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It is found that when the parity—time symmetry phenomenon is introduced into the resonant optical gyro system and
it works near the exceptional point, the sensitivity can in theory be significantly amplified at low angular rate. However,
in fact, the exceptional point is easily disturbed by external environmental variables, which means that it depends on harsh
experimental environment and strong control ability, so it is difficult to move towards practical application. Here, we
propose a new angular rate sensor structure based on exceptional surface, which has the advantages of high sensitivity
and high robustness. The system consists of two fiber-optic ring resonators and two optical loop mirrors, and one of the
resonators contains a variable ratio coupler and a variable optical attenuator. We theoretically analyze the system response,
and the effects of phase and coupling ratio on the system response. Finally, compared with the conventional resonant gyro,
the sensitivity of this exceptional surface angular rate sensor can be improved by about 300 times at low speed. In addition,
by changing the loss coefficient in the ring resonator, we can achieve a wide range of 600 rad/s. This scheme provides a
new approach for the development of ultra-high sensitivity and wide range angular rate sensors in the future.

Keywords: exceptional surface, exceptional points, ring resonator, angular rate sensing, rotational direction

recognition, wide operating range
PACS: 42.81.Pa, 42.81.Qb

1. Introduction

Conventional resonant gyroscopes mainly rely on the
Sagnac effect to detect rotation angular rate. Rotation causes
an optical path difference between the clockwise (CW) and
counterclockwise (CCW) directions. The difference between
the clockwise resonant frequency and the counterclockwise
resonant frequency of the ring resonator is equal to the rota-
tion angular rate is a linear function.!!! But this also means
that when the angular rate of rotation is low, the frequency dif-
ference is also quite small. According to the formula, 0.1 °/h
causes an equivalent change of 10~!7 cm for a ring resonator
with a radius of 1 cm. Such a small response may even be
submerged in external interference, making it difficult to dis-
tinguish. The conventional solution is to suppress noise and
increase the size of the ring resonator,?! which makes it diffi-
cult for the resonant gyroscope to combine the advantages of
volume and accuracy. [*!

In recent years, some research teams have gradually
made up for the disadvantages of resonant gyroscopes at low
speeds by placing the sensor operating point near the excep-
tional point (EP).1*81 A common one is the parity—time (PT)-
symmetric system, %1% which constructs a critical EP between
the PT-symmetric phase and the PT-damaged phase by adjust-
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ing the gain—loss coupling ring resonator. An EP represents
the fusion of two eigenvalues and eigenvectors. The sensi-
tivity is extremely high near the EP,I'!] and the system re-
sponse Awpt ~ 2v/Awk.'% Compared with linear systems,
PT systems respond more prominently to frequency pertur-
bations, but such responses are reflected in the broadening
of the transmission spectrum, and both gain and loss need
to be carefully controlled.'">!3] In order to reduce the mea-
surement error and reduce the difficulty of system control,
de Carlo proposed to introduce the anti-parity time symmetry
structure into the optical gyroscope.l'*! When the system is
subject to frequency perturbations, the system response man-
ifests itself as frequency splitting.!'>~'8] The most representa-
tive is Vahala used an on-chip non-Hermitian Brillouin gyro-
scope to collect the Earth’s rotation angular rate. The angular
random walk reached 0.068 °h~!/2, proving that a gyroscope
working near an EP can achieve both volume and accuracy

19.201 However, in practical applications, although

advantage.!
the EP gyroscope can display extremely high sensitivity, its
operating point is also very sensitive to disturbances from non-
measurement factors. Small manufacturing tolerances and ex-
ternal disturbances can cause undesirable shifts in the operat-

ing point and greatly reduce sensitivity. [>!=2!

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Therefore, Zhong et al. at Michigan Technological Uni-
versity proposed the concept of exceptional surfaces (ES)
and gave a single-cavity structure with added particles and

5.124] The measurement of particle size can coexist with

mirror:
high sensitivity and robustness. ES are composed of countless
EPs, providing additional degrees of freedom. This allows the
system operating point to wander on the exceptional surface
under the influence of manufacturing tolerances and undesired
external disturbances, ensuring that the operating point falls
stably on the exceptional point in a non-rotating state. When
the system is subject to a disturbance to be measured, the dis-
turbance to be measured pushes the operating point away from
the ES and generates a huge response. The sensitivity is still
considerable within the small disturbance range.!*! Subse-
quently, S. K. Ozdemir used experiments to prove the chirality
and perfect absorption of ES in a common single-cavity struc-
ture with a fiber optical mirror added.*®! Long added particles
and a mirror to the single-cavity structure and replaced the mir-
ror with a ring-shaped optical fiber to achieve unidirectional
coupling control of the clockwise mode and the counterclock-
wise mode.!*! In subsequent improvements, he proposed a
third-order exceptional surface, this structure can also be ex-
tended to an N-order exceptional surface.l?’! Xiao achieved
high-sensitivity angular rate detection by adding a 7 phase-
shift grating and using ES in a single microcavity structure
with a mirror.[?3! However, we found that in related research,
angular rate measurement with ES cannot determine the direc-
tion, and it is difficult to balance wide range and high accuracy.

In this paper, we add a reflection device composed of a
fiber loop mirror and a critical coupling ring resonator to the
classic exceptional surface structure, thereby realizing the fre-
quency perturbation response caused by the rotation through
the exceptional surface, making it both sensitive and robust.
At the same time, our structure supports high-sensitivity oper-
ation over a wide range.

In Section 2, we will introduce our structure in detail and
the relationship between ES and angular rate sensing. In Sec-
tion 3, we will analyze the relationship between the system’s
response and some key adjustable parameters. In Section 4, we
will introduce how our exceptional surface angular rate sensor
realizes range transformation and detection of rotation direc-
tion.

2. Model

A common structure for ES is a ring resonator coupled
to an optical fiber with a mirror at the end, and ours is no ex-
ception. In order for the structure to work on the exceptional
surface, the one-way coupling from mode 1 to mode 2 needs
to be guaranteed, but the coupling from mode 2 to mode 1
needs to be completely suppressed. Such a relationship can be

represented by a Hamilton matrix

wy—il" 0

HES - K12 o — il

ey
The eigenfrequency is obtained by wgs = @y —il". It
can be seen that when the one-way coupling from mode 2 to
mode 1 is strictly suppressed, the coupling rate from mode 1
to mode 2 does not change the characteristic frequency. In this
case, when the frequency perturbation € caused by rotation

wy+€—il” 0

Hes = K12 wy—€—il |~

@)

The eigenfrequencies are calculated and the difference
between the two eigenfrequencies is Aw = 2¢, which shows
the strong linearity similar to the conventional resonator gyro-
scope with single whispering gallery mode structure, and does
not get the square-root dependence we want, but when the uni-
directional coupling rate from mode 2 to mode 1 is changed by
AK»1, its Hamiltonian matrix can be obtained as

wy— 1" Axy

HEP - K12 o — ir |-

3)

Then we find the eigenfrequency of the matrix and obtain
the relationship wgp = @y — il" & /K12AKy,. If the unidirec-
tional coupling rate from mode 1 to mode 2 is constant, it is
obvious that the splitting trajectory is square root dependent,
so the angular rate must be directly related to the unidirec-
tional coupling rate from mode 2 to mode 1 without the angu-
lar rate affecting the unidirectional coupling rate from mode 1
to mode 2 too much. Based on this, the angular rate sensing
enhancement structure we proposed based on ES is shown in
Fig. 1, which can be roughly divided into two parts: the excep-
tional surface structure and the additional reflection structure.

For the structure of the exceptional surface, we still use
the classic single-cavity structure, which is achieved by cou-
pling the ring resonator RS to an optical fiber with an optical
loop mirror at the end. The optical loop mirror is a very simple,
reliable and variable reflectivity semi-transparent mirror. It is
composed of two port pigtails on one side of a 2 x 2 directional
fiber coupler connected together. Neglecting the loss, its ideal

reflectivity ry is determined by the coupler power separation
ratio2%-30]

™ = 4CK(] _CK)> “4)

where Cj is the coupling power ratio and the transmission
power ratio is 1 — Cy. In the ES structure, the optical loop
reflector can not only reflect the clockwise mode of the res-
onator RS to the counterclockwise mode with reflectivity rg
but also transmit a part of the light to the light output end agy

with transmissivity y/1 —r3.
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Fig. 1. Structure diagram of angular rate sensor with exceptional surface. FC: fiber coupler. PS: phase shifter. RS: rotation-sensitive resonator.
X: resonator X. VRC: variable ratio coupler. VOA: variable optical attenuator.
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Fig. 2. The relationship between the reflectivity of the variable reflectivity
device group at the resonant frequency of the rotation-sensitive ring resonator
and the rotation angular rate. In the figure we use the parameter o = 0.98. The
FC power separation ratio in both the left and right fiber loop mirrors is 85:15.
The power separation ratio of FC(1 x 2) is 50:50. The area of the resonator
RS is 0.0225 m? and the area of the resonator X is 0.011166 m?.

The additional reflection structure is composed of a res-
onator X critically coupled to the fiber loop mirror, and its
function is to reflect the counterclockwise mode of the res-
onator RS to the clockwise mode. In order to facilitate the con-
trol of the critical coupling state and subsequent research, we
used variable ratio couplers and variable optical attenuators.
It is worth mentioning that our optical fiber ring resonator X
uses half clockwise winding and half counterclockwise wind-
ing. This makes the area and number of circles enclosed in
the clockwise direction equal to the area and number of cir-
cles enclosed in the counterclockwise direction. According to
the Sagnac effect, the clockwise optical path change of such a
structure will offset the counterclockwise optical path change
in a rotating environment, so that the resonant frequency center
will not shift in frequency with rotation in both directions. On
this basis, we can obtain the relationship between the working
phase and the reflection structure (see Section 4 for detailed
derivation). Since our CCW mode is generated by the res-
onator RS, we can get the relationship between the rotation

angular rate and the reflectivity r1, at the CCW mode resonant
frequency as shown in Fig. 2. It is worth mentioning that the
reflectivity 71, includes the beam splitting ratio of the 1 x 2 cou-
pler, and the frequency shift of the modes is much smaller than
the interference frequency period caused by the 1 x 2 coupler.

The output wavelength of the laser at aj, varies linearly
under the voltage signal of the triangle wave, and the photode-
tector is connected at the position of aqy, so that the transmis-
sion spectrum can be output to the photodetector completely.
When the light is input from aj,, part of it goes into the res-
onator to produce a clockwise mode, and part of it goes into
the optical loop mirror to be reflected back into the resonator to
produce a counterclockwise mode. At the same time, the uni-
directional coupling from the clockwise mode to the counter-
clockwise mode is realized. The light then enters the variable
reflectivity device group, and then bounces back into the ring
resonator according to the reflectivity i of the corresponding
frequency, this realizes the unidirectional coupling from coun-
terclockwise mode to clockwise mode, according to which we
can list the coupled mode equations

.da . . i

1 dCtW = (A —lr)acw—‘rKlaccw—l Ke'elain, (®)]
.daccw .
IT = (A — IF)aCCW =+ Kxacw

—irgV/xe!(@20)g, (©6)

where aj, is the input signal and 0, is the phase difference be-
tween the coupler of the intermediate resonator RS and the ad-
ditional reflection structure, 6, is the phase difference between
the coupler of the intermediate resonator RS and the right
optical loop mirror. k; = r(@wccw)e? ¥k, K = rre?ifk,
A = o, — ap, Wy means scan frequency, @y is the reference
frequency of clockwise and counterclockwise modes when the
ring resonator rotates at 0. Accordingly, we can list the Hamil-
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tonian matrix of the system

Hg = | @1 ()| ™

Y) wy—il’

Obviously k» is a non-zero value. In order to form an
exceptional surface, we need to make k; = 0 at the reference
frequency @y. We can use the piezoelectric ceramic in the res-
onator X to add axial stress to the resonator X by adjusting the
driving voltage applied to the piezoelectric ceramic, so that
the resonant frequency center of resonator X coincides with
the reference frequency. Now @y also refers to the frequency
at which the resonant frequencies of ring resonator X and the
ring resonator RS coincide. The counterclockwise mode can-
not be coupled to the clockwise mode because the reflectivity
is 0. The system Hamiltonian is
wy—il” 0

Hes = K wy—il |’

®)

Let det(Hgs — wgsE) = 0, we can get the characteristic fre-
quency of wgs = @y — iI", and the corresponding character-
istic vector is (0, l)T. When the system is on the exceptional
surface, the response of the system will be directly determined
by @y. The loss I', the coupling rate k and the phase dif-
ference 0; and 6, cannot make the system break away from
the exceptional surface, this means that factors independent
of the frequency perturbation £, and the zero response of the
system will form a zero-valued surface consisting of several
exceptional points. This is also a manifestation of its robust-
ness; that is, it does not deviate from the exceptional point like
an isolated EP system when disturbed by irrelevant factors, as
shown in Fig. 3.

Real part

&Oﬂ
%)?

Tagg (1on 2Mﬂ Phase
Hz)
Imaginary part
(b) Wit
(ew#0)

Fig. 3. The response of the system when the frequency perturbation is 0 versus
not 0. (a) The real part of the response. (b) The imaginary part of the response.
The upper and lower surfaces correspond to a rotational speed of 0.5 rad/s. In
the figure we use the parameters rg = 0.714, 6; = 6, = w, a = 0.98. The FC
power separation ratio in both the left and right fiber loop mirrors is 85:15.
The power separation ratio of FC(1 x 2) is 50:50. The area of the resonator
RS is 0.0225 m? and the area of the resonator X is 0.011166 m?.

When the system is perturbed by frequency, it will have
a completely different response than other unrelated perturba-
tions. When the system is subjected to the frequency pertur-
bation caused by rotation, the effect of the perturbation on the
system can be expressed by the perturbation Hamiltonian ma-
trix
o krL(gp)e?
H:, = .
o [ g e ©)
So, the Hamiltonian matrix of the whole system is Hgs + He,,,
and the eigenfrequency is obtained by solving the problem

0L =wy— il +/K 1K + €3, (10)
Aoy =t/ KK + €2, an

where k| = r1.(€y)e* %k, K, = rre? %k, and 82, can be ig-
nored at smaller rotations, so the splitting distance AF' can be
expressed as

AF = 0, —o_ zZ\/rL(ew)rReZi(eﬁez)Kl’. (12)

The system responses at different coupling rates are
shown in Fig. 4, where the real part represents the frequency
split and the imaginary part represents the corresponding
broadening.

Real part

1513

w
Jast
= EPs
—
3—0.5
<
—1.5 0
o B2
N
jasi
‘2 EPs
3
<

Fig. 4. Curves of @4 versus angular rate for different coupling rates. (a) The
real part of the response. (b) The imaginary part of the response. In the figure
we use the parameters rg = 0.714, 6; = 6, =, oo = 0.98. The FC power
separation ratio in both the left and right fiber loop mirrors is 85:15. The
power separation ratio of FC(1 x 2) is 50:50. The area of the resonator RS is
0.0225 m? and the area of the resonator X is 0.011166 m?.

3. System response and parameters

In this section we will show the response and parameters
of the system. To understand the characteristics of the system,
we need to obtain the transfer function of the system. Ac-
cording to our system structure, we can get the relationship

084204-4
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between the output port and input port, CW mode, and CCW
mode

dout = tR(ainel(91+92> + \/EaCWele2

+VKrLacew e ?O7%) g i e G0F38)) (13)

The relationship between aqye and aj, can be obtained by com-
bining this equation with coupled mode equations, and then
the transfer function can be expressed as T = |dout/ ain|2. The
normalized transmission spectrum is then plotted as shown in
Fig. 5(a). The nonlinear response of the system to the rotat-
ing angular rate can be clearly seen. As a comparison, the 100
times response of a conventional resonant gyro of the same
size is also given. The angular rate sensing enhancement based
on the exceptional surface is more prominent at low speed. At
the same time, analyzing the transmission spectrum waveform,
we can observe that at lower rotational speeds, as the angular
rate increases, the trajectory reflects nonlinearity and its full
width at half maximum (FWHM) also has a similar trend. This
is consistent with the behaviors of the real and imaginary parts
of the characteristic frequency.

—_
o

T T T T

= Qur system response

—— 100X response of a resonant gyro

b () ]

— System response

0 % 100X OW and CCW modes of a
typical resonant, gyroscope

T (normalized)

Frequency splitting (107 Hz)
O = N W Bk G N 0 ©

0 1 2 3 4 5
Angular rate (rad/s)
3.02 T T T "
=== Qur system response
300l —— 100X response of a resonant gyro
(b)
®
T 2.98¢ i
= :s R
= 296} S b
= i o]
2.94 R - CLan|
<3 e[ & e
2.92 — —
2 —1 0 1 2
Aw (107 Hz)
2‘90 1 1 1 1
0 20 40 60 80 100

Angular rate (°/h)

Fig. 5. Comparison of the system transfer function curves at low rotational
speeds with 100 times the response of a conventional resonant gyro under the
same conditions. (a) Frequency splitting of the system at conventional angu-
lar rates. (b) FWHM variation of the system at very low angular rates. In the
figure we use the parameters rg = 0.714, 6, = 6, = ©, a = 0.98, resonator
RS loss I' = 1.55 x 107, the coupler coupling rate k = 2.4 x 10% and ref-
erence frequency @y = 193.54839 THz (corresponding to the wavelength of
1550 nm). The FC power separation ratio in both the left and right fiber loop
mirrors is 85:15. The power separation ratio of FC(1 x 2) is 50:50. The area of
the resonator RS is 0.0225 m? and the area of the resonator X is 0.011166 m?2.

In particular, when the rotational speed is very small, the
splitting distance is extremely weak and much smaller than
the mode spread, and the two modes overlap, as shown in
Fig. 5(b). As the weaker rotational speed increases slowly,
the FWHM of the transmission spectrum increases weakly.
When the splitting distance is less than half the FWHM of the
modes, the measurement of the frequency splitting changes,
and mode splitting measurements will be extremely difficult to
carry out under these conditions, and measuring the FWHM of
the transmission spectrum will be a better solution. As shown
in Fig. 5(b), at very low angular rates, our structure also has a
larger response compared to the conventional resonant gyro.

To better observe the whole trends, we plot the transfer
function under dense perturbations and normalize it. As shown
in Fig. 6, with the left mode more pronounced, the amplitude
of the right mode relatively decreases as the rotation speeds
up, but it also has the same frequency separation and broaden-
ing increasing characteristics as the left mode. The difference
between the frequency of the left mode and the frequency of
the right mode is used as a subsequent measurement and rep-
resents the response of the gyroscope.

1.0
0.8
0.6
0.4
0.2

—-1.5 -1.0-05 0 0.5 1.0 1.5
Aw (108 Hz)
Fig. 6. Top view of the 3D model generated from the variation curves

of the system transfer function over a wider range of angular rates. All
parameters are the same as in Fig. 5.

120

—
(=)
(=)

©
(=}

o~
<)

Rotating speed (rad/s)
[\ [=2)
S S

[}

By observing the characteristic frequency, we can see that
it is related to the sum of the two phases. In our system, a
phase shifter is installed next to the right optical loop mirror,
which is used to adjust the system to the optimal state. Fig-
ure 7 shows the change in system response as the phase mod-
ulator passes through a phase cycle when the left phase 0; is
7. It can be seen that the system will have the best output re-
sponse when the sum of the two phases is an integer multiple
of m. A slight phase shift weakens the system response and
increases mode broadening, and the entire system still works
normally. But if the sum of the two phases gets too close to
the odd times of 7/2, the system response will become very
weak, the mode will broaden greatly, and it will hardly work.
In the assembly of the system, it is not necessary to measure
the specific value of the left phase, but only to traverse the
phase modulator through 0—7 when the reflectivity of the vari-
able reflectivity device group is not 0, just find the phase in
which the system responds the most.
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Fig. 7. System response versus angular rate versus phase shifter. (a) The real
part of the response. (b) The imaginary part of the response. In the figure
we use the parameters rg = 0.714, k =2.4 x 108, o = 0.98. The FC power
separation ratio in both the left and right fiber loop mirrors is 85:15. The

power separation ratio of FC(1 x 2) is 50:50. The area of the resonator RS is
0.0225 m? and the area of the resonator X is 0.011166 m?.

When we adjust to the appropriate phase, the low-speed
sensitivity will be much more than the conventional resonant
gyroscope, the system sensitivity calculation method we use is

AW

We calculate and derive sensitivity curves using the same pa-
rameters, as shown in Fig. 8(a), and compare them with con-
ventional gyroscopes of the same cavity size by looking for
two line intersections (XC, YC), we can get (0, XC) optimal
rotation rate operating range.

Within this range, the response of the new structure we
have designed will be significantly improved compared to con-
ventional gyroscopes. Once it exceeds this range, it will face
lower response and nonlinear problems than conventional res-
onant gyroscopes.

In practical experiments and applications, our system will
be affected by noise, making the actual response weaker than
the theoretical value. This means that the actual sensitivity
enhancement effect decreases and the sensitivity enhancement
range shrinks. Since our system is designed as a single-input,
single-output structure, the reciprocal and environmental noise

will not be able to be canceled out by differential as in a con-
ventional resonant gyro. This causes the resonant frequency
point to deviate even before the measurement to be measured
is loaded. Also, the actual phase conditions need to be double-
checked due to these noise effects. As shown in Fig. 8(b),

we simulate the effect of noise on the sensing mechanism by
varying the position of the resonant frequency point of the res-
onator X and changing the phase sum. It can be seen that the
optimal operating range of the sensor shrinks to (0,90 rad/s)
at an offset of 0.037 of the resonance frequency point and a
phase sum offset of 0.047. Even in this environment the sen-
sitivity at low rotational speeds is still up to 11 times higher
than conventional resonant gyros. Although it is difficult to
suppress common-mode noise by differential means with this
sensor structure, the sensitivity will still be considerable with
future multiple closed-loop control.
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Fig. 8. (a) Sensitivity versus angular rate curves for a system consisting of
resonator X with different loss coefficients and as a comparison the sensitiv-
ity of a conventional resonant gyro in a straight red line. (b) Comparison of
sensitivity when the system is affected by noise and other unfavorable fac-
tors. The purple line indicates the change in sensor sensitivity with angular
rate as affected by noise or other factors with & = 0.98. In the figure we use
the parameters rg = 0.714, 6; = 6, = w and Kk = 2.4 X 108. The FC power
separation ratio in both the left and right fiber loop mirrors is 85:15. The
power separation ratio of FC(1 x 2) is 50:50. The area of the resonator RS
is 0.0225 m? and the area of the resonator X is 0.011166 m2. In particular,
the parameters of the purple curve in (b) are 6; = 6,= 1.027 and the resonant
frequency of resonator X deviates from the expected 0.037.

4. Sensing applications
4.1. Realization of wide working range
Optical gyroscopes often require different working ranges

when used in different scenarios, so it is very meaningful to
find a way to make the same optical gyroscope have high sen-

sitivity and robustness in as many scenarios as possible. From
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a theoretical point of view, we can replace both the resonator
RS and the resonator X, but frequent disassembly and assem-
bly are obviously cumbersome, so our structure is achieved
by changing the loss coefficient by adjusting the VOA of the
resonator X. Since the resonator is required to maintain criti-
cal coupling with the fiber coupler, the VRC also needs to be
adjusted simultaneously to match the coupling ratio k and the
loss coefficient o¢. This way we avoid rewinding and disas-
sembling the resonator.

For better understanding, the coupled mode equations of
a single-cavity reflection resonator are given by

by =ta; + ikoe'®b,, (15)
by = ika; +toe'®b,, (16)

where a| represents the incident end of the coupler, b; repre-
sents the transmitting end of the coupler, b, represents the cou-
pling end of the coupler, k represents the directional coupling
coefficient, f represents the transmission coefficient, K42 =
1, 0 represents the phase, & represents the loss coefficient, the
power separation ratio of 1 x 2 fiber coupler is 50:50, and r, is
the constant representing the reflectivity of the left loop mirror.

The relationship between reflectivity and phase of the
variable reflectivity devices on the left side can be obtained
by

ae'® —t
L, =V0.5|n c

areif — 1 17)

To better adapt to other types of optical systems, we set the
independent variable as the phase 8, which in our structure is
related to the rotation of the sensing fiber ring resonator and
the rotation speed

_ 8mAy
oA

where A is the area enclosed by the fiber ring resonator RS, c is

0

(18)

the speed of light, A is the wavelength, and ¥ is the rotational
angular rate.

The relationship in Fig. 9 between angular rate and re-
flectivity is given for ov = 0.98 and & = 0.90. The area of the
rotating sensing fiber ring resonator is 0.0225 and r, = 0.714.

It can be clearly seen from Fig. 9 that at the same angular
rate, & = 0.98 will have a higher reflectivity than & = 0.90
reflection structure. To achieve the same reflectivity, @ = 0.90
requires a higher rotational speed. The sensitivity change rate
of the reflection structure with o¢ = 0.90 exceeds that of the
reflection structure with @ = 0.98 at around 50 rad/s.

We substitute the reflection structures of the two loss co-
efficients into the system respectively to derive their sensitivity
versus angular rate plots under the same conditions, as shown
in Fig. 8(a). We found that its performance in terms of sensi-
tivity is the same as the performance of the sensitivity change
rate of the reflection structure. At low speeds, the loss coeffi-
cient o¢ = 0.98 will achieve higher sensitivity than o = 0.90.

At high angular rates, the system response sensitivity with loss
coefficient & = 0.98 decays very quickly. This also means that
at high angular rates, the system with ¢ = 0.90 performs more
prominently. When the loss coefficient is adjusted to oc = 0.90,
the system sensitivity only drops to the sensitivity of the reso-
nant gyroscope at a high speed of about 600 rad/s. Of course,
the structure of loading o = 0.90 reflection device group sig-
nificantly sacrifices part of the sensitivity at low speed, but this
sensitivity is still much higher than that of the conventional
resonant gyroscope. The most suitable loss coefficient can be
selected according to the actual situation.

0.6

4 =098
— a=0.90

0.5

Reflectivity
o o 9
Now o

o
il

200 —100 0 100 200
Rotating speed (rad/s)

Fig. 9. Variation curves of reflectivity with angular rate at the resonant fre-
quency of the resonator RS of the reflection device consisting of resonator X
with different loss coefficients. The FC power separation ratio in both the left
and right fiber loop mirrors is 85:15. The power separation ratio of FC(1 x 2)
is 50:50. The area of the resonator RS is 0.0225 m? and the area of the res-
onator X is 0.011166 m?.

4.2. Determine the direction of rotation

In the previous section, we only studied the angular rate
of rotation in one direction. Although it shows great value in
improving angular rate sensing, we cannot determine the di-
rection of rotation, which is fatal for an optical gyroscope. In
this section, we will analyze the system response to its two-
way rotation and demonstrate our angular rate sensor response
to be able to determine the direction of rotation without affect-
ing the above performance.

First, we draw the normalized transfer function graph of
the system under bidirectional rotation as shown in Fig. 10(a).
It is obvious that the plot is symmetrical about the x-axis,
which is quite counterintuitive.

So why can the image not be symmetric about the origin
like a normal resonator? Returning to the theoretical deriva-
tion in Section 2, we can see that on the exceptional surface,
when the one-way coupling from the counterclockwise mode
to the clockwise mode is blocked, even if the frequency is per-
turbed by rotation, the system response still does not show a
square-root characteristic; but when the frequency perturba-
tion is 0 and the one-way coupling from the counterclockwise
mode to the clockwise mode changes uniformly, the system
response shows a square-root dependence. Such a comparison
shows that our system’s push away from the exceptional sur-
face, and even the subsequent sensing, is directly dependent
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on the change in unidirectional coupling from counterclock-
wise to clockwise mode, rather than on the frequency pertur-
bation. It is just that we use this to unidirectionally couple the
counterclockwise mode to the clockwise mode, and link the re-
flectivity to the angular rate of rotation through the additional
reflection structures with the angular rate.
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Fig. 10. (a) Schematic representation of the system response as a function
of bidirectional angular rate in the vicinity of @y. (b) Schematic represen-
tation of the system response as a function of bidirectional angular rate in
the vicinity of @y + FSRx. In the figure we use the parameters rg = 0.714,
6 = 6, = 7, o = 0.98, resonator RS loss I" = 1.55 x 107, the coupler cou-
pling rate k = 2.4 x 10% and reference frequency wy = 193.54839 THz (cor-
responding to the wavelength of 1550 nm). The FC power separation ratio in
both the left and right fiber loop mirrors is 85:15. The power separation ratio
of FC(1 x 2) is 50:50. The area of the resonator RS is 0.0225 m? and the area
of the resonator X is 0.011166 m?.

We observe the blue curve in Fig. 2, which is symmet-
ric in CW rotation and CCW rotation. The x-axis symmetry
shown in Fig. 10(a) shows the symmetry of the reflectivity in
both CW and CCW rotation.

To distinguish the direction of rotation, we can focus on
the next resonant frequency point of the ring resonator X be-
cause the area of the fiber ring resonator RS is 2.015 times that
of the ring resonator X, the resonant frequency of the fiber ring
resonator RS is 0.037 to the previous frequency point of the
ring resonator X, and the relationship between the reflectivity
and the angular rate is shown by the orange curve in Fig. 2.

Then, we substitute the relationship between reflectivity
and rotational angular rate into the transfer function formula,
and obtain the sensor response of the next cycle as shown in
Fig. 10(b).

It can be seen that the image in Fig. 10(b) seems to be
shifted on the rotational speed axis of Fig. 10(a). As shown

in Fig. 2 near @y + FSRy, the resonant frequencies of the ring
resonator X and the ring resonator RS do not coincide. There-
fore, when the angular rate is 0, the reflectivity corresponding
to its characteristic frequency is not 0, which results in a con-
siderable response of the system near @+ FSRx when it is not
rotating. We will use the resulting asymmetry to determine the
direction. We use FPGA and MCU to capture the system re-
sponse near @y and @y + FSRx in real time and convert it to
angular rate. When we capture that the angular rate increases
from 0, the system response change trend near @y + FSRx will
have two possibilities: increase or decrease, corresponding to
rotation in two directions respectively.

Since the resonance curve of the ring resonator X is pe-
riodic under small wavelength changes, its system responses
near @y and @y + FSRx should have the same linear change
trend, although they correspond to different angular veloci-
ties. We can approximate the sensitivity of this method to de-
termine the direction of rotation by using the sensitivity near
50 rad/s. Its sensitivity is about 30 times that of conventional
resonant gyroscopes. When the ring resonator is replaced with
a = 0.90 in Subsection 4.1, its sensitivity near 50 rad/s will
be higher, so our judgement method does not conflict with the
fast switching working range in Subsection 4.1.

5. Conclusion and perspectives

We propose a new exceptional surface angular rate sensor
structure, which overcomes the disadvantages of conventional
resonant gyroscopes that cannot have both sensitivity and vol-
ume advantages, and solves the problem that the gyro operat-
ing point of an isolated EP is susceptible to external unmea-
sured disturbances. At the same time, we cleverly make the
rotation push the system working point away from the excep-
tional surface. By analyzing the system’s characteristic fre-
quencies and transfer functions, we optimized the parameters.
It is concluded that under these parameters, our exceptional
surface angular rate sensor has achieved a high sensitivity that
is approximately 300 times that of the conventional resonant
gyroscope at low speed. Then, we analyzed the resolution of
the rotation direction and the adjustment of the working range
at the application level, so that the sensitivity can still be bet-
ter than the conventional resonant gyroscope at a high speed
of 600 rad/s. This makes up for the shortcomings of existing
similar models that cannot distinguish the direction of rotation
and have a small working range. Our new structure provides
new ideas for the development of non-Hermitian gyroscopes,
making it possible for exceptional surface angular rate sensors
to take into account both sensitivity and working range.

Appendix A: Primary experimental evidence

Here we give primary experimental validation results of
additional reflection structures and exceptional surface struc-
tures, respectively. We perform a simple preliminary verifica-
tion of the theoretical model through these experiments.
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Fig. A1. Experimental validation of additional reflection structure.

(a) Schematic diagram of the experimental setup. X: resonator X length
2.2 meters. ISO: isolator. C: circulator. FC1: fiber coupler with 50:50
power separation ratio. FC2: fiber coupler with 80:20 power separation
ratio. PD: photodetector. (b) Diagram of the experimental results. The
red line is the voltage signal loaded on the laser. Vpp (peak-to-peak
voltage): 7 V. Frequency: 30 Hz.

We use a tuneable laser operating mainly in the 1550 nm
band. A triangular wave is loaded on the laser through the
signal generator output (red curve in Fig. A1(b)), and the out-
put wavelength of the laser varies linearly and periodically
under the voltage signal of the triangular wave. By scanning
the wavelength in this way, we obtain a curve of the reflected
power as a function of time (wavelength), as shown by the
blue curve in Fig. A1(b). We can observe that the reflected

light intensity obtained at different frequencies exhibits a clear
Lorentzian line shape, which is consistent with our theoretical
derivation in Section 2. In addition to the requirement that the
reflectivity exhibits a Lorentzian line shape with frequency,
our theory also requires that the resonator X is in a critically
coupled state. We obtained that the resonance depth of the
resonator X under the experimental conditions at this time is
99.86% by analyzing the data, which can basically be consid-
ered as critically coupled.

Then, we explore the nonlinear response of the excep-
tional surface. As shown in Fig. A2(a), we built the excep-
tional surface structure in Section 2 and prompted the response
of the exceptional surface structure with the left optical loop
mirror. We did a set of control experiments with the light path
without adding the left optical loop mirror (left reflectivity 0),
the light path with the optical loop mirror with the coupler FC5
added as 99:1 (left reflectivity 0.199), and the light path with
the optical loop mirror with the coupler FC6 added as 90:10
(left reflectivity 0.6). Slightly different from Section 3, the
resonator RS in our experiment is lossy, which does not affect
the preliminary validation results. As shown in Fig. A2(b),
we can find that under such phase conditions and resonator
conditions, with the increase of unidirectional coupling, a new
mode is gradually generated on the left side of the spectral line,
which has a very small change in amplitude compared to the
mode on the right side. Moreover, the tendency of increasing
splitting distance becomes smaller with increasing reflectivity,
which verifies the nonlinear response of the exceptional sur-
face and shows that sensitive enhancement can be realized.

(b)
T 1.2 T T T
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~~~ 1 1
~ 0.005¢ o] 4 = A
z S 0.8} ' E '
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Frequency (MHz)

Fig. A2. Experimental validation of the exceptional surface nonlinear response. (a) Schematic of the control experimental setup. ISO: isolator.
RS: rotation-sensitive resonator length 2 meters. FC3: fiber coupler with 80:20 power separation ratio. FC4: fiber coupler with 90:10 power
separation ratio. FC5: fiber coupler with 99:1 power separation ratio. FC6: fiber coupler with 90:10 power separation ratio. The phase sum
between the optical loop mirrors was controlled to be around 1.657. PD2: photodetector. (b) Experimental results diagrams demodulated from

Frequency (MHz)
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