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Asymmetric modal coupling in a passive resonator towards integrated isolators
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Asymmetric response is essential to form a nonlinearity-based nonreciprocal device. Here, we studied the
asymmetric modal coupling in a passive resonator driven by the nonconservative coupling add-drop filter
(NCC-ADF). When light is incident from either port, the proposed configuration can selectively excite su-
permodes and realize an asymmetric stored optical energy in the passive resonators. Such asymmetry can be
tuned on demand by varying the amplitude and phase delay of the mirror system. Furthermore, by introducing
the thermal-optic nonlinearity effect in the proposed configuration, an optical isolator with low-power and
broadband nonreciprocal optical transmission can be realized. The linear and nonlinear mode dynamics in
the NCC-ADF configuration with asymmetric modal couplings were effectively described through a temporal
coupled mode theory. The theoretical result will find potential application in on-chip integrated isolators as well

as microcavity-based applications.
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I. INTRODUCTION

Nonreciprocal components are critical to control optical
signal routing, which is important in realizing large-scale
and complex photonic integrated circuits (PICs) [1,2]. The
central concept of realizing optical nonreciprocity is to break
the Lorentz reciprocity theorem [3] through one of the
three approaches: magneto-optic effect [4—6],active-driven
modulation [7-9], or optical nonlinearity [10—13]. Faraday
magneto-optic effect has been widely used in free-space and
fiber-based communication systems, yet their on-chip inte-
gration has been challenging due to its incompatibility with
complementary metal oxide semiconductor (CMOS) fabrica-
tion [9]. Approaches based on the active-driven modulation
have seen remarkable progress in magnet-free isolators, but
the dynamic response of the material is extremely demand-
ing, and the external drive requires additional fabrication
and power consumption. Additionally, large amounts of
electromagnetic background generated by the high-power
radio-frequency drives will interfere with the sensitive elec-
tronics and photodetection in photonic integrated circuits [13].
The nonlinearity-based approach is inherently constrained
by the limit of dynamic reciprocity to form a real isola-
tor under simultaneous two-port excitations [14]. It also has
some general limitations such as the trade-off on input power
and spectra width, limited maximum forward transmission,
and long pulse duration constraints [10]. However, the ap-
proach is still attractive because it requires no external biasing
field and drivers [12]. Plenty of effort has been done to by-
pass or even overcome the above-mentioned limits such as
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using the spontaneous chirality [15], nonlinear chirality [16],
velocity selective nonlinearity [17], parity-time symmetry
[18,19], loss-induced nonreciprocity [20], two-dimensional
materials [21], moving photonic crystal [22], and spin res-
onators [23,24].

Recently, mirror systems have been integrated with a ring
resonator to achieve a series of unconventional physical mech-
anisms and valuable functionalities, including exceptional
point enhanced phase sensing [25], sensing with exceptional
surfaces combine sensitivity with robustness [26], second-
order exceptional point [27], higher-order exceptional point
[28], chirality and degenerate perfect absorption [29], optical
amplifier [30], on-chip integrated microlaser [31], etc. How-
ever, most studies have overlooked the potential impact of
reflected light caused by a mirror system on the stored energy
in the cavity. We found that the mirror system can induce
asymmetric responses when energy is incident from different
ports of the ring resonator, which can be used to realize non-
reciprocal light transmission and on-chip integrated optical
isolators.

The first passive diode was proposed by Fan et al. using an
add-drop filter (ADF) cascaded with a notch filter, resulting in
optical nonreciprocity (ONR) under a certain range of input
power. In their work, the ONR response is generated initially
by the ADF with asymmetric coupling quality factors to the
high quality-factor silicon ring resonator, resulting in unequal
stored optical energy in the cavity [11]. However, how to form
an asymmetric response when the two external coupling qual-
ity factors take equal values remains unexplored. Recently, a
nonconservative coupling add-drop filter (NCC-ADF) config-
uration is proposed in which a mirror system is supplemented
to the add port [32]. When light is incident from left side of the
upper waveguide, we predicted the extraordinary scattering of
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FIG. 1. (a) Schematics of an NCC-ADE. (b) Schematics of mode
coupling in an NCC-ADF. (c),(d) Asymmetric stored energy in the
resonator as a function of frequency detuning A and external cou-
pling kex.

the configuration in a wide parameter space [33]. Basically,
the NCC-ADF is a three-port system with two degenerated
modes coexisting in a single resonator. When the through port
is set free, a theoretic description of mode dynamics when
light is incident oppositely from the other two ports remains
unrevealed. Furthermore, towards its potential application in
a nonlinearity-based isolator, the role of the mirror system on
the enhanced unequal stored optical energy should be deter-
mined in the first step.

In this paper, we will demonstrate that the NCC-ADF
configuration can induce an asymmetric stored energy when
excited at different ports. Such enhanced and tunable asym-
metric response exists in both low Q-factor and high Q-factor
resonators, even when the two external coupling quality fac-
tors take equal values. To confirm that, linear and nonlinear
mode dynamics in the proposed configuration were effec-
tively described and analyzed by the temporal coupled mode
theory. In order to achieve integrated optical isolation, the
thermal-optic nonlinearity effect was introduced to realize a
low-power and broadband nonreciprocal optical transmission
in the NCC-ADF configuration. Furthermore, the NCC-ADF
configuration-based isolator is entirely nonmagnetic, passive,
and compatible with CMOS fabrication, which is expected to
be further applied in PICs.

II. THEORETICAL MODEL

A ring resonator typically supports two degenerate modes
at a certain resonant frequency, which are the clockwise (CW)
and counterclockwise (CCW) modes [34]. Ideally, the two
modes are assumed to be uncoupled, thus the transmission
spectrum is usually considered as a single peak Lorentzian.
However, due to various factors such as fabrication defects
[35] and deliberate design [36], coupling often occurs between
two degenerate modes. Such coupling effect will remove the
degeneracy of CW and CCW modes, causing a splitting of the
transmission spectrum. The coupling coefficients ptcw—ccw
and pccw—cw are employed to quantify the energy exchange
of this mutual coupling effect from CW to CCW mode or
from CCW to CW mode. For the conservative coupled ring
resonators, the conversion coefficient of two modes is equal
(Mcw—cew = Heew—cw = Mi) and determined by internal
coupling coefficient u;. However, the conversion efficiency
of two modes is not equal (MCW—)CCW ;é Mccwﬁcw) in a
nonconservative coupled (NCC) ring resonator [32].

The scheme studied is shown in Fig. 1(a), where a passive
ring resonator can be excited either from port A (forward
direction) or port C (backward direction). An additional mir-
ror system in port D provides a complex reflectance 7 =
r exp(ig) to the input signal as shown in Fig. 1(a), where r is
a real constant which describes the amplitude reflection ratio
and ¢ denotes the relative phase delay. The mirror provides a
unidirectional coupling from the CCW mode to the CW mode
of the resonator, as shown by the dashed box in Fig. 1(b). In a
real platform, the mirror system can be implemented passively
using a waveguide with an etched hole [37], waveguide Bragg
grating, or another passive resonator with the same resonant
frequency. Alternatively, it can also be driven actively by a
semiconductor optical amplifier or another active resonator
with a broad gain range [33]. Although mode exactions and
light paths demonstrate different behaviors under the two in-
cident directions as shown schematically by the red arrowed
lines in Fig. 1(b), transmission should be the same, which is
guaranteed by the well-known Lorentzian reciprocal theorem
in any linear optical system [3]. However, stored optical en-
ergy in the linear resonator is different due to the asymmetric
geometry of the system, as shown by the two parallel panels
in Figs. 1(c) and 1(d). To reveal the nonreciprocal trans-
mission physical mechanism of such phenomenon, a group
of self-consistent nonlinear temporal coupled mode equa-
tions are introduced. Therefore, the asymmetric response of
the NCC-ADF configuration under linear and thermal-optical
nonlinearity effects can be obtained theoretically.

When light is incident from port A, i.e., the forward
direction, the following nonlinear temporal coupled mode
equations and input-and-output formalisms are adopted to
describe the dynamics of CW and CCW modes inside the
passive resonator [38]:

iy = —(ioe + K /2)aky — i1 — iFkex )abow
— SRobina, (1a)
dow = —(iwe + K /2)akcy — iiaky, (1b)
bhu.c = kex2(dcw + Facew)- (lc)

The amplitudes of the CW and CCW modes are de-
noted by aly, and al.y, respectively. The input signal from
port A is denoted by bi, o and the output signal from
port C is denoted by bf , . The cavity resonant frequency
We = Wy + O £ 1S characterized by the linear resonance fre-
quency ey and the nonlinear thermal-optical effect frequency
£ (Or W, p). When the system is in a steady state, wy f/, =
wO,mfm%(ch/\?v g Iafc/éwlz) was affected by the linear
resonance frequency (wy), temperature relaxation time (ty,),
material refractive index (n), linear absorption coefficient
(1/Tiinear), density (p), material specific heat capacity (Cp),
material thermal-optic coefficient (8), mode volume (V'), and

. . 2 2 .
intracavity stored energy (E/° = Iafc/\l,:,l + Iafc/gwl ). It is as-

sumed that external coupling coefficients kex; and xexo take
equal values and equal to ke, k;j represents the intrinsic loss.
As a result, the total damping rate is k = ki + Kkex1 + Kex2 for
either the CW or the CCW mode. Inherent modal coupling
occurs between CW/CCW modes with a real coefficient u;,
which is assumed to be identical for both directions. The
nonconservative coupling coefficient can be written as Ae’® =

023520-2



ASYMMETRIC MODAL COUPLING IN A PASSIVE ...

PHYSICAL REVIEW A 110, 023520 (2024)

—iFKexa, Which assumes that the reflected signal from port D
again acts as an input power flow for the CW mode. Equations
(1a) and (1b) indicate such nonconservative coupling process,
which means puccwcw = Wi — iFkexo and ucwcow = Wi.
The output signal in port C not only contains the contribution
from the CW mode, but also the CCW mode which is reflected
with the aid of the mirror in port D, as modeled in Eq. (1c).

When light is incident from port C, i.e., the backward
direction, the incident signal can be directly coupled to a CCW
mode or coupled to a CW mode with the aid of the mirror. As a
result, b, ¢ will appear at both dynamics of the CW and CCW
modes. The output signal in port A will have only contribution
from the CCW mode. The dynamics of modes relating the
input and output signals can be written as

Ry = — (it /2) Aty —i( i —iFKex2 AP oy —F/Kex2bin,Cs
(2a)

oy = —(iwe + Kk /2)alow — ilialy — /Kezbinc,  (2b)
boua = vKex1@cws (2¢)

It is worth noting that the output signal in port C has con-
tributions not only from the CW mode, but also from reflected
light by the mirror system. After employing the transforma-

: /b __ Af/b —iwt  3f/b f/b —iwt
tions acw cow =Acwcew? s binajc = Binajce> and

chyjcow = —ioAdy jcowe ™+ Adycewe ™ in Eds. (1a)-
(1c) and Egs. (2a)—(2c), the transmission and intracavity
stored energy can be theoretically calculated [19,39]. Here,
w is the frequency of the input laser light. If one considers
all the signals in the linear system (wu, b = 0) are with the
same frequency wo + A in a steady status (AE/\',Jv sccw = 0),
i.e., ignoring any frequency conversion process, the transmis-
sion between ports A and C can be obtained as

‘§+1M1

TAC - TCA Kex1Kex2, (3)

in which we have used the denotations & = iA—« /2 and
n? = wi(iu; — iFkexn) for simplicity. Note that the frequency
detuning is defined as A = @ — w, which turns to @ — wpina
linear scheme. The expression in Eq. (3) is in proportion to the
product kex1kex2, Which indicates a higher external coupling
coefficient will be preferred to achieve larger signal transmit-
tance. If we assume that the input power is fixed at P;, for the
forward and backward incident directions, the optical energy
stored in the resonator can be calculated by the sum of contri-
bution from both CW and CCW modes inside the resonator,
which is like the definition of the term circulating power in
Ref. [40]. At the stationary status, the forward and backward
total stored optical energy of the NCC-ADF configuration can
be denoted as

nd + 1€

Ef = |%-2 |2 CXIPIHa (43)
—— 24 iy 7 2

Eb — lipi + 7§ + kex2)|” + lipi7 + &| kerPor.  (4b)

€2 + i)

Equations (4) indicate that the stored energy in the cavity
of the NCC-ADF configuration is unequal when light is inci-
dent from the forward and backward directions, i.e., Ef #*E b
although Eq. (3) shows the same transmission when light

is incident from different directions. Note that asymmetrical
stored energy cannot break the Lorentz reciprocity theorem in
the linear condition. Only when the NCC-ADF configuration
operates in a nonlinear condition, will such energy asym-
metry cause different nonlinear frequency shifts, potentially
enabling optical isolation. In the case of an ideal ADF with-
out inherent modal CW/CCW coupling or nonconservative
coupling, i.e., uj =0 and 7 = 0, both the forward and the
backward transmission spectra are a Lorentzian shape and
are centered at the zero detuning with a linewidth dw = «,
as can be obtained from Eq. (3). The corresponding ratio of
stored energy is frequency independent and only determined
by the two external coupling coefficients Rapr = Kex1/Kex2-
With Rapr # 1 and a certain input power range, it is possible
to design a resonator driven at an extreme status so that the
redshift of the resonant wavelength Swyy, is unequal in oppo-
site directions. The referred extreme status has been realized
by Fan er al. to form an optical nonreciprocity initiator [11].
Theoretically, a higher isolation ratio can be realized in a
nonlinear-based nonreciprocal device with smaller w, but
larger difference in dwn .

III. RESULTS AND DISCUSSION

A. Linear NCC-ADF configuration with a low Q factor

We begin the discussion from a linear NCC-ADF config-
uration with a low Q-factor resonator (u; = ww ¢/ = 0). To
reveal the asymmetric response in an NCC-ADF configura-
tion, it is assumed that parameters kexi, Kex2, Ui, and A are
all normalized to the intrinsic decay rate k; in the follow-
ing discussions for simplicity. As denoted by the schematics
in Fig. 1(b), only the CW mode exists in the resonator for
the forward case, while both CW and CCW modes coexist
in the backward case. Although the transmission spectra share
the same expression with an ideal ADF, the stored optical
energy in the resonator is different for both incident directions.
In the forward direction, a CW mode dominates the total en-
ergy spectrum in the resonator and shows a Lorentzian shape
with a linewidth of «. In the backward direction, a CCW mode
is directly coupled from port C and should have the same
trend, while the backward CW mode is generated from the
uncoupled signal which is reflected from the mirror system.
The corresponding optical energy spectra of the three modes
can be written as

b et KexPin
Eccw = Ecw = A2 4«24 /4’ (5a)
b _ 2 Kex(K — Kex) f
Eow=r [1 B m}Ew (5b)

As depicted by the schematics in Fig. 1(b), the backward
CW mode makes no contribution to the transmission, but it
increases the total stored optical energy. Equation (5a) shows
that its contribution to the stored optical energy is in propor-
tion to ? and independent of the phase delay ¢. To make the
point clear, we drew the optical energy spectra in Fig. 2 as xex
increases gradually from O to 2.

The highest stored energy is obtained at zero detuning
when kex = 0.5, as shown in Fig. 2(a), which will be referred
to as a critical coupling status. The intrinsic coupling and
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FIG. 2. Stored energies in an NCC-ADF resonator with different
external coupling coefficients in the case of (a) forward CW mode or
backward CCW mode and (b) backward CW mode. Other parame-
ters are ;= 0 and r = 1. Stored energies are all normalized to the
maximum value at the critical coupling condition.

total external coupling contribute almost equally at this crit-
ical coupling status. When the external coupling k. deviates
from 0.5, the total stored energy in the forward direction
(E" = EL,) decreases sharply in the undercoupling region
(kex < 0.5), while the total stored energy in the forward di-
rection remains at a high level in the overcoupling region
(kex > 0.5). In the case of the backward direction, the spec-
trum is also a Lorentzian shape in the undercoupling region,
resulting in the total stored energy in the backward direction
(E® = EQy, + E@y) being 1 + r? times higher than the total
stored optical energy in the forward direction. However, when
Kex 18 comparable with or higher than 0.5, a burned hole of
ng will emerge at zero detuning. As a result, the ratio E®/E*
will be lowered to less than 1+ r2, and thus weakens the
asymmetry.

B. Linear NCC-ADF configuration with a high Q factor

In the case of a linear high Q-factor resonator (u; # 0,
wm,t/p = 0), a nonzero modal coupling must be considered
[40,41]. Two supermodes with equal decay rate « /2 coexist
around frequencies wt = wy & u;; as a result, the portion of
the two supermodes in a resonator will be always at the same
level in a conservative coupling ADF configuration. However,
in a NCC-ADF configuration, as has already been pointed out
in Ref. [33], the two supermodes w® = wy & ng will suffer
from different decay rates « /2 & ny, with nr and 7y denoting
the real and imaginary parts of n = nr + in;. Since the sym-
metry between the two supermodes is broken by the mirror
system, an enhanced and supermode related asymmetric re-
sponse in stored optical energy would be predicted.

To reveal how the symmetry-broken supermodes influence
the resulted response in the NCC-ADF, we fixed the sys-
tem at the critical coupling status «.x = 0.5. The inherent
CW/CCW modal coupling is set at u; =2, which is large
enough to distinguish the two supermodes. The phase delay
from the mirror system is fixed at ¢ = 0 so that the NCC
system provides a pure imaginary NCC coefficient, i.e., n> =
wi(i — irkex). The curves in Figs. 3(a) and 3(b) are the total
stored energy at »r =0 and 1 in the forward and backward
direction, respectively. The two black curves represent the
case at r = 0, which indicates the equal contribution of the
two supermodes in an ADF without a mirror system. As the
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FIG. 3. Total stored energy spectra of an NCC-ADF in the case
of (a) forward direction and (b) backward direction at » = 0 and 1,
respectively. The insets in (a) and (b) show the dependence of Ef
and E® on A and r. (c) Ratio of stored energy when exciting the
two supermodes in an NCC-ADF. (d) Transmission dependence on
r for two supermodes (blue for w*, red for w™). Other parameters
are kex = 0.5, u; = 0.5, and ¢ = 0. The inset in (d) shows the trans-
mission spectra on A and r. The black dashed line stands for the
case of an ideal ADF without a mirror system. Stored energies are all
normalized to the case of an ADF without a mirror system.

reflection from the mirror » gradually increases from O to 1,
the location of the two supermodes w* remains unchanged
due to the high level of the inherent CW/CCW modal coupling
coefficient ;. Nonetheless, the two supermodes demonstrate
opposite trends. The stored optical energy of the supermode
with a lower frequency @™ is enhanced in the forward case
while severely suppressed in the backward case, as shown
by the arrows in Figs. 3(a) and 3(b). At the extreme status
when the mirror system provides no loss or gain, i.e., r = 1,
the stored optical energy E' reaches 1.7 folds of its initial
value, while E® drops to a negligible value. Although the
maximum ratio Ef/E® reaches 7.3, shown by the red curve
in Fig. 3(c), linear transmission drops from 7.3% to less than
1%, as shown by the red curve in Fig. 3(d). Oppositely, in the
case of the supermode w™, stored optical energy E' drops to
0.64 times its initial value, while EP is increased by 2.5-fold,
demonstrating a maximum ratio E°/E" = 3.7. Meanwhile,
the peak transmission is increased from 7.3% to 16%, as
shown by the blue curve in Fig. 3(d). The dependence of
transmission spectra on r and A are shown in the inset of
Fig. 3(d). It can be concluded that the diversity of backward
and forward stored optical energy at a certain supermode can
be attributed to the coherence of the CW and CCW modes in-
side the central resonator of the NCC-ADF configuration. The
2.5-fold enhancement in stored energy can well reduce the
requirement on input power in a high-Q resonator. In a word,
even when driving a high Q-factor NCC-ADF by light around
ot with a low input power, it is possible to obtain superior
isolation based on optical nonlinearity-induced nonreciproc-
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FIG. 4. Dependence of stored energy on phase delay caused by
the mirror system in an NCC-ADF in the case of (a) forward direction
and (b) backward direction. Stored energies are all normalized to the
maximum value at the critical coupling condition. Other parameters
are kex = 0.5, u; = 2,and r = 1.

ity. The NCC-ADF demonstrates an enhanced transmission
and dramatically lower requirement on the input power range,
thus providing the chance to break the fundamental constraint
on nonlinear isolators [42].

Next, we discuss the tunability of the asymmetric response
on phase delay caused by the mirror system. When the phase
delay varies, the excitation of the two supermodes @™ shows a
periodic motion as shown in Figs. 4(a) and 4(b). Specifically,
the switch between the two supermodes can be obtained by
tuning the phase delay to O or 7, as shown by the red and
black curves in Fig. 4. When the phase delay locates at 7 /2
or 37 /2, the additional coupling coefficient is pure real and
nr = 0. As a result, the corresponding mode-mode will only
endure a slight frequency shift, as denoted by the blue and
green curves in Fig. 4. Such novel asymmetric response can
be interpreted by the constructive or destructive interference
of light generated from the interaction of the mirror sys-
tem and the ring resonator when a certain phase match is
satisfied [37].

C. Nonlinear NCC-ADF configuration for passive isolators

Up to this point, the discussions above ignored the influ-
ence of the thermo-optic effect, which means that our device
operated at low-power linear conditions. Next, we will delve
into the nonreciprocal optical transmission of an NCC-ADF
configuration under the thermal-optical nonlinearity (u; # O,
ot/ 7 0). Silicon was used for the proposed NCC-ADF
configuration, and the nonlinear coupling equations were
solved with parameters n = 3.475, 1/Tjinear = 3.9 X 10%s71,
V =74.277 x 107"® m?, 74 = 65ns, p = 2.33g/cm’, C, =
0.77/(gK), B = 1.86 x 107*K~", and Qcx; = Qexa = 12 000.
Additionally, we control the cavity in an overcoupled state
(Oapr = 120000) to maximize the energy in the cavity and
trigger the nonlinearity at a lower power. The nonreciprocal
transmission ratio NTR = 101log,,(7;/T;) was used to char-
acterize the nonreciprocal properties of the structure.

As shown in Fig. 5(a), the thermo-optical nonlinear NCC-
ADF configuration demonstrates significant low-power and
broadband nonreciprocal transmission. This nonreciprocity is
based on the splitting and shifting of the transmission spec-
trum, which is caused by the asymmetric energy stored in the
cavity during the increase of forward and backward incident
power. The slopes of peak change were quantified by the
colored dotted lines in Fig. 5(a). As the input power increases,

~
2
=
~
o
=

L [ ws Forward 251 —0.25 mW— —0.5 mW— —1 mW|
E Backward 3 —~ o—2mW —&-3mW —&—4mW
F t £ = 201 6 5mw —— Fitting for u1,/x
) v wn c)
: = = 15
Y Hs =++1.0 GHz/mW| &
L3 ik z z 104/
~ s A - < f
° % — = 5¢
S 36} BN\ 012 GHz/mW| > Oi’f""
S 18~ I 0 05 1 15 2
= Y Al e
2 L L1 B\ 0sCHymW (9 i/
E L S E P, =2mW MaxNTR (dB)
£ et o 40
;[_. L ) 0.1 GHz/mW| % 32
2 adl - 24
L '._E = 16
[ F / \ g
) 8
0 ; ‘ ‘ !
_5 5 0

0 0
0 0.5 1.5 2
A (GHz) e T

FIG. 5. The nonreciprocal transmission spectrum of the thermo-
optical nonlinear NCC-ADF configurationatr = 1, ¢ = 0, and u; =
k (a). The effect of u;/«x on the maximum NTR (MaxNTR) at differ-
ent incident powers when r = 1 and ¢ = 0 (b), and the dependence
of MaxNTR on r and ¢ when P, = 2mW and u; = « (¢).

the black dotted and green dotted lines exhibit significant
shifts. Especially when Egy, = E2y, the splitting of back-
ward incidence will disappear. The fitting of u;/« in Fig. 5(b)
provides the optimal w; values for achieving MaxNTR at
each input power when r = 1 and ¢ = 0, indicating that the
value of w; is crucial for achieving better optical isolation at
different input powers. Specifically, the splitting between two
supermodes in the system is different when u; takes different
values relative to x, which will greatly affect the stored energy
in the cavity [33]. When w; = 0, the ability of the mirror
system to enhance asymmetric stored energy in the cavity is
limited, thereby requiring higher power to achieve efficient
optical isolation. A larger w; does not necessarily imply bet-
ter optical isolation, which may also hinder on-chip optical
isolation. Recently, a scheme to control the mode splitting in
high-Q microcavities makes it possible to dynamically change
the wo value to achieve a larger nonreciprocal ratio [43].
Furthermore, a scan of the MaxNTR that parameters r and
@ can generate at P, = 2mW and u; = k was conducted, as
shown in Fig. 5(c). It is observed that when ¢ is at 0(2m)
and 7, the MaxNTR reaches its peak, while valleys appear
when ¢ equals 0.57 and 1.57. As explained in Fig. 4, when
¢ = Oorm, the maximum energy asymmetry between forward
and backward incidence will result in significant nonrecipro-
cal light transmission. Conversely, when ¢ = 0.5morl.57, the
energy storage in the cavity is nearly equal, and nonreciprocal
transmission does not occur even under the thermo-optical
nonlinearity. Anyway, the proposed NCC-ADF configuration
can significantly enhance the energy in the cavity and realizes
the tunable nonreciprocal optical transmission with low power
and bandwidth under the thermo-optical nonlinearity. In addi-
tion, the NCC-ADF configuration is expected to be combined
with Kerr nonlinearity, with the help of cascaded micror-
ing structures to achieve a greater optical isolation through
the interaction of Kerr nonlinearity and thermo-optical
nonlinearity.
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IV. CONCLUSIONS

In conclusion, we have introduced a temporal coupling
mode theory to reveal the linear and nonlinear mode dynamics
in an NCC-ADF configuration. The NCC-ADF configuration
has a low requirement for the cavity quality factors, demon-
strates asymmetric response even in low Q-factor resonators
with two equal external coupling quality factors. Particularly,
the proposed configuration can enhance the stored energy
in a high Q-factor resonator by 2.5-fold in the backward
direction, reducing the high-power requirement of achieving
the nonlinear effects. Furthermore, the proposed configura-
tion can be used to realize nonreciprocal transmission under

thermo-optical nonlinearity, which compensates for the low
power, bandwidth, and tunable requirements of a passive non-
linear isolator. Such asymmetric response might find potential
application in on-chip optical isolators as well as other appli-
cations based on add-drop configurations.
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