the pump and circulating powers, respectively.
Py=nnlV/(nAQQ,) is the characteristic in-coupled power required for
Kerr nonlinear effects, where 7, and 7, are the linear and nonlinear refractive
indices, V' is the mode volume, and Q = w,/(2y) and Q, = w,/(2Y,) are the
loaded and intrinsic Q factors, respectively, for cavity resonance frequency w,
(without Kerr shift). 7, = Awesp/(2Y0) is the cavity’s intrinsic finesse for free
spectral range Awgsy, ), are the two pump frequencies, and A is the value of
A, = A, at the critical point.

the half-linewidth causes the two circulating powers to differ by a
large proportion near the critical points. The responsivity in fact
diverges as the critical point is approached, as shown in the lower
panel, which makes the system useful as a gyroscope, since rotation
is directly linked to A4. However, the system is simultaneously
divergently responsive to differences in pump power, which means
that the sensitivity to rotation is limited by the stability of the pump
power difference. These responsivities, for pg = pg = Aq =0, are

given by
Oba _ ! (5)
NG 14 (pe— A)Bpc—A)’

aﬁd N 1+ (pc - Ac)(spc - Ac)

Note that 3p. — A.) > 0, i.e., the laser must be on the blue side of
the Kerr-shifted resonance, for symmetry breaking to be observed
[25]. Furthermore, the region where the denominator (and hence
both derivatives) is negative corresponds to the unstable symmetric
solution between the two critical points, shown as a faint green
line in Fig. 1(b). Although these formulae hold for the unstable
symmetric solution, they are not of much practical use there since
the system will always choose one of the two symmetry-broken
stable solutions. For these, we must use Egs. (S1) and (S2) in
Supplement 1, which apply in the general asymmetric case. Note
that for symmetry-broken states or under asymmetric pumping
conditions, the partial derivatives of p4 with respect to A and p.
are generally also non-zero [see Eqs. (S3) and (S4) in Supplement
1]. Since the responsivities of p4 to Aq and pg4 diverge at the same
rate, the pump-power-noise-limited rotation sensitivity does not
change significantly when approaching the critical point. However,
in a system where noise sources downstream of the resonator, such
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as electronic noise, dominate, the signal-to-noise ratio will increase
with the increased responsivity of the resonator.

A full analysis [37] shows that very close to the critical point the
dynamics are governed to leading order by the equation

==y +xy+z 7)
where
_5p—2A 2A—3p
x = i S+ y PEc,
15p2 —4pA —4
V=4 oA A Pds

8p(Bp—A)

—A)(15p? —4pA —4
Z:\/p@p 52— 4pA—B) g

8

in which §.=A.— A and Ay are common-mode (CM) and
differential-mode (DM) detuning perturbations, respectively,
and €. and €4 are CM and DM fractional pump power perturba-
tions, as detailed in Table 1. This tells us that in the steady state
(y =0) under symmetric pumping conditions (z=0), pg has
a square-root dependence on §. and €. in the symmetry-broken
regime (y = %+/x for x > 0 and y # 0, with x >0, y =0 cor-
responding to the unstable symmetric state). The differential
responsivities of p4 to A4 and €4 for the stable states x <0, y =0
and x > 0, y = £4/x may be found from the partial derivative
dy/0z=1/(3y* — x), which is equal to —1/x and 1/(2x) in
these two cases, respectively, both of which diverge as x — 0. At the
critical pointitself (x = 0), pq hasacube-root steady-state response
to A4 and €4 since y = /7, while dynamically (specifically in the
regime |z| 3> [y® — xy|) pq behaves as the time integral of A 4 and
€4, as we have y =~ z. In general, the response of p4 to A4 and €4
near the critical point may be characterized as a combination of
these proportional, cube-root, and integrator behaviors.

3. EXPERIMENTAL METHODS

The optical circuit used in the experiment is summarized in
Fig. 2(a). Light from a narrow-linewidth tunable external-cavity
diode laser (ECDL) at around 1550 nm is amplified before being
coupled into the microresonator via a tapered optical fiber. Due to
the fiber-based nature of the setup, pumping the resonator with
the same frequency of light in both directions would have led to
a prohibitive problem with interference, depicted in Fig. 2(b).
Unavoidable spurious back-reflections from fiber components,
connections, etc. would interfere with counterpropagating light,
and acoustic and thermal noise in the fibers would cause the relative
phase of the interfering waves and, hence, the pump powers seen
by the resonator to fluctuate. Even if the back-reflections are at the
level of —40 dB, as is typical in our experiment, the pump powers
would vary by a few percent, which in our system would limit the
rotation sensitivity to around one revolution per second.

To solve this, it was necessary to use different pump frequencies
for each direction. Detuning the two pumps by a fraction of the
resonator’s linewidth and compensating this with a power differ-
ence to get back to the critical point [25,37,40] would have helped
somewhat, as it would wash out the interference phase at long
timescales. However, the resonator still reacts to the percent-level
oscillating pump power difference at short timescales, making it
impossible for it to stay on average very close to the critical point


https://doi.org/10.6084/m9.figshare.14829306
https://doi.org/10.6084/m9.figshare.14829306
https://doi.org/10.6084/m9.figshare.14829306

Research Article

Programmable

(a) EOM filter
Bl R AL

(=X

Response (a.u.)

-10 -5 0 5 10
Rotation velocity (deg/s)

e

Fig. 2. (a) Optical circuit of the experiment. ECDL, external cavity
diode laser; EDFA, erbium-doped fiber amplifier; AOM, acousto-optic
modulator; PD, photodiode; FSR, free spectral range (of the microres-
onator, around 23.7 GHz); 1%, 1% directional coupler. (b) Illustration
of the interference effect that prevents us from using the same pump
frequency in both directions. (c) Illustration of a possible monolithic
chip-based realization of the optical circuit that would not suffer from this
interference problem. (d) System response (difference between readings
on PDI1 and PD2) versus rotation velocity measured using a MEMS
gyroscope, indicating a sensitivity of around 2 deg/s.

and exhibit the enormous responsivity enhancement associated
with that. To solve this, the two pump frequencies were offset by
the resonator’s free spectral range (FSR), so that the counterprop-
agating waves would continue to have near-perfect spatial overlap
within the resonator (due to being coupled into the same mode
family) and, hence, experience the same Kerr interaction, whilst
the interference would be removed completely. This dramati-
cally improves the pump power stabilities, allowing the system
to remain much closer to the critical point. However, offsetting
the counterpropagating pump frequencies by one FSR makes the
system sensitive to temperature-related drifts in the FSR, as these
now translate into pump detuning differences. This, in turn, was
solved by making one of the pumps an equal composition of light
one FSR higher and one FSR lower than the other. As shown in
Fig. 2(a), this was achieved by sending the light through an electro-
optic modulator (EOM) driven with an RF frequency equal to the
FSR, followed by a programmable wavelength filter. This allowed
the system to be placed at a point where it is first-order-insensitive
to variations in the FSR, which was achieved by fine-tuning the
EOM’s RF drive frequency until the transmitted powers measured
on PD1 and PD2 were locally stationary with respect to the drive
frequency. This stationary point occurs when the EOM’s drive fre-
quency exactly matches the FSR, which would typically wander by
afew Hz over several minutes due to thermal drift of the resonator.
It is worth noting that splitting one pump into two separate
frequencies increases its effective self-phase modulation strength
by a factor of 3/2, since each frequency experiences a combination
of its own self-phase modulation and the twice-as-strong cross-
phase modulation from the other frequency. A full quantitative
treatment of this situation is presented in [37], which shows how
the critical point can be attained by compensating this imbalance
through pump power and/or detuning differences [40]. However,
this does not significantly change the critical dynamics so that

Eq. (2) still holds.
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It is important to stress that these somewhat convoluted mea-
sures for overcoming the interference problem are likely not to be
needed if the optical circuit is realized on a monolithic chip-based
platform [illustrated in Fig. 2(c)], as is the aim for this gyroscope.
This is because the very short optical paths and monolithic nature
of the setup would ensure that the phase of any interference
remains extremely stable, meaning that both pumps can have the
same frequency without their powers fluctuating significantly.

Turning again to our setup [Fig. 2(a)], the pump powers were
monitored using PD3 and PD4 and continuously stabilized
by feeding back to the amplitudes of the RF signals driving the
acousto-optic modulators (AOMs), AOM1 and AOM2. The
frequencies of the RF signals to the AOMs were used to control
the pump detuning difference between the two directions in order
to tune the system to the critical point. The transmitted powers
were recorded via PD1 and PD2. Rotation of the resonator was
achieved by mounting the entire optical circuit except for the laser
and erbium-doped fiber amplifier EDFALI, plus some of the elec-
tronics, on a structure suspended from the ceiling that acted as a
torsional pendulum. Light was transmitted to this part of the setup
via polarization-maintaining (PM) fibers and linear polarizers to
ensure that the incoming polarizations remained constant as the
setup was rotated. Although most fibers on the rotating setup itself
were non-PM, care was taken to minimize the effect of polarization
drift on the pump powers seen by the (polarization-sensitive) res-
onator. This was done by filtering the polarization just before the
pick-offs to PD3 and PD4, by minimizing lengths of fiber and by
securing any loose sections of fiber. Fiber polarization controllers
were placed immediately before each polarization-sensitive ele-
ment of the circuit. A third pick-off (1% directional coupler) was
placed just after the programmable filter to allow the spectrum to
be monitored on an optical spectrum analyzer. Around 50 mW of
optical power was sent into the tapered fiber in each direction.

The angular velocity of the rotating setup was detected using a
chip-based MEMS gyroscope mounted rigidly to it. This was used
to produce Fig. 2(d), in which the difference between the trans-
mitted powers measured on PD1 and PD2—the “response”—was
recorded alongside the MEMS gyroscope reading as the torsional
pendulum setup rotated freely back and forth a few times over the
course of 42 s. This measurement indicates a rotation sensitivity
of around 2 deg/s, which is limited by the accuracy with which the
pump powers seen by the resonator are able to be stabilized due to
various sources of noise in the setup. The resonator’s enhancement
factor  p4/d A in this measurement was around 10%,

To characterize the dynamical response of the system, it was nec-
essary to perform extended measurements under rapidly varying
angular velocity. Since the torsional pendulum was hand-actuated,
rather than physically rotating the setup in these measurements,
we simulated a time-dependent Sagnac splitting by varying the
pump detuning difference A4 via the AOM drive frequencies. As
well as giving better control over the Sagnac splitting and allow-
ing overnight automated measurements, this avoided potential
systematic errors from slight deformations to the setup caused by
inertial forces. At these larger angular accelerations, such deforma-
tions might have perturbed the pump powers seen by the resonator
enough to significantly affect the rotation measurements. In fact,
since in the region very close to the critical point but just outside
the symmetry-broken regime the system is much more sensitive to
Ag than to A, this effect could be achieved by varying just one of
the AOM frequencies. Although this would cause both the DM
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and CM detunings A4 and A, to change, the effect of the variation
in A, was negligible. This can be seen from Eq. (7) by noting that
in the steady state (y = 0)
0 0
L, )

ox 70z’

and that |y| <1 very close to the critical point. Furthermore,
variations in A are heavily suppressed at timescales of more than
~10 ps as a result of the strong thermal nonlinearity of the silica
resonator [41]. After adjusting the laser frequency and detuning
difference to reach the critical point (judged by manually modu-
lating the detuning difference back and forth by ~10 Hz and
maximizing the perceived responsivity 9 pq/9 A4 when observing
the two transmitted powers on an oscilloscope), we waited a few
minutes for the resonator to thermalize. Next, all of the polariza-
tions were optimized, and the EOM frequency was tuned to the
aforementioned stationary point, after which the RF frequency
to AOM1 was modulated sinusoidally at 500 Hz, and a lock-in
measurement of the system’s response to this was made. This
measurement was performed for a range of both A, (accessed
via the laser frequency) and the DC offset of A4 (accessed via the
DC offset to the driving frequency of AOM1) over the course of
several hours. To compensate for any thermal drift in the FSR that
would take the system away from the stationary point, the EOM
frequency was automatically adjusted back to this point at regular
intervals. This was achieved by modulating it at 10 kHz, perform-
ing an in-phase lock-in measurement of the system’s response, and
stabilizing this to zero by feeding back to the EOM frequency’s DC
offset, before turning off the modulation and retaining the offset’s
last value.

The readings on PD1 and PD2 were converted to the dimen-
sionless quantities p1, by the following procedure: firstly,
quantities proportional to pj,, which shall be referred to as
“coupled powers,” were calculated as the differences between the
PD readings and their “baseline values” taken when the pump
was completely out of resonance. Next, the value of p/p at the
critical point was calculated as the mean of the two ratios p1 2/ p1.2
between the coupled powers at the critical point and at maxi-
mum coupling (when the pump is perfectly on resonance and
P12 = p1,2). This was then used to find p (along with A) at
the critical point by combining Eqs. (3) and (4), thus giving the
constants of proportionality between the coupled powersand p 5.

Values of Ay were found by dividing the detuning difference
offset from the critical point by twice the cavity half-linewidth y,
which was measured using a cavity ringdown technique [42] to
be around 27 x 330 kHz. Furthermore, time and angular fre-
quency of modulation are normalized by 1/y and y, respectively.
Importantly, the thermal shift of the resonance frequencies in
silica resonators is huge [41], at almost two orders of magnitude
larger than the Kerr shift. This meant that A, or its offset 8. from
the critical point, could not be obtained directly from the laser
frequency. Instead, they were calculated from p. and the critical
point values p and A via the relation 3 p./d A, = 1/4 that holds at
the critical point. The strong thermal nonlinearity did not have a
significant effect on the critical dynamics, as it only interacts with
A. and not Ay, to which the system is much more sensitive [see
Eq. (9)], and which we are interested in measuring. In fact, it served
to suppress fluctuations in A, coming from laser frequency excur-
sions of the order of a few megahertz (MHz), greatly stabilizing the
gain of the system.
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4. RESULTS AND DISCUSSION

Figure 3(a) shows the DM circulating power pg4 versus the CM
detuning offset 8. from the critical point, for six downward sweeps
of the laser frequency across the critical point. Note that p4 ran-
domly chooses one sign or the other during each sweep as the
detuning passes the critical point. These are overlaid with the stable
steady-state solutions to Eq. (7) for z= 0, namely, y = 0 forx <0
and y = +./x for x > 0. The scaling factors from x and y to .
and pq are calculated from the experimentally determined values
of p =1.02and A = 1.85 at the critical point via Eq. (8). The fact
that the curvature of the parabola matches the data without fitting
provides validation for the model. The slight deviations from the
theory far from the critical point are due to the fact that the system
is not truly symmetric because of the difference in the effective
self-phase-modulation coefficients for the counterpropagating
directions, as discussed in Section 3. For values of |8.| of order 1,
the system begins to deviate noticeably from the universal behavior
governed by Eq. (7) and manifest this underlying asymmetry.
The dashed rectangle in Fig. 3(a) indicates the region shown in
Figs. 3(b)-3(g).

Figures 3(b)-3(d) depict the system’s measured response to a
sinusoidally modulated DM detuning offset

Ag = ADC + ALC cos(Qmodt), (10)

where AQC and Q04 are 8.4 x 10~%and 1.5 x 1073, respectively,
in dimensionless units. Each data point represents a measurement
lasting 100 ms, or 50 periods of the modulation, from which the
time averages of both the DC and demodulated DM circulating
power,

PP =(pa) and piC =2(paemed’), (11)

respectively, were obtained. Throughout the measurement period,
the laser frequency was scanned with a 0.1 Hz triangle wave over
a range of more than 100 MHz (due to the large thermal nonlin-
earity of silica discussed at the end of Section 3 [41]) to access a
range of CM detunings é.. The value of é. for each data point was
derived from the time-averaged measured value of p., as discussed
at the end of Section 3. After every 1000 data points, the value of
the DC DM detuning AD® was changed and was cycled in this way
through 70 values evenly spaced in the range +4 x 1072,

The magnitude and phase of p;<, as well as AP, are rep-
resented by the colors of the data points in Figs. 3(b)-3(d),
respectively, in all of which the horizontal and vertical coordi-
nates are 8. and pJ'C, respectively. The reason why pP¢ rather
than the independent variable A€ is used as the vertical axis is
because there is noise on the pump power difference that has a
very similar effect to noise on ADC. Even though this noise is at
the level of 1074, it is significant in this measurement since the
system’s responsivities to fractional differences in pump power and
to differences in normalized detuning are roughly equal, as can be
seen from the expression for z in Eq. (8). Despite all the steps taken
to reduce relative pump power fluctuations in the setup, there were
still a few sources of this noise. Plotting the data in this way allows
the effects of this noise to be excluded from Figs. 3(b) and 3(c).

From Fig. 3(b), we can see a dramatic increase in the respon-
sivity around the critical point, which is a universal feature of
critical dynamics. From Fig. 3(c), we observe a phase lag in the
AC response approaching /2, which shows that the system is
acting more like an integrator than a proportional amplifier. This
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Fig.3. (a)—(d), (h) Experimental results with (a) theoretical curves and

(e)—(g), (i) simulations based on our simplified critical dynamics model
with no free parameters. All quantities are given in their dimensionless
forms [see Table 1 and Egs. (10) and (11)]. (a) DM circulating power
pa versus CM detuning offset 8. from the critical point for six sweeps of
the laser frequency, showing the symmetry breaking in either direction,
with theoretical curves overlaid. (b), (¢) Magnitude and (c), (f) phase of
the demodulated AC response p4° to a sinusoidally modulated rotation
at 500 Hz (Quoq =27 x 500 Hz/y =1.5 x 1073 in dimensionless
units) versus CM detuning offset §. and DC response p?c for a range
(d), (g) of DM detuning DC offsets A?C. Rather than physically rotating
the setup, the detuning difference between the pumps was modulated
via the RF frequency to AOMI (see Fig. 1) to mimic the Sagnac split-
ting. The (half-peak-to-peak) modulation amplitude was 560 Hz or
AXC =27 x 560 Hz/(2y) = 8.4 x 10~% in dimensionless units [the
factor of 2 on the denominator coming from Ay = (A; — A;)/2 and the
fact that the sinusoidal modulation is only applied to A;], which corre-
sponds to 23 deg/s of rotation velocity. (h), (i) System response p4 versus
time (normalized by the inverse half-linewidth 1/y) for four different sets
of parameters 8, and AP indicated by correspondingly colored crosses in
(b)—(g), alongside the input modulation signal A4 — A?C.

is a clear indicator of critical slowing down, another universal
critical behavior [32]. Although it is responsible, together with the
aforementioned noise, for limiting the maximum AC responsivity,
it also causes the resonator to integrate the rotation velocity sig-
nal with respect to time, which could be useful, for example, for
inertial navigation.
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The data for AdDC versus 8. and p?c [Fig. 3(d)] were fitted
with a theoretical function based on the steady-state solution to
Eq. (7), and the residuals of this fit versus time were then used to
find the frequency spectrum of the equivalent noise on ADC. As
expected, due to the multiple sources of noise, the power spectral
density (PSD) has an approximate overall 1/ f* dependency; a fit
of this function to the PSD versus frequency (on a log-log plot)
gives a coefficient of 1.5 x 107 in units of A3, which in our setup
is equivalent to an rms noise on the measured rotation velocity
of around 0.25 deg/s/«/m at 1 kHz. The measurement noise
in units of A4 is approximately equal to the noise on the DM
fractional pump power €4 and can be reduced by moving to a
monolithic chip-based waveguide circuit, as illustrated in Fig. 2(c).
On such a platform, the pump power difference and polarizations
would be passively stable, rather than relying on separate feedback
circuits and polarization filters for each direction. In addition, the
orders-of-magnitude-lower path length noise would mean that
interference from back-reflections [see Fig. 2(b)] would not lead
to significant pump power fluctuations, and thus the same pump
frequencies could be used in both directions, greatly simplifying
the circuit. The only active element that would be required in the
optical circuit would be a variable attenuator for fine-tuning the
balance between the two pump powers, which could be based
on any of a number of electro-optic or thermo-optic effects.
Furthermore, for a given noise level in units of Ay, the noise level
on the measured rotation velocity can be reduced by increasing the
Q factor or diameter of the resonator, as can be seen from Eq. (1)
and the relation Aw =2y Ay, where Aw is the Sagnac splitting
referred toin Eq. (1).

Figure 3(h) shows some traces of p4 versus dimensionless time
y ¢ for the different values of §. and p?c, alongside the sinusoidal
modulation curve of A4 with the DC offset removed. The greatly
increased gain of the system, both to the sinusoidal modulation
of A4 and to the noise on p4, near the critical point is apparent
by comparing the traces. Note also how for the green trace, which
occurs just inside the symmetry-broken region, a relatively large
excursion in the noise that coincides with the correct part of the
modulation cycle can cause pq to switch momentarily from one
symmetry-broken state to the other.

Figures 3(e)-3(g), 3(i) show the correponding results of a sim-
ulation of Eq. (7) with the same parameters as in the experiment,
with the scaling factors between the dimensionless experimental
variables and x, y and z calculated using Eq. (8). In the simulation,
1/ f noise was added to the sinusoidally modulated input variable
z with the same coefficient as was obtained from the fit to the
experimental noise spectrum. The experimental and simulated
plots agree well, with any discrepancy originating from uncertainty
in the measured values of parameters such as y, as well as from the
slight asymmetry of the system due to the two pump frequencies
being sent in one of the directions (see Section 3). The switching
events seen on the green traces in Figs. 3(h) and 3(i) are respon-
sible for the sparse scattering of points to the right of the center in
Figs. 3(b)-3(d) and 3(e)-3(g); the occurrence of a similar number
of these outliers in the experimental and simulated data lends
support to the 1/ f noise model.

5. CONCLUSION AND OUTLOOK

We have demonstrated a proof-of-principle nonlinear enhanced
microresonator gyroscope that operates at the critical point of
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Kerr-induced symmetry breaking between counterpropagating
light in a bidirectionally pumped ring resonator. Rotation in the
plane of the microresonator causes a tiny “seed” splitting between
the counterpropagating resonance frequencies due to the Sagnac
effect, which is then amplified by four orders of magnitude via
a positive feedback cycle between resonance splittings and cir-
culating power differences. It can then be “read off” from the
microresonator as a large difference between the in-coupled powers
in the two directions.

In addition to demonstrating rotation measurement with a
sensitivity of around 2 deg/s, we have characterized the dynamical
response of the system to a sinusoidally varying simulated rotation
generated by modulating the pump detuning difference. These
measurements were shown, via a numerical simulation, to be well
described by a simple theoretical model for the system’s critical
dynamics [37] and provide direct evidence for two universal critical
behaviors, namely, responsivity enhancement and critical slowing
down.

At the critical point, the system exhibits divergent responsiv-
ity not only to rotation, which is equivalent to pump detuning
differences between the two directions, but also to pump power
differences. This is similar to the well-known issue with EP-based
sensors, where various noise sources are amplified by the same fac-
tor as the signal [15-18]. It means that in order to achieve a certain
rotation sensitivity, it is necessary to stabilize the pump power dif-
ference to an equally high degree, since the system responds about
equally to a certain fractional pump power difference as it does to
a Sagnac splitting that is the same fraction of the linewidth. We
believe that by moving to a monolithic chip-based platform with
waveguide circuits and resonators, differential pump power stabil-
ities orders of magnitude higher than in this experiment could be
achieved passively. In addition, by increasing the Q factor and/or
diameter of the resonator, rotation sensitivities approaching those
of today’s FOGs or RLGs could be achieved in a simple device with
afraction of the size, weight, power consumption, and cost.
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