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Parity—time (PT) and quasi-anti-parity—time (quasi-APT) symmetric optical gyroscopes have been proposed recently
which enhance Sagnac frequency splitting. However, the operation of gyroscopes at the exceptional point (EP) is chal-
lenging due to strict fabrication requirements and experimental uncertainties. We propose a new quasi-APT-symmetric
micro-optical gyroscope which can be operated at the EP by easily shifting the Kerr nonlinearity. A single resonator is
used as the core sensitive component of the quasi-APT-symmetric optical gyroscope to reduce the size, overcome the strict
structural requirements and detect small rotation rates. Moreover, the proposed scheme also has an easy readout method
for the frequency splitting. As a result, the device achieves a frequency splitting 10° times higher than that of a classical
resonant optical gyroscope with the Earth’s rotation. This proposal paves the way for a new and valuable method for the

engineering of micro-optical gyroscopes.

Keywords: optical gyroscopes, quasi-anti-parity—time (quasi-APT) symmetric system, exceptional point (EP),

the Kerr nonlinearity
PACS: 42.50.—p, 42.81.Pa, 07.07.Df

1. Introduction

Gyroscopes play a crucial role in inertial navigation and
guidance systems, particularly in the commercial and mil-
itary fields.!'! Among these, micro-optical gyroscopes with
small ring resonators, including those in chip-based form,
are highly promising due to their potential for high preci-
sion, low cost, low power consumption and miniaturization.
Much attention has been devoted to improving the precision
of micro-optical gyroscopes, including noise suppression, >~
[5.6

boosting the quality factor of the resonator,>% optimizing

ol7-9

the optical structur I and exploring novel signal detec-

s.[19-121 However, the precision of micro-optical

tion technique:
gyroscopes is still much lower than that of fiber-optic gy-
roscopes, which have attained remarkable levels of perfor-
mance (bias instability < 107 °-s~! with several kilometers of
fiber).[%] This is because the sensitivity of chip-based Sagnac
gyroscopes decreases with scaling down of the feature size of
the resonator.

A non-Hermitian system has gain, loss or open boundary
conditions, and generally has complex eigenvalues. Excep-
tional points (EPs) are non-Hermitian spectral degeneracies
in which two or more eigenvalues and corresponding eigen-
states coalesce. The splitting of eigenfrequencies near an EP
is an exciting optical phenomenon that enhances weak per-
turbations and is widely used in various ultra-sensitive opti-

cal sensing fields, including temperature measurement, 3141
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5,[13-16] particle detection!!”-'3] and angular

biochemical sensor:
velocity detection.!!>-2] Recently, Sagnac frequency splitting
has been found to be enhanced near an EP.[>! The frequency
splitting of a second-order EP based optical sensor is directly
proportional to the square root of the intensity of the perturba-
tion. For a given minimal rotation rate, large frequency split-
ting can be obtained near an EP. Enhanced Sagnac frequency
splitting is typically studied in parity—time (PT)/anti-parity—
time (APT)-symmetric systems. Optical gyroscopes utilizing
coupled resonators with PT/APT symmetry have attracted sig-
nificant interest recently by increasing the sensitivity of mi-
croscale sensors.[??! Lai er al. observed a four-fold increase in
the Sagnac scale factor using a micro-resonator Brillouin laser
gyroscope with EPs.[?!l Hokmabadi et al. enhanced resonance
splitting by up to a factor of 20 by exploiting the increased ro-
tational sensitivity of ring laser gyroscopes in the vicinity of
an EP.[?%]

Generally, a PT-symmetric gyroscope comprises a pair
of resonators that are either loss or gain, and is usually af-
fected by different sources of noise. Moreover, the output
spectral linewidth will be broadened with the enhancement of
Sagnac frequency splitting, resulting in no improvement in its
signal-to-noise ratio (SNR). Because in a PT-symmetric sys-
tem the imaginary of the eigenfrequencies changes with the
rotation rate, it may be difficult to measure the splitting be-
tween complex eigenfrequencies.!??! In contrast, quasi-APT-
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symmetric gyroscopes can exhibit completely real frequency
splitting based on eigenfrequencies which can be read out
easily and accurately.””*! An APT-symmetric system requires
resonant frequencies to be opposite to each other, but there
is no negative resonant frequency. Then, we just need the
two resonant frequencies to be different and call it a quasi-
APT-symmetric system. Also, the linewidth in a quasi-APT-
symmetric gyroscope is a constant related to the total loss of
the resonator. Then EP-enhanced Sagnac frequency splitting
can emerge. However, to be quasi-APT-symmetric, a sys-
tem should have the same gain or loss, two different resonant
frequencies and two negative conjugate coupling coefficients.
These parameters are non-adjustable when the resonator is de-
signed and fabricated. A quasi-APT-symmetric gyroscope is
difficult to realize and operate precisely at the EP. Therefore,
it is important to shift a quasi-APT-symmetric gyroscope at the
EP.

A nonlinear quasi-APT-gyroscope has been achieved by
spinning an optical resonator to improve the sensitivity com-
pared with that of a conventional device without EPs. > How-
ever, this gyroscope scheme can only be used to detect a very
fast rotation (more than 5 x 10* °-s~!). Also, an EP shifted
by the Kerr effect in an APT-symmetric system has been pro-
posed with two resonators. (0]

In this paper, we propose a quasi-APT-symmetric micro-
optical single-resonator gyroscope which can operate pre-
cisely at the EP by shifting the Kerr effect. By using a single
resonator as the core sensing element instead of a pair of res-
onators, the complexity of manufacturing is greatly reduced.
In addition, this proposal has easy to read real frequency split-
ting and an enhanced Sagnac scale factor near the EP with
non-broadened linewidth. We simplify the structure of the EP-
enhanced gyroscope, reduce the difficulty of micro-resonator
fabrication and experiments and further improve the sensitivity
of the gyroscope, which are all very significant for promoting
engineering applications of micro-optical gyroscopes.

2. Structure design and working principle

The structure of the designed quasi-APT-symmetric
micro-optical gyroscope with the Kerr effect is shown in
Fig. 1(a). The resonator can be either a waveguide ring res-
onator or a whispering gallery-mode resonator. Clockwise
(CW) and counterclockwise (CCW) beams are indirectly cou-
pled with the resonator to achieve an imaginary coupling.>*]
The input light Sj, is coupled into the resonator after pass-
ing through the circulator (CIR) and travels in the CCW
direction.?”] The light reflected by the reflector and incident
upon the resonator travels in the CW direction. L; and L, are
the optical distances of two waveguides coupled to the res-
onator in Fig. 1(a). L; is the round-trip distance from the

second bus-resonator coupling point to the reflector. Extra

pumping light Sy is introduced to enhance the Kerr effect of
the CW mode, resulting in a Kerr frequency shift. The operat-
ing wavelength of the Sj,k signal is different from that of Sj,,
and its intensity is far larger than that of Sj,. Then the Kerr
effect caused by Sj, can be ignored. A Fabry—Perot resonator
filter (FPF) is used to block Sinx from injecting in the CCW di-
rection. Figure 1(b) shows the operating principle of a quasi-
APT-symmetric gyroscope compared with a PT-symmetric gy-
roscope. The frequency splittings of both are proportional
to the square root of the rotation speed. However, the full
width at half-maximum (FWHM) of output spectral broad-
ening caused by the frequency splitting of complex eigenfre-
quencies makes readout of the PT-symmetric gyroscope dif-
ficult. In comparison, the real frequency-splitting found in
the quasi-APT-symmetric gyroscope without output spectral
broadening enhances the detection accuracy and makes it easy

to read out.
p (a)
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Fig. 1. (a) Structure of a quasi-APT-symmetric single-resonator gyro-
scope shifted by the Kerr effect. (b) Scheme of frequency splitting in
rotation for quasi-APT-symmetric and PT-symmetric gyroscopes.

In the presence of the Kerr effect, the energy exchange
between CW and CCW resonant modes of the system can be
described as

. da
lditl = oa; + oh(2|ao|* + a1 *)as
—iga; —imme "a,
.d i i -
1% — a)a2+a)h\a2|2a2—18612—17’l226 %, (1)

where a;/, represents the energy amplitude of the CW and
CCW modes,
pled in the resonator, g is the total loss of the resonator (an ex-

ako\2 represents the light intensity of Sjx cou-

ternal gain can be introduced to keep g small and negative?*)).
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®h|ay|* represents the nonlinear frequency shift of the reso-
nance frequency due to cross-phase modulation (XPM), where
o is the resonant frequency, h = 27rx<3) /n? represents the Kerr
coefficient, n is the linear refractive index and x(3) is the third-
order nonlinear susceptibility and is considered as a constant
in our scheme. ®h|a;|? and wh|ay|* are nonlinear frequency
shifts of resonance frequency due to self-phase modulation
(SPM). 1y, is the real direct coupling coefficient between the
bus and the resonator at the ith coupling point and ¢ /, repre-
sents the phase shifts

¢1/2 = z)Tﬂnng/z + z)Tﬂng%Rv 2
where R and n, represent the radius and refractive index of the
resonator, respectively, and A represents the wavelength of the
laser Sj,. Since the coupling mode of a quasi-APT-symmetric
system is an imaginary coupling, it is imperative to satisfy
the condition ki = —k3 (k1 = inme 9, ky = in%e_i@),
so e 1% = ¢l% and n; = n, are needed. A possible solu-
tion is given by ¢ = ¢y = ¢ =mmw (m € N) and k = k) = kp.
Then Eq. (1) can be solved to obtain the eigenfrequencies of
the system

2
/ a)(2+h|ak|2> . (mh|ak\2) i
Opp1p = f*lgi erk , (3
where oh|a]* = 0h(2|aw|* + |a1)* — |a2|*) =~ 0h2|ak|*
(SPM is totally submerged by XPM, so SPM can be ne-
glected). For wh|a;|> > —2ik, the system is considered to
be in a regime where quasi-APT symmetry is not broken.
For wh|a;|> < —2ik, quasi-APT symmetry is broken. For
oh|ay|? = —2ik, at the EP, as the system transitions from the
unbroken to the broken regime both the eigenvalues and their
corresponding eigenvectors coalesce. From that, ®h|a;|* =
—2ik is a necessary condition for the quasi-APT-symmetric
system to operate at the EP. However, this condition is hard
to meet due to errors in resonator fabrication or experimental
uncertainties in @ and k. Modulating the light intensity |a|?
is a good solution to achieve the EP.

Because the gyroscope is in a frame rotating with a ro-
tation rate £, the Sagnac shift £ = 2RQ/(ngA) in the res-
onance frequency is added to the system. The rotation ap-
plied to the gyroscope shifts the resonance frequency of the
CW/CCW mode from  to @ =+ €. Then the energy exchange
equations can be rewritten as

.da
1d—t1 = wa; + 0h (2|ak0|2—|— \a1|2) a
—iga) —kay —€ay,
.da2 2 .
IF = way + Ohlaz|”ay — igar —ka; + €ay. 4)

If the system is at the EP when it is at rest, the rotation forces
the system away from the EP. By solving Eq. (4), two eigen-

frequencies become

w(2+h\ak|2)
2

5 2
(a)h |a| +2£)

—ig+ 1

WEp1 2= +k2.(5)
It can be observed that the rotation-induced frequency splitting

is

2
Awgp — \/4k2+ (wh|ak|2) +doh)a e, ©6)

where Awgp becomes proportional to the square root of € if
oh|ay|* = 2ik. By manipulating the external light intensity
2, the gyroscope can operate at the EP, meeting the strict re-

|ax
quirements on fabrication errors or experimental uncertainties.
The EP can be shifted by the Kerr effect and the sensitivity of
the gyroscope can be enhanced. A larger 4 will have a larger
Kerr frequency shift, providing more space for moving the EP.
In addition, unlike the frequency splitting of complex eigenfre-
quencies in a PT-symmetric system, the frequency splitting in
a quasi-APT-symmetric system is real, which does not cause
broadening of the FWHM and a change in power.!?*! More
importantly, the light intensity becomes an additional control
parameter in the system while considering the Kerr effect.

3. Simulation and result analysis

The effect of a small detuning € caused by rotation on
the eigenfrequency wgp is analyzed by numerically solving
Eq. (6).
frequency splitting Re (Awgp) is a function of both € and «.
For the quasi-APT-symmetric gyroscope, before the EP, the

In Fig. 2(a), it is shown that the real part of the

eigenfrequencies become locked in the quasi-APT-symmetric
regime. This leads to a dead band, preventing the measure-
ment of rotation. In the quasi-APT symmetry-broken regime,
the rotation leads to frequency splitting between the unlocked
eigenfrequencies, as shown in Eq. (5). Figure 2(b) shows the
imaginary part Im(Amgp) as a function of both € and k. In the
quasi-APT symmetry-broken regime, Im (Awgp) is unchanged
with increase in €, which indicates that the spectral power
and FWHM of the spectrum do not change with the rotation.
Therefore, the sensitivity enhancement is not compensated,
which is a significant advantage of a quasi-APT-symmetric
system. The real part of the difference between two eigen-
frequencies Re (Awgp) is plotted in Fig. 2(c) as a function of
¢ at the EP (k = wh|a|*/(2i)). It can be observed that fre-
quency splitting is enhanced in the quasi-APT broken regime
compared with a classic gyroscope. The logarithmic behavior
of this curve is shown in Fig. 2(d), in which the slope of the
response is 1/2. This illustrates that perturbation around the
second-order EP can experience an enhancement of £'/2. This
feature can be used to greatly improve the sensitivity of the
gyroscope.
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Fig. 2. (a) The real part Re (Awgp) and (b) the imaginary part Im (wgp) of the frequency splitting as a function of € and k. (¢) Numerical solution
of Re (Awgp) for k = wh|ai|>/(2i). The dashed red curve shows the profile of a classic gyroscope for comparison. (d) The results from (c) on
a logarithmic scale. The slope of 1/2 confirms the square-root response of €. The parameters used are A = 1550 nm, & = 3 x 10718 m? /W,

lax|* =2 x 10" W/m?, @ =2 x 10'* Hz and R = 2 mm.

Based on the above discussion, the gyroscope can be op-
erated in the quasi-APT symmetry-broken regime to improve
the sensitivity. However, the frequency splitting of typical
quasi-APT symmetry will not emerge at a low rotation rate. [>!
Also, when the resonator is designed and fabricated, the cou-
pling coefficient k and the resonant frequency are determined.
Due to fabrication errors and experimental uncertainties, the
system is hard to operate at the EP. Then, the presence of Kerr
nonlinearity caused by an external light field Sj,x is used to
keep the system operating at the EP, leading to a high sensi-
tivity. Figure 3 displays the plot of the real part of the eigen-
frequency Re (Awgp) as a function of |a;|? and k. The light
intensity of |a;|> becomes an additional item of freedom for
controlling the system’s EP. Hence, the Kerr effect caused by
an external light field Sjx is used to keep the system operating

rest (€ = 0), the transmission spectrum exhibits a resonance
peak since the resonator supports only one traveling mode.
A quasi-APT-symmetric gyroscope provides a large frequency
splitting even with a small rotation rate. The rotation rate can
be obtained by measuring the frequency difference directly.
Figure 5 shows the enhancement of the frequency splitting of
a quasi-APT-symmetric gyroscope at the EP (red solid line),
with the classic Sagnac frequency splitting without an EP (blue
dashed line) shown for comparison. It can be seen that the
sensitivity of a quasi-APT-symmetric gyroscope can be signif-
icantly improved, especially at a low rotation rate. The sen-
sitivity can be improved by five orders of magnitude with the
Earth’s rotation, showing the superiority of the square root re-
sponse to the rotation rate.

=
at the EP, leading to high sensitivity. a
U?jg 1.0
10/ g7 00
= =4
g s%  —0.01
& £~ . —0.001
3 S g 0001
Il <

4

2
(kHz)

— 00 205
2.00

Jaxl? (101 W/m?)

Fig. 3. The real part of the frequency splitting Re (Awgp) is a function
of k and |a;|* with € = 0. The other parameters are the same as those in
Fig. 2.

Due to the input and output relationship aoy = @in —
inia;, the frequency splitting is real. Figure 4 shows the
normalized output spectrum as a function of € near the EP
of a quasi-APT-symmetric gyroscope. When the system is at

—4

Frequency detuning®
¥

Fig. 4. Normalized output spectrum in the proximity of the EP of a
quasi-APT-symmetric gyroscope with g = 200 Hz (4 x 10~% dB). The
other parameters are the same as those in Fig. 2.

Figure 6 further shows the dependence of the frequency
splitting Re (Awgp) on the coupling rate k at the EP (wh|ay|* =
—i2k). It is found that Re (Awgp) is reduced from a value of
about 9 x 103 MHz to a value of about 2 x 10~3 MHz for a ro-

tation rate of 1 °-h~! when k is decreased from i1.2 x 10° Hz to
i6 x 107 Hz. Thus, the sensitivity of the quasi-APT-symmetric

014208-4
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gyroscope can be manipulated by properly manipulating the
coupling rate kK when designing the resonator. Additionally,
the fabrication error of k can be compensated for by manipu-
lating the light intensity |a;|?, which will reduce the fabrica-
tion difficulty.

104 v v v v |
—~
N
S

2
o 1021 1
=
£ — Quasi-APT enhancement
2, 100t - - Classic Sagnac .4
0 ’a'
1021 .7 |
o -
5 .-
:
= 104 -
g 10711 et |

10-3 102 10—t 100 10! 102
Rotation rate (°/h)
Fig. 5. Spectral splitting of a quasi-APT-symmetric gyroscope at the EP

compared with the classical Sagnac effect. The parameters are the same
as those in Fig. 2.

10°F ' ' ' '
Z 10} ]
=
=i P
3 .
D 103} ]
2 — k=i6x10° Hz

- ke =i2.4x10° Hz
" - - k=i1.2X10° Hz

103 102 10! 100 10t 10?
Rotation rate (°/h)

Fig. 6. Real part of frequency splitting Re (Awgp) as a function of the
rotation rate Q for different k values at the EP. h = 3 x 10~'8 m? /W,
and the other parameters are the same as those in Fig. 2.

4. Conclusion and perspectives

In conclusion, a single-resonator quasi-APT-symmetric
optical gyroscope based on the Kerr effect is proposed. To
overcome the strict conditions for achieving a quasi-APT-
symmetric system, a single resonator is used to reduce the
fabrication difficulty and the Kerr effect is used to accurately
locate the system operating at the EP. In addition, a quasi-
APT-symmetric system is adopted to measure the frequency
difference directly due to the real frequency splitting having a
large measuring range. The sensitivity of this proposed gyro-
scope can be enhanced by five orders of magnitude compared
with classical Sagnac frequency splitting at the rotation rate
of the Earth. This work not only provides a high-sensitivity

optical micro-gyroscope, but also provides a new platform for
research into non-Hermitian physics based on APT symmetry.
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