PHYSICAL REVIEW A 93, 023814 (2016)

PT -symmetry-induced evolution of sharp asymmetric line shapes and high-sensitivity refractive

index sensors in a three-cavity array

Jiahua Li,"" Rong Yu,? Chunling Ding, and Ying Wu*-

1School of Physics, MOE Key Laboratory of Fundamental Physical Quantities Measurement, Huazhong University of Science and

Technology, Wuhan 430074, People’s Republic of China
2School of Science, Hubei Province Key Laboratory of Intelligent Robot, Wuhan Institute of Technology,
Wuhan 430073, People’s Republic of China
3School of Physics and Electronics, Henan University, Kaifeng 475004, People’s Republic of China

4Wuhan National Laboratory for Optoelectronics and School of Physics, Huazhong University of Science and Technology,

Wuhan 430074, People’s Republic of China
(Received 17 November 2015; published 8 February 2016)

It is important to control and tune the Fano-resonance spectra to achieve a large slope with, in addition, a
relatively high extinction ratio for low-power optical switching and high-sensitivity sensing. Here, we explore
the evolution of sharp asymmetric Fano-like line shapes in a three-cavity array with local parity-time (P7)
symmetry. In this three-cavity configuration, a single cavity is coupled to a P7 -symmetric combination of two
cavities via a common waveguide. The influences of local P7 symmetry on the asymmetric Fano-like line
shapes are investigated by monitoring the output transmission spectra at various system parameters. It is found
that both the slope and the extinction ratio within the sharp asymmetric line shapes can be significantly enhanced
by introducing the P7 -symmetric unit, compared with the configuration of two indirectly coupled cavities.
Subsequently we discuss the application of such a P7 -assisted configuration as a family of high-sensitivity
refractive index sensors by numerical analysis. For practical parameters based on microring resonators, the
best sensitivity of refractive index sensors is more than five orders of magnitude larger than two indirectly
coupled lossy cavities. The proposed scheme can be implemented in current state-of-the-art experiments. This

investigation can help us to understand the interplay between the Fano resonance and P7 symmetry.
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I. INTRODUCTION

Optical cavities with high-quality factors and small mode
volumes [1] have witnessed rapid progress in recent years
and have been implemented in many systems as a key
functional building block for buffering, modulating, filtering,
switching, and sensing [2-8], just to name a few examples.
The basic geometry, consisting of a channel waveguide side
coupled with a single-mode cavity, as shown in Fig. 1(a), has
been studied theoretically and experimentally based on the
scattering theory [9], temporal coupled-mode theory [10], and
quantum-optics approach [11]. Theoretically, the resonance
line shape of such a conventional single cavity is symmetrical
with respect to its resonance wavelengths [9-12]. However,
when the coupling of two single-mode cavities (or several
single-mode cavities) to a channel waveguide exists in a sys-
tem, as described in Fig. 1(b), the transmission characteristics
can be dramatically modified in the spectra [13]. Generally
speaking, coupled-cavity structures can be categorized into
two typical geometries: (i) directly coupled cavities (cavity-
cavity) [14—18] and (ii) indirectly coupled cavities via a com-
mon waveguide (cavity-waveguide-cavity) [19-30]. For both
direct and indirect coupling structures, different characteristics
in the output transmission spectra, such as mode splitting [13],
electromagnetically induced transparency-like transmis-
sion [14,15,21,24], and Fano-type resonances [28-30],
have been revealed and observed from different views. In
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particular, the generated asymmetric Fano-resonance line
shapes have been proposed to enhance the slope sensitiv-
ity [29], compared with that of a conventional single cav-
ity [6]. Accordingly, for a practical application, coupled-cavity
structures are often used to design highly sensitive sensors by
measuring the output intensity change from the cavity at a
fixed wavelength [29-31].

In the past decade, there has been great interest in discrete
and continuous systems that are symmetric under parity-time
(PT) reversal. Originally, P7 -symmetric notions have been
proposed within the context of mathematical physics [32-35].
Recently, P7 -symmetric ideas have been introduced within
the framework of optics [36-52] by delicately manipulating
the amount of gain and loss in the considered settings.
It is recognized that P7 -symmetric systems undergo an
abrupt phase transition when the gain-to-loss ratio is properly
varied [39,41]. Below a certain gain-to-loss ratio threshold
value, the system is in the unbroken P7 -symmetric phase
and has purely real eigenvalues. On the other hand, above
this gain-to-loss ratio threshold value, the system is in the
broken P7 -symmetric phase. In this broken-P7 phase, a pair
of supermode possesses effective indices that are a pair of com-
plex conjugate eigenvalues, such that one mode experiences
gain and the other loss. The threshold value mentioned above,
where two real eigenvalues merge and become complex, is
called an exceptional point (EP; it is a typical accompaniment
of PT-symmetric systems), marking an obvious boundary
between different optical properties. The optical devices based
on the constructed P7 -symmetric structures could provide a
great potential for future applications in on-chip integrated
optics [53-66].
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FIG. 1. (a) Schematic of a single-mode loss cavity (denoted 1)
side coupled to a channel waveguide. s, and s, denote the amplitudes
of the electromagnetic waves incident from the left side and leaving
from the right side of the waveguide, respectively. (b) Schematic of
two single-mode loss cavities (denoted 1 and 2) side coupled to a
common waveguide. The two cavities are separated by a distance L
much longer than the wavelength so that there is no direct coupling
between the two cavities. (¢) Schematic of the P7 -assisted three-
cavity array (denoted 1, 2, and 3) derived by introducing an auxiliary
single-mode gain cavity in (b). The gain cavity, 3, balances the loss
of cavity 2. Such coupled dimer structures with balanced gain and
loss are referred to as having P7 symmetry [47-51].

Inspired by the advances [19,21,24,27,28] and P7 con-
cepts [47-51] in coupled-cavity structures, the inclusion of
a P7T-symmetrical unit with balanced gain and loss [see
Fig. 1(c)] can greatly enhance the asymmetric line shapes of the
Fano resonance in our proposed three-cavity array, which gives
rise to changes in the output transmission that are faster than the
changes from the previous mode [see Fig. 1(b)]. Subsequently
we discuss its application as a refractive index (RI) sensor. With
the output transmission at a fixed wavelength that changes
much more rapidly than it does in two indirectly coupled
cavities without the assistance of a P7 -symmetrical unit, the
results shows that the enhanced sensitivity of the present device
to changes in the RI can be achieved efficiently. This work
may open a new avenue for line-shape engineering of Fano
resonances in photonic structures based on P7 symmetry.

The remainder of the paper is organized in the following
way. In Sec. II, we introduce the theoretical model and give the
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coupled-mode equations for the evolution of the cavity modes.
In Sec. III, we investigate in detail the optical transmission
characteristics of three possible configurations: (i) a single
cavity, (ii) two indirectly coupled cavities, and (iii) a P7 -
assisted three-cavity array (also see Fig. 1). In Sec. IV, we
demonstrate the application of such a P7 -assisted three-cavity
array as a class of high-sensitivity RI sensor by numerical
analysis. Finally, in Sec. V, we summarize our results.

II. THEORETICAL MODEL, COUPLED-MODE
EQUATIONS, AND SOLUTIONS

We consider a class of three-cavity array as shown in
Fig. 1(c). In the three-cavity configuration, two single-mode
cavities (denoted 1 and 2) are loss and the other (denoted
3) is gain. Because cavity 1 and cavity 2 are separated by a
distance L much longer than the wavelength, there is no direct
modal overlap (i.e., no coupling) between the cavity modes,
but nevertheless, the two cavities are coupled strongly through
a common waveguide. As shown in Refs. [10,11,27,30],
this indirect interaction parameter g (defined later) is
dependent on the cavity-waveguide coupling strength (k,, k2.)
and the propagating phase factor [0 = B(w)L, where B(w)
is the waveguide dispersion relationship]. An experimental
implementation of two indirectly coupled cavities via the
waveguide (i.e., cavity-waveguide-cavity) has been realized
in Refs. [19,21,24,27,28]. Additionally, the loss cavity 2 and
the gain cavity 3 have direct coupling to the strength J, which
is dictated by the mutual overlap of their respective modal
fields throughout the interaction region and is tuned by their
separation [47-51]. Thus these two directly coupled cavities
can form a P7 -symmetrical arrangement of our structure. A
realization of P7 -symmetric coupled cavities has also been
demonstrated experimentally in Refs. [47-51].

We denote the amplitudes c; for each cavity j (j =1, 2,
3). The amplitudes of the incoming and outgoing fields in the
waveguide are represented by si, and sqy, respectively. The
squared magnitudes of these amplitudes are equal to the powers
in the modes. The characteristic equations for the temporal
evolution of the cavity modes together with the input-output
relation are yielded by [10,11,27,30]

dcy ( n Kii n Kle) [Kle 0
— = —(iw + — + —)c1 — &efrC2 — / —Sin,
a1 1 5 5 1 — &effC2 5 Sin

dey ( L Kze) 7
di = 1495) 5 ) C2 — ZeffC1 —1JC3
L /%sm, )
d
f = —(iw3+%)C3_i102, (3)

i Kile K2e
Sout = € 0<Sin +,/ 701) + 702, €]

where w; is the resonance frequency of each cavity mode
c;j (j=1,2, 3). k1; (kp;) and «y, (k2.), Tespectively, are
the intrinsic loss rate and the external coupling loss rate of
cavity 1 (cavity 2). The total cavity 1 (cavity 2) loss rate
1S k1 = K1; + K1e (k2 = K2 + Kk2.). In cavity 3, the effective
loss rate k3 = k3; + k3, — & is reduced by the pump gain &
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(round-trip energy gain) [47-51]. Whether «3 > 0 (loss) or
k3 < 0 (gain) depends on &. Here, we assume that x3 < 0
corresponds to an active gain cavity. From Egs. (1) and (2),
it is easy to find that an indirect interaction between loss
cavity 1 and loss cavity 2 exists, with the effective cou-
pling strength ger = 3¢’ /K12, [27,28,67,68]. From this
expression, it is evident that g.y is closely related to the
propagating phase factor 6 and the cavity-waveguide coupling
loss rates k., and k.. Experimentally, the parameters «, and
k2. can be continuously adjusted by tuning the waveguide-
cavity gap. In particular, the propagating phase factor 6 =
B(w)L, where B(w) is the waveguide’s dispersion and L
denotes the waveguide’s distance between the coupling regions
of the two cavities, plays an important role in the analysis of
the transmission properties of our P7 -assisted three-cavity
array. The parameter 6 is fully controllable by adjusting the
length of the waveguide between the cavities. In photonic
crystal systems, this length L can be adjusted by changing
the number of periods [69]. Note that the phase 0 is invariant
with the period 2. On the other hand, the dispersion S(w)
of the waveguide can also be used to control the propagating
phase factor 6. In Egs. (1)—(3), we ignore the saturation effect
and restrict ourselves to small-signal analysis.

We work in the frequency domain of the P7 -assisted
three-cavity system and set dc;/dt = —iwc; when the elec-
tromagnetic wave at a frequency w is launched into the system,
so from Eqs. (1)—~(3) we can obtain

o €K/ 28ett + VK1e/2 A2 — k2/2 + Q)

- . . 2 ’ (5)
Sin (ZAI—K1/2)(ZA2—K2/2+Q)—geff
@ _ V1o /28ett + €0 /K2 J2(i Ay — K1/2) ©)
Sin - (A1 — K1/ A — k2 /2 + Q) — g%
C3 iJ
S @)

2 l'A3—K3/2,

where we have defined Q = J2/(iA3 —k3/2), Al =w—
w1, Ay = w — wy, and A3 = w — w3, respectively. Plugging
Egs. (5) and (6) into Eq. (4), the amplitude transmission is
readily derived as

)= = ¥ (14 [Hefl) 4 [Be2 g
Sin 2 Sin 2 Sin

where two coefficients, c¢;/si, and c¢p/si,, are given by the
above analytical expressions (5) and (6), respectively. Finally,
the power transmission of the coupled system in Fig. 1(c) is
written as

T(0) = |t(w)]*. )

Before proceeding, it is worth pointing out that (i) when
J = gerr = 0, we can obtain the results for a single cavity in
Fig. 1(a); and (ii) when J = 0, we can also arrive at the results
of two indirectly coupled lossy cavities without the assistance
of a P7T structure in Fig. 1(b). P7 symmetry requires the
conditions that w3 = w, and k3 = —«, [47-51]. In view of
this, in the following discussion we assume that the three
cavities have the degenerate resonance frequencies w; = w, =
w3 = wg, which thus lead to the same detunings A = A, =
A; = A.
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FIG. 2. (a) Power transmission spectrum of a single cavity as
shown in Fig. 1(a). System parameters are chosen as kj, = 20k7;.
(b) Power transmission spectrum of the two indirectly coupled cavi-
tiesin Fig. 1(b). Here the two cavities are identical. System parameters
are chosenas ky, = k1, = 20ky;, k2 = Kk1;,and 6 = /8, respectively.
(c) Power transmission spectrum of the P7 -assisted three-cavity
array in Fig. 1(c). System parameters are chosen as k., = ki, = 20«;,
Ky = k1,0 =1 /8, J = 8ky;, and k3 = —21ky;, respectively.

III. OPTICAL TRANSMISSION FEATURES OF
DIFFERENT WAVEGUIDE-CAVITY STRUCTURES

The output transmission spectra can be calculated using
Eqgs. (5)—(9) for three possible configurations (a single cavity,
two indirectly coupled cavities, and a P7T -assisted three-cavity
array). In Fig. 2, we plot the power transmission spectra T (A)
of the cavity system as a function of the detuning A /xy;. For
a side-coupled lossy cavity as shown in Fig. 1(a), the power
transmission can be expressed in the form

4A% + %,
4A2 + (yi + K10)*

which has the form of a single Lorentzian-shaped dip with
width k.. For clarity, we also display its corresponding curve
in Fig. 2(a). It is shown in Fig. 2(a) that for the case of a single
cavity, the transmission spectrum does exhibit a symmetric
Lorentzian line shape with respect to the resonance frequency
A = 0 at which the transmission falls to 7 (A = 0) = 0.

For two indirectly coupled lossy cavities via a common
waveguide, in Fig. 1(b), the corresponding power transmission
is determined as

T(A) =

(10)

(487 4 )

T(4.6) = D_(A,0)D.(A,0)’

(11

where we have defined D_(A,0) = 2A — k. sin0)? + (k +
K, cos 0) and Di(A,0) = (2A + k, sin 0)? + (k — Kk, cos 0)2,
respectively. In the above derivation, we have supposed that
both cavities have the same dissipations for facilitating the
discussion, namely, k|; = k2; = K;, K1e = K2e = K¢, and k| =
k» = k. As can be seen from Eq. (11), the added second
loss cavity, which constitutes the cavity-waveguide-cavity
structure, introduces the backward propagating lights that
can perturb the phase of the light transmitted and hence
result in complex constructive and destructive interference.
For example, when 6 = nmw, with n being an integral num-
ber, the two resonances are degenerate. In this case, the
corresponding power transmission spectrum is manifested as
a symmetric Lorentzian line shape with width 2«,, given
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4A2 k2
by T = AT o However, when 0 =nm 4+ /8, the

Fano-like resonance line shape is produced by involving
interference [30]. Consequently, it is shown in Fig. 2(b)
that the transmission spectrum of two indirectly coupled
cavities becomes asymmetric due to such interference when
the propagating phase factor 6 is chosen properly.

For the P7T -assisted three-cavity array in Fig. 1(c), the
resulting power transmission is given by

(4A% + k) [4A%2 + (4J% — 4A? — kk;)?]

T(A.6)= Dpr(B.0)

3

12)

where we have defined Dpr(A,0)=[2A@&J>—4A%—k?) —
K62(2A c0s20 + k sin20)1? + [k(4J? — 4A% — k?) + KEZ(K
cos 260 — 2A sin26)1%. Similarly, the cavity system parameters
have been chosen as «y; =k = ki, Kile = K2e = Ko,
K1 = k2 = k, and k3 = —« for P7T case. It also follows from
Dpr(A,0) that the change of the line shapes is periodic, with
a periodicity of m. Compared with two indirectly coupled
lossy cavities, the P7-assisted three-cavity system can
achieve a sharper and higher extinction ratio asymmetric
line shape, referred to as Fano-like resonance in Fig. 2(c).
Physically, this is because optical P7 symmetry balances the
loss of cavity 2. This gain-loss balance of the P7 -symmetric
structure causes rapid changes in the power transmission in
the very narrow frequency ranges, and cavity 3, with gain in
the P7 -symmetric structure, which works as a dynamical
amplifier [65], enhances the transmission peak of Fano
resonance at A = 0.

According to Eqgs. (11) and (12), the line shape of
the Fano-like resonance transmission can be changed by
varying the propagating phase factor 6. Figure 3 shows the
calculated power transmission spectra for nine values of the
propagating phase factor 6. As we adjust the waveguide
distance L between the coupling regions of the two loss
cavities, increasing 6 from 0 to m, it is shown in these
figures that the transmission line changes from a symmetrical
to an asymmetrical line shape. Note that the power trans-
mission spectra at & = C; (C; is an arbitrary angle from
0 to m) and € = — C; are horizontal mirror symmetric
as shown in Fig. 3. The above-mentioned mirror-symmetric
phenomenon can be well explained in terms of the previous
relationships D_(A,0 = C1)D4(A,0 = C)) =D_(—A,0 =
7 —C)Dy(—A,0 = —Cy) in Eq. (11) for Fig. 3(a) and
Dpr(A,0 =C1) =Dpr(—A,0 = —Cy) in Eq. (12) for
Fig. 3(b), respectively. Obviously, the Fano-resonance line
shapes can be controlled by tuning the value of . On the
other hand, Fig. 3 also displays the periodicity of the power
transmission spectra. The power transmission spectra at 6 =
C; (C, is an arbitrary angle from O to ) and € = m + C; are
exactly the same due to the fact that D_(A,0 = C,)D (A0 =
C)=D_(A,0 =n+C)Di(A,0 =7+ Cp) in Eq. (11)
for Fig. 3(a) and Dp7(A,0 = Cy) = Dpr(A,0 =7 + Cy) in
Eq. (12) for Fig. 3(b), respectively. By comparing Fig. 3(a)
with Fig. 3(b), it is easy to see that the output spectra
of the PT -assisted three-cavity array exhibit a remarkable
feature arising from the gain-loss balance and the amplification
mechanism [65]; that is, the Fano-resonance line shape
becomes sharper and the resonance peak located at A =0
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FIG. 3. (a) Representative transmission spectra of the two
indirectly coupled cavities in Fig. 1(b) as a function of the detuning
A /ky; for nine propagation phase factors 6/m. Other system pa-
rameters are chosen as k,, = 1, = 20ky; and k; = k;, respectively.
(b) Representative transmission spectra of the P7 -assisted three-
cavity array in Fig. 1(c) as a function of the detuning A /xy; for
nine propagation phase factors 6/m. Other system parameters are
chosen as Koe = Kie = ZOK”, K2 = Kii, J = 8/(],', and K3 = —21K1,‘,
respectively.

has a higher value than the resonance peak of two indirectly
coupled cavities. In brief, a slight spectral shift can give rise
to large power variation under the same conditions.

As is well known, the intercavity coupling strength J
between loss cavity 2 and gain cavity 3 is tuned experimentally
by changing their distance. In Fig. 4, we display the power
transmission characteristics of the P7 -assisted three-cavity
array by varying the values of J. As can be clearly seen,
different asymmetric Fano line shapes are obtained by modu-
lating J in the P7 -assisted three-cavity system. Specifically,
a sharp peak in the asymmetric line shape increases gradually
with increasing J, until a maximum is reached, then it
decreases gradually. It is obvious that the sharp asymmetric
Fano-resonance line shape is significantly enhanced, as J is in
the range of [5«;,6k};]. At the same time, both a large slope
and a high extinction ratio can be obtained, which is important
for low-power optical switching and high-sensitivity sensing
(asdiscussed in Sec. IV). Note that when J = 0, corresponding
to the case of two indirectly coupled cavities [see Fig. 1(b)],
the transmission peak in the line shape achieves a minimum
as shown in Fig. 4.

IV. APPLICATION: HIGH-SENSITIVITY RI SENSORS
BASED ON AN ASYMMETRIC TRANSMISSION
LINE SHAPE

It has been demonstrated that sharp asymmetric line shapes
with a large slope are well suited for application in high-
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FIG. 4. Representative transmission spectra of the P7 -assisted
three-cavity array in Fig. 1(c) as a function of the detuning A /ky; for
11 intercavity coupling strengths J/ky;. Other system parameters are
chosen as «;, = k1, = 20ky;, koi = ky;, 0 = /8, and k3 = —21ky;,
respectively.

sensitivity, label-free, microcavity-based biosensing [6,29,70].
Here, the physical mechanism of our proposed sensor is briefly
outlined as follows. The working scheme is initially set up by
inputting a continuous-wave laser with a fixed wavelength and
input power. When the system arrives at the steady state, the
change of an environmental parameter, for example, the RI,
can alter the optical resonance frequency and then modify
the transmission power. As shown in Ref. [29], the resonant
wavelength A for a whispering-gallery mode in a microring
resonator with the angular momentum number / is represented
by

A= 2mal(l — nng + nn.l/l, (13)

where a is the radius of the microring resonator, n is the
fraction of the resonator mode power in the evanescent field,
n is the RI of the sample surrounding the microring resonator
due to the analyte to be detected, and n. denotes the RI of the
microring resonator, respectively. As a result, we can obtain
the result

A
=2ma(l —n)/l. (14)

ng

Finally, for a given detection wavelength A, the derivation
of the normalized power transmission 7' can be expressed as
dT  dT dx dT dT

L g Y 15
an. ~aran. - Pae % dw (15)

where 8 = 4m%ca(l — n)/(IA?) is a combined constant, with
¢ being the light speed in free space. The power transmission
derivation, |dT /dng|, defines the detection sensitivity of the
‘PT -assisted three-cavity array. According to Eq. (15), the
detection sensitivity is directly proportional to the transmission
slope. For convenience, the sensitivity to the Rl-induced
frequency shift (i.e., the slope of the power transmission
curves) is thus introduced by [29,70]

S= 4T (16)
=7zl
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FIG. 5. Sensitivity S (in units of «;) as a function of the detuning
A /ky; for three configurations: (a) a single cavity, (b) two indirectly
coupled cavities, and (c) a P7 -assisted three-cavity array. System
parameters for the simulation are the same as in Fig. 2.

From Eq. (15), since B is fixed for a given microring
resonator, further increase in the sensitivity |dT /dn,| requires
an increase in S, i.e., the transduction rate between the
RI-induced frequency shift and the output transmission, which
is just the slope of the power transmission spectra. Under
practical parameters, A = 640 nm, a = 30 um, [ ~ 400, n =
0.95, and Q; ~ 108, from Ref. [29], we obtain B = 34
THz and «; /2n = ¢/(AQ;) = 4.7 MHz, respectively. Based
on Eq. (16), we can numerically calculate the sensitivity
factor S through the power transmission spectra to show the
differences in three possible configurations (a single cavity,
two indirectly coupled cavities, and a P7 -assisted three-cavity
array). Figure 5 presents the sensitivity factor S (or the
so-called transmission slope) as a function of the frequency
detuning A for these three configurations. Compared with both
a single cavity and two indirectly coupled cavities, clearly,
the sensitivity is enhanced in the P7 -assisted three-cavity
array.

In order to further verify the roles of the propagating
phase factor 6 and the P7 -symmetric structure, the maximum
value of the sensitivity Spx versus 6 with and without the
PT -symmetric structure is depicted in Fig. 6. As shown
in Fig. 6, the P7 -assisted three-cavity array (see the solid
blue line) provides an enhancement of more than three
orders of magnitude in the sensitivity compared with the
configuration of two indirectly coupled cavities without the
assistance of the P7-symmetric unit (see the dashed red
line) when 6 = nmr + 0.197 (n is an integral number). From
Fig. 6, the detection sensitivity dT /dn, approaches 4 x 10°
when the above-mentioned parameters § = 34 THz, «y; /27 =
4.7 MHz, and 6 = nw + 0.197 are chosen, which means
that the transmission rate will deviate by 0.4 even when ny
changes by only 107!, This is 10? times better than currently
achievable with microresonators [29].

Figure 7 shows the dependence of the maximum value of
the sensitivity Spax on the coupling strength J between loss
cavity 2 and gain cavity 3. As shown, when J increases,
first Spax increases slowly from a very small value, and
then Sp,« increases very sharply, reaching a very high value.
With a further increase in J, Spyax drops sharply to a small
value. From what has been analyzed above, we can reach
the conclusion that, with properly choice of J, a significantly
enhanced sensitivity (Spmax ~ 106, dT /dng ~ 10'2) can be
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FIG. 6. Maximum sensitivity Sp,x versus propagating phase
factor 0/m with the assisted P7 -symmetric structure (solid blue
line; J/ky; = 8) and without the P7 -symmetric structure, i.e., in
two indirectly coupled cavities (dashed red line; J/k;; = 0). Other
system parameters for the simulation are chosen as k2, = k1, = 20ky;,
K2 = K1, and k3 = —21ky;, respectively.

realized in the P7 -assisted three-cavity array. In this situation,
the best sensitivity is more than 10° higher than that of
two indirectly coupled lossy cavities without assisting P7
symmetry [29].

Before ending this section, we present a brief discussion
of the relations between the above-mentioned EPs in the
PT -symmetric unit and the Fano-like profile observable in
the resonance spectra. It is well known and was picked up
again recently that asymmetric Fano line shapes can be traced
back to the existence of EPs in the resonance spectra [71,72].
Likewise, the present P7 -symmetric cavity dimer features a
‘PT -symmetry phase transition when the coupling parameter
J passes through the EP, i.e., J =~ (ky, + k2;)/4. Here the
effective loss rates including the pump gain (e.g., k2., k2;, and
k3) are kept constant and the EP is obtained by diagonalizing
the coefficient matrix of Egs. (1)—(3). From the given system
parameters in Fig. 7 (also see Fig. 4), we can obtain the EP

max

Maximum sensitivity Iong

FIG. 7. Maximum sensitivity Sp,x versus intercavity coupling
strength J/ky; for the P7 -assisted three-cavity array. Other system
parameters for the simulation are chosen as «j, = ki, = 20ky;,
Ky = K1is k3 = —21ky;, and O = 7 /8, respectively.
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value J >~ 5.3ky;. In this context, it is easy to find from Fig. 7
that the sensitivity of the RI sensors is significantly enhanced
in the vicinity of the EP. This confirms that the EP of the
‘PT-symmetric array plays a key role in the improvement of
the RI sensors. Indeed, it has been shown in Ref. [66] that
EPs are usable for drastic enhancement of the sensitivity of
optical sensors based on the detection of splittings of resonant
frequencies or energy levels. It should be pointed out that our
RIsensor model for a single cavity coupled to a P7 -symmetric
combination of two cavities via a waveguide based on detection
of the transmitted power is also closely related to the approach
proposed originally by Wiersig [66].

V. CONCLUSIONS

In summary, we have investigated the P7-symmetry-
induced evolution of sharp asymmetric line shapes in a
three-cavity array side coupled to a channel waveguide. We
discuss the difference in the generated line shapes in the output
transmission spectra for three possible configurations (a single
cavity, two indirectly coupled lossy cavities, and a P7 -assisted
three-cavity array). It is shown that the three-cavity-array
scheme based on P7 symmetry can greatly enhance the
sharp asymmetric Fano-like line shapes, which gives rise to
faster changes in output transmission than the changes from
both a single cavity and two indirectly coupled cavities. With
the output transmission at a fixed wavelength that varies
much more rapidly than it does in a single cavity and two
indirectly coupled cavities, this P7 -assisted configuration
results in a new type of high-sensitivity RI sensors for practical
applications. For parameters based on microring resonators,
the best sensitivity of RI sensors for the 7 -assisted three-
cavity array is more than 10° higher than the configuration of
two indirectly coupled cavities. Our obtained results can help
us understand better the crossover between Fano resonances
and P7 -symmetric theory. Also, the proposed scheme could
provide a novel route toward line-shape engineering of Fano
resonances in photonic structures by means of P7 -symmetric
optical structures. We believe that the proposed structure
is feasible in experimental realizations and deserves to be
tested under the currently existing experimental conditions
[28,50].
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