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Abstract

Integrated optical gyroscopes are urgently required in different fields where
space occupation and weight need to be minimized. However, in the state-
of-the-art ring optical gyroscopes, Sagnac resonance splitting is proportional
to the radius of the resonator, making it impossible to design an integrated
gyroscope for high-resolution requirements. The enhancement of the sensi-
tivity and the improvement in the limit of detection enabled by exceptional
points has been already experimentally proved for parity-time-symmetric gy-
roscopes. Anti-parity-time-symmetric gyroscopes have been demonstrated to
show even better performance, exhibiting a real eigenfrequency splitting, that
can be easily measured. Here we present, for the first time, a resonator-bus-
resonator anti-parity-time-symmetric integrated optical gyroscope designed
on InP platform. This completely new architecture critically reduces the
fabrication tolerance problems. The proposed configuration makes the gy-
roscope robust against the external perturbations that would make previous
designs exit the anti-PT-symmetric condition. Moreover, this new architec-
ture enables an electrical fine-tuning method for setting the system at the
exceptional point. Finally, a time domain analysis is performed in this work,
using the Fast Fourier Transform, to demonstrate the ease of its readout.

1. Introduction

The necessity of integrated optical gyroscopes for aerospace and consumer
electronics applications is still an unsolved challenge. Ring laser gyroscopes
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(RLGs) and interferometric fiber optic gyroscopes (IFOGs) are the commer-
cial solutions for tactile grade gyroscopes. They are based on the relativistic
Sagnac effect. However, the phase shift measured in RLGs and IFOGs, due
to the Sagnac cffect, is proportional to the linecar dimensions of the device.
This is why integrated optical gyroscopes are still an open challenge [1]. For
applications where space and weight need to be reduced, as in aerospace or
consumer electronics, an integrated solution is urgently required [2].

Khial et al. [3] have demonstrated an integrated nanophotonic optical
gyroscope by exploiting the reciprocity of passive optical networks to reduce
thermal fluctuations and mismatches. A 3-nrad phase shift has been iden-
tified between two counterpropagating optical beams on a 2-mm?-footprint
on silicon platform [3]. Thanks to several coils of silicon waveguides, Wu
et al. [2] demonstrated a silicon integrated interferometric gyroscope with
a sensitivity of 51.3 deg /s on a footprint of 600 pum x 700um. Long-range
surface plasmon-polariton (LRSPP) active resonator has been theoretically
predicted to have a sensitivity of 10~* deg /h [4].

However, the challenge for integrated gyroscopes for aerospace and con-
sumer electronics applications is still open, requiring a new sensing principle,
able to overcome the limitation of the Sagnac effect. Recently, non-Hermitian
systems have been investigated in different fields for the interesting prop-
erty of the enhanced sensitivity near their exceptional points. Since Bender
et al. discovered that non-Hermitian Hamiltonians with parity-time (PT)
symmetry have real spectra [5, 6], a lot of research has been carried out
in optoelectronics [7], dealing with plasmonics [8], nanobeam cavities [9],
whispering-gallery modes [10], coupled optical waveguides [11, 12], optome-
chanics [13, 14] and lasers at the exceptional point [15]. The advantage of
exceptional points in PT-symmetric gyroscopes has been widely theoretically
investigated [16, 17, 18, 19, 20]. The enhancement of spectral splitting due
to mechanical rotation has been recently experimentally demonstrated on a
Brillouin-based optical gyroscope working at the exceptional point [21] and
on an RLG-based single-cavity parity-time-symmetric gyroscope [22]. In [23]
the splitting between the eigenfrequencies of a PT-symmetric gyroscope has
been shown to be complex [23], thus implying instability and difficulties in the
readout. A valid alternative shown in [24] is the anti-parity-time-symmetric
gyroscope, exhibiting a real splitting independent of the dimension of the de-
vice. The first anti-parity-time-symmetric gyroscope proposed in [24] needs
high fabrication accuracy in the length of the U-shaped coupling waveguide,
in order to keep the system at the exceptional point. Moreover, a relative



error on the optical length of the U-shaped waveguide (due to thermal fluc-
tuation) would vanish all the advantages of anti-parity-time symmetry. The
solution proposed in [24] requires high fabrication resolution and a feedback
control on the U-shaped coupling bus in order to keep the system at the
anti-PT-symmetric condition. In fact, the optical length of the two arms of
the U-shaped waveguide are required to be an exact integer multiple of the
design wavelength. However, on a length of several tens of microns, it is easy
that a small relative error on that length or a small external perturbation
could cause the coupling strength between the two cavities to become gener-
ally complex, thus exiting the anti-PT-symmetric condition. Due to the high
sensitivity of exceptional points to external perturbations, minimizing the
effect of all the parameters that could affect the exceptional point condition
becomes a priority in the design of these devices.

Here we aim to overcome these problems, in order to make the system sta-
ble and easy to be implemented. Thanks to the use of one straight waveguide
between two resonators, we can design an anti-parity-time symmetric gyro-
scope, much more stable and realistically implementable. Here we present
a completely new architecture for anti-PT-symmetric optical sensors, also
suitable for optical gyroscopes, and we show the design rules for its imple-
mentation on a standard InP platform. The solution here proposed will avoid
any problem related to the constraints on the fabrication accuracy related
to the length of the U-shaped auxiliary waveguide in [24]. Moreover, this
new proposal will avoid the necessity of a feedback control on the optical
length of that coupling waveguide. Finally, the solution proposed here will
enable an external electrical control on the coupling strength between the two
sensing resonators. As in the PT-symmetric gyroscopes, the lock-in effect is
completely overcome thanks to the unidirectionality of light in the device.

2. Indirect-coupling anti-parity-time-symmetric optical systems

Parity-time-symmetric Hamiltonians have attracted attention in the field
of optics for the interesting property of the phase transition at the exceptional
points [10], which can be exploited for sensing applications. A generic system
is PT-symmetric provided that its Hamiltonian H remains the same under
the parity reflection (P) and the time reversal (T') operations (PTH = H),
whereas an anti-PT-symmetric system complies with PTH = —H [25]. An
anti-PT-symmetric Hamiltonian for two coupled optical resonators is usually



Figure 1: Indirect-coupling anti-parity-time-symmetric optical system.

written as: s ’

H = Q_j/i JY %jf jﬁ}/ (1)
where wy 5 is the isolated resonance of the two resonators, +' is the inverse

of the photon lifetime in the ring and « is the coupling strength between the

two resonators. In order to satisfy the anticommutation relation (PTﬁ =

—H ), the coupling strength, x, needs to be a real value.

Recently, a configuration for an anti-parity-time symmetric-gyroscope has
been proposed in [24], which requires an indirect coupling between optical
resonators. The gyroscope in [24] shows some limitations due to fabrication
tolerance constraints and the instability with respect to external perturba-
tions. In fact, the solution for the indirect coupling proposed in [24] makes use
of a U-shaped waveguide to couple two resonators. However, in such solution,
the coupling strength, s, is a function of the length of the U-shaped waveg-
uide. Fabrication errors and mismatches between the length of the arms of
the U-shaped waveguide could ecasily make the coupling strength non-real.
Also temperature fluctuations would change the optical length of the auxil-
iary waveguide (influencing its effective index). This would cause the system
to exit the anti-PT symmetric condition (non-real x implies PTH =+ —H )
vanishing all the advantages of exceptional points. Consequently, a feedback
loop to control the phase of the optical path in the two arms of the U-shaped



waveguide would be necessary. Moreover, even in the presence of a feed-
back control, the phase of the coupling strength would still be wavelength
dependent, allowing the anti-PT-symmetric condition to be achicved only at
one single wavelength, thus worsening the sensitivity. In the present work
we aim to design an indirectly-coupled-resonators anti-parity-time-symmetric
optical gyroscope making use of only one auxiliary waveguide able to keep the
anti-PT-symmetric condition without external feedback. With the proposed
design, we can avoid any problem in terms of design and fabrication errors
over the length of the auxiliary waveguides and be robust against external
perturbations on the coupling strength. In order to achieve this goal, we
propose the use of a resonator-bus-resonator coupler.

To demonstrate the feasibility of the device, we will show a solution com-
patible with the InP platform. The proposed device is shown in Figure 1,
where s;,, is the input signal, s, is the output signal, L; 5 is the length of the
straight part of each racetrack resonator and R; s is the radius of the bent
part of the racetrack resonator, 7;; ;2 is the inverse of the photon lifetime in
each isolated resonator (net value of the intrinsic loss and the applied exter-
nal gain) and (2 is the angular velocity of the frame of the device. Equation
2 describes the energy exchanges between the optical modes a; and a, inside
the two resonators in the time domain [26, 27]:

— =(w—v-T)a+jiu" s (2)

Sout = Sin + jll'a’ (3)
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The term w; o represents the resonance angular frequency of each iso-
lated resonator, I' is the decay rate matrix (it takes into account the energy
exchange between the resonators and will be evaluated by using energy con-
servation observations), and p » is the coupling strength between the central
bus and each resonator and can be evaluated as follows [28]:

with

(4)
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with n?, the fraction of coupled power across the corresponding coupler
and with p; o a real positive term for two identical coupled waveguides.

As shown in [26] the terms p and T' can be related using power conser-
vation. Since the overall power is being conserved, we can evaluate I', when

all the other sources of loss are neglected and in the absence of input signal
[26]:

d(at
% + 8hsou = —2a'Ta + alpfpa = 0 (6)

where the symbol | represents the conjugate transpose. We can now obtain
the expression of the matrix I':

1 LI g pap
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After defining 7], = (%’,2 + %) and £ = i f12/2, we can rewrite Eq. 2
as:

da . :

da . :
d_tg = jwalg — 'yéag — Ka1 + JU2Sin (9)
For wy # wq, 7/ = 7] = 73, after a simple variable change (a12 =

ap0e 9%t with wg = (w; + ws)/2) the system is found to be anti-parity-
time-symmetric, and we can use this device to design an anti-parity-time-
symmetric gyroscope. We will continue to refer to equations 8 and 9, since
the properties of the eigenfrequencies remains the same without the variable
change.

Since the anti-parity-time-symmetric condition has been obtained start-
ing from architectural considerations, without assumptions on the wave-
length, it is a wavelength-independent condition.

So, we have been able to propose an anti-parity-time-symmetric optical
system with a single auxiliary coupling waveguide (central bus), without any
requirements on its length accuracy. While in [24] an error in the coupling



strength could easily make the system exit the anti-PT-symmetric condition
(PT]:I + H ), in this new architecture, the coupling strength is forced to
be real by design. Moreover, differently from [24], the anti-PT-symmetric
condition is achieved independently of the wavelength, (thus guarantecing a
better sensitivity).

3. Anti-PT-symmetric gyroscope

3.1. Ewgenfrequency splitting

In order to evaluate the performances of the proposed device, we will
evaluate the effect of the perturbation on the isolated resonances of the two
resonators due to the rotation of the device. According to the Sagnac effect,
the resonance frequency shift of a single isolated rotating optical resonator
with respect to a rest condition is [29]:

47TAIQ
AB”CH
where A is the wavelength in vacuum, P; and A; are the perimeter and
the enclosed area of the i-th resonator, n.g is the effective index of the optical
waveguides and € is the angular velocity of the frame.
The eigenfrequencies of the anti-PT-symmetric system described by Egs.
8 and 9 are easily found to be:

wi +w Y1+ 7 W —wy\’
Waptys = 12 2+j"712’72i\/< 12 2) _ 2 (11)

When the eigenfrequencies coalesce, the system is said to be at the ex-
ceptional point (Jw; — we| = 2k).

Since k is a function of the wavelength, the condition of the exceptional
point is rigorously verified only for a single wavelength. Practically, we need
to verify Eq. 11 only at the central wavelength A\g = 27c/wq (with ¢ the speed
of light). This can be experimentally achieved by fine-tuning the coupling
strength x (see paragraph 3.3).

If the system is designed to work around its exceptional point at rest
condition (2 = 0), for Q # 0 the eigenfrequencies become:

W)+ w . T
prl,z = : 9 = +j/)/ + ’%Awﬂ (12)

Awg; =+ (10)
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Eq. 12 clarifies why it is necessary to have w; # wq. In case of wy = wy, it
would be necessary to have k = 0 to verify the condition of the exceptional
point, leading to a null sensitivity (see Eq. 12). With w; = ws, a degener-
ated case of an anti-PT-symmetry would be obtained instead, suitable for
exceptional surface systems [30, 31].

Recalling from [28] that ,uiQ is proportional to the fraction of the power
coupled from the bus to the ring (77 ,) and to the inverse of the length of the
cavity (u7, = 77%2%), we can define the geometrical parameter:

A 2Ri/L + m(R;/L;)?

with R; and L; the radius of curvature and the length of the straight waveg-
uide of the racetrack resonator (see Figure 1). Starting from Eq. 13 and
using Eq. 14 and Eq. 5, we can obtain:

4
Awgp ~ ,/%59 (15)
eff

where £ = & = & (in the realistic hypotheses of A; = A; and P, =~ P,).

As in the PT-symmetric gyroscope in [23] and in the anti-PT-symmetric
gyroscope in [24], the eigenfrequency splitting has been demonstrated to be
independent of the area occupied by the device, once the shape has been
fixed (constant ratio R;/L;, corresponding to a fixed value of £) and for fixed
values of n; and 7,. In this way, the limitation of the Sagnac splitting is
overcome. As in the PT-symmetric case, the splitting is proportional to v/,
thus leading to enhanced sensitivity in the proximity of the exceptional point.

& (14)

3.2. Stability, noise and detectivity

In this paragraph we want to underline that the proposed anti-PT-symmetric
gyroscope has the important advantage over the PT-symmetric counterpart
of exhibiting a real splitting, differently from the complex splitting in the P'T-
symmetric gyroscope (Awpr gp = (1 +j)vKkAwg, with & the direct coupling
strength between the two resonators [23]). The real splitting of the anti-PT-
symmetric gyroscope can be easily read through the beating frequency at the
output of the photoreceiver. The real splitting has an important consequence



PT quasi-PT anti-PT

Im{w} parity-time: Im{w} quasi-parity-time: Im{w)  anti-parity-time:

resonance perturbation resonance perturbation resonance perturbation

@,/ @
@~ v
Re{w} Re{w} Re{w}
instability

Isewel?  parity-time: Isouel>  quasi-parity-time: Isouel?  anti-parity-time:

resonance perturbation resonance perturbation resonance perturbation

(0] w w

Table 1: PT vs quasi-PT vs anti-PT analysis

on the stability analysis, as it has been already demonstrated in [32]. In or-
der to analyze the stability of the proposed gyroscope, we need to perform
a time-domain analysis. The time behavior of the modes in the cavities is
easily found in the time domain, by using the eigenfrequencies in Eq. 12 [33]:

a1y~ P2 = (P EVRRR )=t (16)

)

these two modes are both stable (for a positive value of Awg), because real
part of the argument of the exponential term is negative. For the opposite
sense of rotation (negative value of Awg), it would be sufficient to invert the
input and the output signals, in order to prevent instability.

Whereas, in the PT-symmetric case,

~ SJWPT.EP| 5 _ jwo ,EtVEAwg
A1 9p, R € 12 = /e : (17)

the square root term leads to a divergent mode, making the system always
unstable. A possible solution to this problem would be to make the system
quasi-PT-symmetric, with a negative average gain of the resonators (7] +74 <
0), by adding a common loss to both the resonators. However, since the
cigenfrequency splitting is complex, the readout system would be difficult as
shown in [32] (sec Table 1).

The performed stability analysis has an important consequence on the
noise influence on the sensor. A small perturbation, for example noise, ap-
plied to any of the parameters of the PT-symmetric gyroscope has drastic

9



consequences on the stability of the system, even in unperturbed conditions.
In fact, noise would casily make one of the cigenfrequencies cross the real
frequency axis, thus leading to instability as shown in [34]. In this perspec-
tive, the superiority of the anti-PT-symmetric gyroscope with respect to the
PT-counterpart is also related to the distance of the eigenfrequencies of the
anti-PT-symmetric systems from the real axis of frequency.

A well-known drawback of exceptional-point based sensors is represented
by the accuracy necessary for approaching the exceptional point [34]. It is
easy to show that if the system is not exactly at the exceptional point at rest
condition, Eq. 12 holds until the perturbation to be sensed is much higher
than the error in the exceptional point condition (dgp):

2
W1 — W2 2
<—2 > + K

The minimum detectable angular velocity should satisfy the condition in
Eq. 18. So, we can give an estimation of the minimum detectable angular
velocity by considering the right term of the inequality in Eq. 18 ten times
greater than dgp, leading to:

5EP = << ‘HAWQ‘ . (18)

Qi o el 5 (19)
woT 72§

In this perspective, in exceptional-point-based sensors the detectivity is
determined by the resolution of a feedback loop in controlling the isolated
resonances of the resonators (w; and wq) or the coupling strength (k). We
want to underline that in this architecture x is forced to be a real value,
thus making it necessary only to have one feedback control on its absolute
value (shown in the next paragraph). Whereas, in [24] two simultaneous
feedback controls, both on the phase and on the absolute value of the coupling
strength, are necessary.

3.3. Coupling strength control

We want to underline that, using a single straight waveguide (central
bus) to couple two resonators has an important advantage. When using the
U-shaped configuration [24] or two coupling waveguides [35], an error on
the length of the coupling waveguides could not only increase the difficulty
in approaching the exceptional point condition (worsening the detectivity
of the device), but could also cause the coupling strength and, consequently,

10
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Figure 2: Design proposal for an optical anti-parity-time-symmetric optical gyroscope on
InP platform.

the eigenfrequency splitting to become generically complex, thus denying the
anti-PT symmetry. The resonator-bus-resonator coupler ensures much more
reliability and control over the coupling strength of the system, by keeping
the value of x? real. Moreover, the proposed structure enables an easy way
to clectrically fine tune the system around the exceptional point, through the
control of the loss/gain in the coupling region and the consequent variation
of the coupling strength.

In the previous paragraph the coupling mechanism has been supposed
to be lossless, however, when considering a lossy (or with gain) coupler, an
additional source of loss (or gain, with negative sign) should be accounted in

/
T.2

2 2

i 1
7172 = ( 72 + dd,1,2 + 1,2 (20)

2 2

where:
2
2 Xl QUSI

= 2% 21
/“'LaddLQ (27TR172) ( )

with X%,g the fraction of power lost in the coupling region,
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3.4. Readout

The device output can be read using both wavelength interrogation and
amplitude interrogation. In the first case, a narrow-linewidth laser should be
used as input and a photoreceiver to read the output s,,;. Simple electronics
can be used to process the output and read the splitting, from the opti-
cal spectrum. Instead, for the amplitude interrogation, a broadband source
(sufficiently broad to cover the range of wavelengths of interest around the
central angular frequency wg, but not the adjacent central resonances) can
be used as input. In particular, reading a photoreceiver at the output port
would generate a photocurrent proportional to the incident optical power.
By approximating the two peaks of the output response as two perfect sine
curves at angular frequencies wgp; and wrps, and considering the effect of a
photoreceiver as a low pass filtering of the optical power, we obtain a cosine
at angular frequency wgpi — wgpe in the electrical signal generated at the
photodetector:

[sin(wepat) + sin(wgpat)]? LPT, cos[(wpp1 — wrpa)t]. (22)

A careful reader could have noticed that the frequency splitting in Eq.
12 is real only when Awg, is positive (corresponding to an angular velocity
that increases w; and decreases wy). When the gyroscope is rotating in the
opposite direction, Awqn becomes negative and the splitting is imaginary and
the splitting is not appreciable on the output spectrum anymore. In this
case, making the light flow into the device in the opposite direction would
make Awgq positive again. So, injecting the input signal at the output port,
and reading the output at the input port, would make it possible to detect
angular velocities in the opposite direction, as well. By redirecting light in
opposite directions in the device at a frequency much faster than Awgq could
be helpful to detect both positive and negative angular velocities.

4. Design and results

In this section, we show our proposal for integrating the anti-parity-time-
symmetric gyroscope on an InP platform. The proposed architecture is shown
in Fig. 2 and will be explained in the following paragraphs.

4.1. Cross-section design
Here we list the material composition and the thickness of each layer of
the cross-section in Fig. 3a (where the symbols in brackets represent the

12
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Figure 3: (a) Normalized electric field and cross-section of the waveguide adopted in all
the regions of the integrated gyroscope. (b) Material gain of InGaAsP as a function of the
density of the injected carriers, obtained with the model in [37]. The marked dots in the
legend represent the values of the carrier density, used in the design of the coupler.

type of doping), with the corresponding p-type (p) or n-type (n) doping
concentration and material refractive index (RI):

e InP-p (1000 nm, p = 1.5 x 10*® cm™3, RI = 3.17)

InP-p (250 nm, p = 8 x 107 em ™3, RI = 3.17)

InP-p (150 nm, p = 5 x 107 em ™3, RI = 3.17)

InovﬁGaOV4ASO‘85PO~15 (250 nm, RI = 3.50 [36])

InP-n (1000 nm, n =1 x 10"® ¢cm™3, RI = 3.17)

The material gain of the InGaAsP has been evaluated using the semi-
empirical model proposed in [37], using the parameters used in the simulation
tool (Table I of [37]). The predicted material gain as a function of the carrier
density for a wavelength of 1.55 pum is shown in Figure 3b. The material
gain has been converted into the extinction coefficient (k, imaginary part of
the refractive index) of the gain region of the cross-section according to the
relation (k = g, A/4m). This value has been used for the simulation of the
coupler. Once the confinement factor I'j; = 55,59% has been evaluated, the
net gain can be calculated as v; = —I'yg,,, (by considering the other materials
as lossless).

Figure 3a shows the cross-section of the InP waveguide, common to all
the waveguides and the resonators of the designed gyroscope, including the
central coupling waveguide. The width of the rib is 1.5 um.

13
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Figure 4: Coupling efficiency 7, o for different values of the material gain of the InGaAsP
coupling region (gm,c), corresponding to the carrier density N marked in Fig. 3b.

4.2. Coupler design

After that, we designed the coupling region with a propagator software.
The gap between the edges of the rib has been set to 1 um. The value of
M2 can be obtained by evaluating the fraction of power coupled from the
racetrack to the auxiliary waveguide (same in the opposite direction). After
that, Eq. 5 can be used to compute ji1 5. It should be noted that the coupling
region can be electrically isolated from the rest of the device (by means of
an undoped region in between), in order to make it possible to control the
coupling strength by tuning the gain in the coupling region, separately from
the gain of the two resonators (Figure 2). In fact, by controlling the gain in
the coupling region, while compensating the losses of the InGaAsP material,
it is possible to control the quantity 7, ». Figure 4 shows the coupling power
cocfficient for different carrier injection level in the coupling region, varying
with the length of the straight coupling region.

According to simulations, for a InGaAsP material gain ranging from -
194.69 to 0 cm™! (corresponding to a carrier injection ranging from 2.323 x
107 to 6.465 x 10'7 cm™3, see Fig. 3b), the coupled power fraction at L; =
Ly = 120pm goes from less than 5% to 51%. This means having a wide range

14



of tunability for k. The value of the gain is negative, because we only use
carrier injection to partially compensate the losses due to absorption up to
the transparency condition. The cross-sections of the waveguides have been
designed in order to keep the cross coupling from the waveguide of the first
ring and the waveguide of the second ring at least two orders of magnitude
lower than the direct coupling of both the waveguides with the central one.

4.3. Gyroscope design

For evaluating the performances of the device, we designed it at the ex-
ceptional point. The values chosen for the simulations are summarized in
Table 2.

Parameter Value

Nefy 3.268

Ry 50pm

Ry 50.6pum
Ly 120pm

Loy 120pm

v 5 x 10* rad/s
V% 5 x 10* rad/s

Table 2: Parameters used in the simulations

In particular, once the isolated eigenfrequencies w; and wy have been
calculated, by using the effective index (value in Table 2) and the lengths of
the perimeters of the racetracks (P o = 27 Ry 2+2L1 2), the coupling strength
k has been designed as:

K= |w —wa|/2 (23)

Once the value of k has been obtained (k = 3.15 x 10 rad/s), it is
possible to evaluate p; and o, using Eq. 5, recalling that £ = pipus/2,
with the assumption 7 = 79 (symmetrical coupler). We obtained p; ~
2.515 x 10°(rad/s)"/? and po ~ 2.506 x 10°(rad/s)*/? (n}, ~ 0.3818).

It could be helpful to estimate the internal gain of the resonators (-
Yi12), although they will be experimentally tuned with a feedback control
on the resonance linewidth. Using the value of Y12 in Table 2, neglecting
Midd,l.Q /2 (since the coupler is designed near transparency), and using the
calculated values for p; and pe, we obtain Yi1 = —3.1622 x 10'° rad/s and
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Figure 5: (a) Spectrum of the output signal of the gyroscope as a function of the angular
velocity and of the frequency detuning from wy. (b) Splitting as a function of the angular
velocity

via = —3.1408 x 10 rad/s, corresponding to power gains per length of
6.89 cm~! and 6.84 em ™!, respectively. It should be noted that these values
are approximated, arising from a simplified model. They should be helpful
in the design of the device, but the external experimental tuning would be
important to place the device at the exceptional point.

The results of the output spectrum (|s,,|?) are shown in Figure 5a. Figure
5b shows the eigenfrequency splitting as a function of the angular velocity of
the proposed anti-PT-symmetric gyroscope compared to the classical Sagnac
splitting on a single resonator of the same dimensions of one of the designed
resonators. The performance obtained with the new proposed resonator-
bus-resonator configuration is comparable with that obtained in [24]. In
fact, equations 8-9 are formally equivalent to those describing the anti-PT-
symmetric gyroscope in [24]. So, provided that the coupling strengths are the
same, the same sensitivity can be achieved, with an enormous advantage from
the fabrication point of view, and for the stability with respect to external
perturbations.

Finally, figures 6a and 6b show the time behavior of output optical power
|sout]? Tead at a photodetector for a pulsed input s;,. In particular, a Gaus-
sian pulse modulating an optical carrier at an angular frequency wg has been
simulated, with a standard deviation of 1 us and with the peak of the pulse
centered at t = 1.8 pus. In this way, it is easy to appreciate that the system
is stable and that it would be possible to extract the angular velocity of the
gyroscope using some basic signal processing. The two graphs have been ob-
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Figure 6: (a) Normalized real part of the output signal s,y in the time domain for an
input Gaussian pulse s;,,. (b) Normalized |syy¢|? in the time domain for an input Gaussian
pulse s;,, representing the average optical power at the photoreceiver.

tained as the real part and the squared absolute value of the inverse Fourier
Fast Transformation of the output signal.

5. Conclusions

We showed a new architecture for an anti-PT-symmetric integrated op-
tical gyroscope. The gyroscope is realized using two resonators, indirectly
coupled by means of one straight auxiliary waveguide. With respect to the
previously proposed anti-PT-symmetric gyroscope, the use of only one auxil-
iary waveguide (central bus) makes the anti-PT-symmetric condition robust
against external perturbations and verified for a wide range of wavelengths.
Moreover, the sensitivity of the gyroscope has been demonstrated to be in-
dependent of the dimensions of the device, even for racetrack resonators.
Such a conclusion represents noticeable progress with respect to the classical
Sagnac effect, limited by the dependence of the sensitivity on the radius of
the ring resonator.

As a result, the device shows an incredibly enhanced sensitivity with
respect to the classical Sagnac effect on a device of the same dimensions: the
sensitivity of an anti-PT-symmetric micrometric gyroscope could be several
orders of magnitude higher than a classical Sagnac gyroscope.

Our solution seems to be much more suitable for angular velocity sensing
than the PT-symmetric gyroscope. In fact, the anti-PT-symmetric gyro-
scope exhibits a real resonance splitting, with respect to the PT-symmetric
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one.

We showed that the anti-PT-symmetric is a suitable configuration for

a stable gyroscope with a simple readout, whereas making a PT-symmetric
gyroscope stable would cause difficulties in the electronic readout. Finally,
we believe that the device we modeled could pave the way to a new gen-
eration of integrated optical gyroscopes, breaking the limit of micrometric
dimensions.
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