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Observation of the transition from inverted coupled-resonator-induced transparency
to inverted Autler-Townes splitting
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Inverted coupled-resonator-induced transparency eliminates amplification as a result of destructive inter-
ference between two competing excitation pathways and induces a “nonamplifying” transparency window
in an otherwise strongly amplifying spectral region. Using coupled ring resonators as a model system, we
systematically examined the transition from inverted induced transparency to Autler-Townes splitting (ATS)
by controlling the coupling strength between two resonators. The inverted induced transparency spectrum
transitioned into different ATS spectra depending on the parameters of the resonators. We also examined the
transition that occurs when the second resonator has gain. In this case, the system showed enhanced transparency,
in which the intensity of the induced window was much greater than the incident laser level.
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I. INTRODUCTION

The Fano effect is a ubiquitous phenomenon that occurs
when one or more discrete levels interact with a continuum of
states [1,2]. This effect has been observed for a wide variety
of physical systems, including diffraction grating anomalies,
neutron scattering, tunneling spectroscopy, and quantum dots
in the Aharonov-Bohm interferometer.

Electromagnetically induced transparency (EIT) [3,4] and
related phenomena [5–14] are manifestations of Fano interfer-
ence. EIT is a result of destructive interference between two
competing excitation pathways. This effect eliminates system
absorption and produces a transparent spectral window in an
otherwise strongly absorbing spectral region. Similar effects
have been observed in a range of systems, including systems
involving coupled-resonator-induced transparency (CRIT) of
two ultrahigh Q microspheres [5–9] and plasmon and meta-
materials [10–12], as well as optomechanical systems that
utilize radiation-pressure coupling between an optical cavity
and mechanical oscillator [13,14]. Applications of EIT and
related phenomena have been discussed extensively [15–20].

Conventionally, induced transparency is studied in passive
systems [3–14], i.e., systems that suffer absorption or intrinsic
losses. When the system utilizes gain, the physics is more
interesting [21–23]. In a previous paper [24], we demonstrated
inverted CRIT in a gain system. Inverted CRIT eliminates
amplification rather than absorption owing to the destruc-
tive interference between two competing excitation pathways,
which produces a “nonamplifying” transparency window.
This effect offers more flexibility for photonic designs. For
example, unlike typical CRIT, anomalous dispersion occurs
in inverted CRIT. The steep and controllable anomalous dis-
persion was used to generate a smooth pulse peak at the
output port from a peak-truncated Gaussian-shaped tempo-
ral pulse [25]. A unique feature of this inverted CRIT peak

is that the peak is not attenuated (or amplified); thus, its
intensity is identical to that of the original input pulse be-
fore truncation. Discussions on inverted induced transparency
and potential applications for controlling light propagation
have developed in other fields, including optomechanical
systems [26].

Autler-Townes splitting (ATS) is another phenomenon that
reduces absorption [27–32]. Unlike EIT, the ATS mechanism
is comparable to the ac-Stark effect. Absorption reduction is
caused by a doublet structure in the atomic absorption profile
driven by strong electromagnetic pumping. It is important to
distinguish ATS from EIT, as EIT is crucial for many ap-
plications including optically controlled slowing of light and
optical storage. Different types of three-level atomic systems
were investigated and two main system categories were found,
those that show EIT interference and those that do not [27]. A
classical analogy to ATS is mode splitting owing to the strong
coupling between resonances. EIT and ATS discrimination
has been studied extensively using an objective method based
on the Akaike information criterion [28] and a time-domain
approach [30].

Our intention is to examine the transition from inverted
induced transmission to ATS in gain systems. The EIT to
ATS transitions studied to date were limited to passive sys-
tems with absorption or losses; this transition has not been
observed in gain systems. Here, we are interested in how a
single gain peak accompanied with an induced window dip
develops in doublet structures. As the coupled resonator is
the only system that has been used to successfully realize an
inverted induced transparency window, we used the resonator
as a model system, and examined the transition from inverted
CRIT to ATS by controlling the coupling strength between
two resonators. The inverted CRIT spectrum transitioned into
different types of ATS spectra depending on the resonator
parameters. We also examined the transition that occurs when
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FIG. 1. (a) Schematic illustration of the experimental setup. R1,
R2, first and second ring resonators; C1 and C2, couplers; SOA,
InP/InGaAsP multiquantum well semiconductor optical amplifier; F,
filter; I, isolator; D, detector; OS, oscilloscope; In and Out, input and
output laser, respectively. The red (R1) and blue (R2) loops represent
active (with gain) and passive (with loss) resonators, respectively.
(b) Schematic illustration of the experimental setup for enhanced
CRIT. A0, A, B0, and B are the positions at which the electric-field
amplitudes are discussed.

the second resonator has gain. In this case, the system showed
enhanced CRIT.

II. CRIT AND ATS

Figure 1 shows a schematic illustration of the experimental
setup for the observation of the transition from inverted CRIT
to ATS. Our system was similar to that used in previous exper-
iments [24]. Briefly, the first (R1) ring resonator and second
(R2) ring resonators were constructed using polarization-
maintaining single-mode optical fibers. To implement gain,
we placed an InP/InGaAsP multiquantum well semiconduc-
tor optical amplifier (SOA) in the first or the second ring
resonator. SOA current control and attenuators were used
to adjust the ring resonator loss or gain parameters. Cou-
pling between R1 and waveguide mode was achieved using a
fixed ratio coupler (C1). We controlled the coupling strength
between R1 and R2 using a variable coupler (C2). This cou-
pler adjusted the intensity branching ratio between two bared
fibers based on evanescent coupling. Although the branching
ratio was calibrated independently, coupling hysteresis was
observed. For this reason, we used the coupling strength as
a parameter to fit the observed spectral structures. The raw
data showing hysteresis of C2 are given in the Supplemental
Material [33]. An Er-fiber laser operating at 1556 nm served
as the incident light source. The average power was 0.1 mW.
The spectral width was 1 kHz, and the laser frequency was
precisely tuned via piezoelectric control of the cavity length.
The transmission spectra were recorded using an InGaP pho-
todiode and a digital oscilloscope.

Directional coupling theory can be used to analyze the
stationary input-output characteristics of coupled resonators
[34].

Eout (ν)

Ein(ν)
= (1 − γ1)1/2

{
y1 − x1Res2(ν) exp [iφ1(ν)]

1 − x1y1Res2(ν) exp [iφ1(ν)]

}

=
√

T (ν)eiθ (ν), (1)

where Ein(ν) and Eout (ν) represent input and output electric
fields and

Res2(ν) = (1 − γ2)1/2

{
y2 − x2 exp [i(φ2(ν)]

1 − x2y2 exp [iφ2(ν)]

}
.

The loss and gain parameter xi represents the attenuation
(0 � xi � 1) or amplification (1 � xi) of the electromag-
netic field after one round trip in the ring resonator. The
subscripts i = 1, 2 represent the first (R1) and second (R2)
ring resonators, respectively. Parameter yi (0 � yi � 1) is the
coupling parameter, which is the electric-field transmittance
through the coupler. The coupling strength increases as y1

decreases. Parameter γi represents the excess loss at the cou-
plers, and φi(ν) is the phase shift in the circulation orbit
in ring resonator Ri. Equation (1) is an exposition of two
distinct types of spectral lines, i.e., the spectral structures of
CRIT and ATS, depending on the coupling parameter y2. We
developed an analysis technique that was applied to a normal
EIT-ATS transition [30], in which gain was calculated by re-
moving approximations and restrictions from parameters. We
consider a situation φ1(ν) = φ2(ν) in which both rings have
equal cavity length. This condition is employed to simplify
the analytical mathematical expression, but is not applicable
to the experiments. In the experiments, Fano interference was
examined at the resonance frequencies of both resonators. As
the resonant linewidth depends on the cavity length, which is
in turn determined by the free spectral range, the cavity length
was considered during simulation. For simplicity, we ignored
excess loss at the coupler and set (1 − γ2)1/2 = 1. Here, the
approximation exp(iφ) ≈ 1 + iφ is used, which is valid when
φ � 1; i.e., the resonance linewidth is narrow compared to the
free spectral range. To extract the spectral resonance effects,
we subtract the transmission electric field defined in Eq. (1)
from the backgrund amplitude at the off-resonance frequency
Eback (φ = π ). Then, the transmission spectra can be separated
into two Lorentz resonances [30]:

Eback − E (φ) = E (π ) − E (φ)

≈
{

A(y2)

φ − Z1(y2)
+ B(y2)

φ − Z2(y2)

}
, (2)

where Z1(y2) = i�c−
√

�(y2) and Z2(y2) = i�c + √
�(y2)

are poles of the two Lorentz-shaped resonances. The real and
imaginary parts of Z1(y2) and Z2(y2) represent the resonance
frequency and resonance linewidth for the transition, respec-
tively. �c and �(y2) are

�c = −b

2a
� = b2 − 4ac

(2a)2 ,

a = −1

2
(4x1x2y1 − x2y2 − x1y1y2)

× (1 + x1x2y1 + x2y2 + x1y1y2),

b = i(2x1x2y1 − x2y2 − x1y1y2)

× (1 + x1x2y1 + x2y2 + x1y1y2),

c = (1 + x1x2y1)2 − (x2y2 + x1y1y2)
2
.
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A(y2) and B(y2) are the weights of the two functions.

A = eZ1 + d

Z1 − Z2
B = eZ2 + d

Z2 − Z1
,

d = 2x1y2
(
1 − x2

2
)(

1 − y1
2
)
,

e = −ix1
(
1 − y1

2
)(

2x2 − y2 + 3x2
2y2

)
.

We define a critical coupling parameter yc as �(yc) = 0.
For the weak coupling condition, i.e., yc < y2 < 1, �(y2) < 0,
Z1(y2), and Z2(y2) are pure imaginary entities.

Eback − E (φ) ∝ A

φ − i�narrow
+ B

φ − i�broad
, (3)

where �narrow = �c−
√−�(y2) and �broad = �c + √−�(y2).

Then, the spectrum can be expressed as the sum of broad and
narrow Lorentz functions with the same resonance frequency.
This indicates that the system is in the CRIT regime. As the
coupling strength increases when 0 < y2 < yc, the discrim-
inant becomes positive; i.e., �(y2) > 0. Hence, Z1 and Z2

become complex values. The spectrum consists of two sep-
arated Lorentz line shapes at different resonance frequencies
with the same spectral width:

Eback − E (φ) ∝ A

φ − (	low + i�c)
+ B

φ − (	high + i�c)
,

(4)

where 	low = −√
�(y2) and 	high = √

�(y2). This indicates
that the system is in the ATS regime.

Under the strong coupling condition, y2 < yc, the spectra
showed an ATS double spectral structure. Whether the double
structure appeared as doublet gain peaks or doublet absorp-
tion dips was dependent on the gain and loss parameters.
The intensity difference between the on-resonance and off-
resonance conditions in the ATS spectrum under the strong
coupling limit is given as


I ≡
∣∣∣E(

y2 = 0, φ = π

2

)∣∣∣2
− |E (y2 = 0, φ = 0)|2

= −4x1x2y1[1 − (x1x2)2]
(
1 − y1

2
)

[1 − (x1x2y1)2]
2 . (5)

When x1x2 < 1, 
I < 0, and the double dip structure ap-
pears in the ATS spectrum. This is reasonable because the
total system is absorbing. However, when x1x2 > 1, 
I > 0
and the double peak structure appeared in the ATS spectrum
as the system became a gain system.

Figures 2(a) and 2(b) show the real and imaginary parts of
Z1(y2) and Z2(y2), which represent the resonance frequency
and resonance linewidth for the transition. The parameters
used were those obtained experimentally, as shown in Fig. 3.

III. EXPERIMENTS AND RESULTS

A. Transition from inverted CRIT to inverted ATS

We first examined the transition from inverted CRIT to in-
verted ATS as a function of the coupling strength between R1

and R2. For this experiment, R1 had gain; hence, an SOA was
placed in the first ring, R1. The loss in R2 was weak, to satisfy
the condition 1 < x1x2, where x1 and x2 are the loss or gain

inverted CRIT

inverted ATS

-1

0

1

0.8 1

-1

0

(b)

(a)

FIG. 2. (a), (b) Real and imaginary components, respectively,
of Z1 and Z2 as a function of y2 for the transition from inverted
CRIT to inverted ATS. The parameters used were those obtained
experimentally, as shown in Fig. 3. The critical coupling strength was
yc = 0.96. When yc < y2 < 1, the system is in the inverted CRIT
regime (red), For 0 < y2 < yc, the system is in the inverted ATS
regime (blue).

parameters of R1 and R2, respectively. Column (a) of Fig. 3
shows the experimental results of the transmission spectra as a
function of the laser detuning frequency, in which the coupling
strength increased (coupling parameter y2 decreased) from top
to bottom. Figure 3(a1) shows the spectrum corresponding to
when R2 was decoupled; the spectrum showed a broad single
peak relevant to the gain in R1. Figure 3(a2) is the spectrum
when R2 was coupled. The second resonator R2 induced a
narrow dip (red upward arrow) in the broad gain peak due
to R1. As the coupling strength increased, this dip deepened.
At the coupling strength shown in Fig. 3(a3), the transmission
intensity level at the bottom of the dip was the same as the
input intensity [blue dotted horizontal line in Fig. 3(a3)].
This dip was attributed to destructive interference between
the two optical pathways: one path bypassed R2, while the
other passed through it. This is a demonstration of inverted
CRIT, in which a nonamplifying window is induced in the
frequency region where otherwise strong amplification would
exist [30]. We examined the spectra in the stronger coupling
region beyond the inverted CRIT region [Figs. 3(a4)–3(a7)].
As the coupling strength increased further, the dip deepened
below the incident laser level and the bottom of the win-
dow reached the zero level [Fig. 3(a4)]. This is the critical
coupling condition, in which the loss in the coupled system
of R1 and R2 is balanced by the coupling of y1. Except for
a small reflection from the instrument, the light energy was
totally absorbed in the ring resonator, which is reminiscent
of a coherent perfect absorber [35]. As the coupling strength
increased further, the spectrum split into two gain peaks at
different frequencies with almost the same spectral width and
intensity [orange and green downward arrows in Fig. 3(a6)].
We refer to this spectrum as inverted ATS (y2 < yc), in which
the spectral structure is inverted (upside down) with respect to
traditional/normal ATS splitting (normal ATS). Therefore, the
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FIG. 3. Transition from inverted coupled-resonator-induced transparency (inverted CRIT) to an inverted Autler-Townes (inverted ATS)
spectrum. (a) Experimental transmission spectra for inverted CRIT with different coupling strengths; the coupling strength increases from the
top to the bottom. (b) The calculated curves of the transmission spectra shown in (a). Parameter y2 is as follows: (b1) 1.0, (b2) 0.995, (b3)
0.98, (b4) 0.94, (b5) 0.87, (b6) 0.59, and (b7) 0.10. x1 = 1.9, x2 = 0.92, and y1 = 0.32 in all figures. Resonator lengths were L1 = 3.1 m,
L2 = 5.3 m. (c), (d) The transmission phase shift and group delay time, respectively, calculated using the same parameter obtained in (b). The
colored parts in the calculated curves [the red parts in (b3), (c3), and (d3), and the orange and green parts in (b6), (c6), and (d6)] represent the
same frequency regions. Animation of Fig. 3 with increased data points is given in the Supplemental Material [33].

experimental results shown in Figs. 3(a3)–3(a7) coincide with
the steps in the transition from inverted CRIT to inverted ATS.

Column (b) in Fig. 3 shows the calculated curves for the
transmission spectra to fit the experimental data shown in
Fig. 3(a). We used the coupling strength y2 as a parameter
to accurately reproduce the observed spectral structures. For
example, in Fig. 3(b2), the calibrated value of y2 of the coupler
C2 was in the range 0.995 < y2 < 0.998 owing to the hys-
teresis, while the value used in the fitting was y2 = 0.995, so
the two values showed a reasonable agreement. All other pa-

rameters, x1, x2, and y1, were assigned fixed values that were
determined by independent measurement. Using the parame-
ters obtained in Fig. 3(b) and Eq. (2), we calculated the critical
value as yc = 0.96 for the transition from inverted CRIT
to inverted ATS. This value of yc lies between Figs. 3(b3)
and 3(b4) and reasonably distinguishes the spectral structures
shown in Fig. 3.

The unique features of the spectra and dispersion in tra-
ditional CRIT have allowed for the development of many
applications. For example, the lossless, steep, and controllable
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FIG. 4. Transition from inverted CRIT to normal ATS. (a) Experimental observation of transmission spectra for inverted CRIT spectra for
the different coupling strengths; the coupling strength increases from top to bottom. (b) Calculated curves of the transmission spectra shown in
(a). Parameter y2 is as follows: (b1) 1.0, (b2) 0.90, (b3) 0.82, (b4) 0.59, (b5) 0.48, (b6) 0.17, and (b7) 0.04. x1 = 1.4, x2 = 0.3, and y1 = 0.45
in all figures. (c), (d) Transmission phase shift and group delay time, respectively, calculated using the same parameter obtained in (b). The
colored parts in the calculated curves [red parts in (b3), (c3), and (d3) and the orange and green parts in (b6), (c6), and (d6)] represent the same
frequency regions.

dispersion in the transparency window in normal CRIT real-
izes slow light and frozen light [15]. In contrast to the normal
dispersion in normal CRIT, anomalous dispersion appears in
inverted CRIT. Figures 3(c) and 3(d) show the transmission
phase shift and the group delay, respectively, calculated us-
ing the same parameters obtained in the fitting in Fig. 3(b).
When R2 was decoupled, the transmission phase shift in-
creased monotonically as a function of the detuning frequency
[Fig. 3(c1)]; hence, the group delay was positive and slow
light was expected [Fig. 3(d1)]. When the R2 was coupled
and the induced window appeared [red arrows in Figs. 3(b2)

and 3(b3)], the transmission phase shift in the window showed
anomalous dispersion [Fig. 3(d2)]. For the given coupling
strength shown in Fig. 3(b3), with the condition that the
transmittance was 1, the incident pulse propagated with super-
luminal group velocity without amplification or attenuation
[24,25]. Under critical coupling conditions, where the bottom
of the induced window reached a zero level, the transmission
phase reached π/2 [Fig. 3(c4)]. As the coupling strength
increased further, the spectrum showed an inverted-ATS-type
spectrum, and the two gain peaks displayed normal dispersion
[Figs. 3(c7) and 3(d7)].
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FIG. 5. Transition from enhanced CRIT to normal ATS. (a) Experimental observation of transmission spectra for the enhanced CRIT
spectra for the different coupling strengths. The coupling strength increased from top to bottom. (b) The calculated curves of the transmission
spectra shown in (a). Parameter y2 is as follows: (b1) 1.0, (b2) 0.98, (b3) 0.96, (b4) 0.95, (b5) 0.67, (b6) 0.54, (b7) 0.25, and (b8) 0.00.
x1 = 0.60, x2 = 1.2, and y1 = 0.45 in all figures. (c), (d) Transmission phase shift and group delay time, respectively, calculated using the
same parameter obtained in (b). The colored parts in calculated curves [red parts in (b4), (c4), and (d4) and the orange and green parts in (b7),
(c7), and (d7)] represent the same frequency regions.

B. Transition from inverted CRIT to normal ATS

In contrast to Fig. 3, when the loss in R2 was large as
1 > x1x2, a different type of transition appeared. For this
experiment, an additional attenuator was implemented in R2.
Figure 4(a) shows the experimental results for the transmis-

sion spectra, for the different coupling strengths. A similar
discussion to that for Fig. 3 is applicable. When R2 was cou-
pled, an induced window was observed [red downward arrow
in Fig. 4(a2)]. In comparison with Fig. 3(a2), the width of the
induced window was broad. This occurred because the loss in
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R2 was large. As the coupling strength increased, the dip in
the spectrum deepened [Fig. 4(a3)], as in the case of a small
loss [Fig. 3(a3)]. Simultaneously, however, the height of the
gain shoulders below and above the resonance frequency was
reduced [black downward arrow in Fig. 4(a4)]. This occurred
because the large loss in R2 was mixed into R1, and the total
loss of the coupled system of R1 and R2 increased. As the
coupling strength increased further, the dip deepened and the
bottom reached a zero level [Fig. 4(a4)]; thus, the critical
coupling condition was achieved. As the coupling strength
continued to increase, the resonances appeared as dips in the
transmission spectrum of Fig. 4(a7). These dips are in contrast
to the gain peaks observed in Fig. 3(a7). As 1 > x1x2, the
loss in R2 overcame the gain in R1; therefore, the coupled
system was an absorbing system as a whole. The experimental
results shown in Figs. 4(a3)–4(a7) show the transition from
inverted CRIT to typical ATS. Column (b) of Fig. 4 shows the
calculated curves of the transmission spectra, which showed
good agreement with the experimental observation shown in
column (a). A phase map similar to Fig. 2 was obtained
from the experimental parameters used for fitting, as shown
in Fig. 4, and the critical coupling strength was calculated
as yc = 0.72. This value of yc lies between Figs. 4(b3) and
4(b4). For this transition, the spectra transformed via complex
structures; thus the discrimination between CRIT and ATS
was not clear from the observed spectral changes. The critical
coupling strength calculated above, however, could uniquely
separate the CRIT and ATS regimes.

Figures 4(c), and 4(d) show phase shift and group delay,
respectively, calculated using the same parameters obtained in
the fitting shown in Fig. 4(b). The dispersion relation jumped
from normal to anomalous dispersion when the coupling
strength crossed the critical coupling condition [Figs. 4(c6)–
4(c7)]. In contrast to Fig. 3(c7), the two absorption dips
in the normal ATS spectrum indicate anomalous dispersion
[Fig. 4(c7)].

C. Enhanced CRIT

So far, we have discussed the Fano interference effect in
cases in which R1 had gain and R2 was an absorbing resonator.
Next, we discuss the case in which R2 has gain. For this exper-
iment, the SOA was removed from R1 and implemented in R2.
Figure 5(a) shows the experimental observation of the trans-
mission spectra for different coupling strengths. Figure 5(a1)
displays the transmission spectra when R2 was decoupled.
The transmission spectra showed a broad dip due to the ab-
sorption in R1. Figures 5(a2)–5(a7) show the transmission
spectra when R2 was coupled to R1; in the figure, the coupling
strengths increase from top to bottom. The spectrum shown
in Fig. 5(a2) was acquired when R2 was weakly coupled to

R1. Within the broad dip due to the absorbing R1, a small
and narrow peak appeared. As the coupling strength of R2 in-
creased, the height of this peak increased [Figs. 5(a3)–5(a4)].
In contrast to traditional CRIT, this peak increased strongly
beyond the intensity level of the incident light.

Although the spectra from Figs. 5(a1)–5(a8) seemed to
transform continuously, there were significant differences in
the system operation. We classified the operation into three
regimes. Regimes I and III correspond to the spectra between
Figs. 5(a2)–5(a4) and 5(a5)–5(a8), respectively, with regime
II in between. The experimental spectra of regimes I and
III were stable; however, that of regime II showed instabil-
ity. In regime II, the output intensity jumped to high levels
(not shown in Fig. 5). We consider that this jump in the
output intensity was attributable to lasing action within R2.
Figure 1(b) is a schematic illustration of the coupled ring
resonator for enhanced CRIT. We introduced electric fields
EA0 = 1, EA, EB0 , and EB at points A0, A, B0, and B, respec-
tively. Using Eq. (1), the electric field in R2 is represented

as EB = − i
√

1−y2
2eiφ

1−x2y2eiφ . At x2y2 = 1, laser action was expected
under the condition φ = 0. Regime I is notable from the
perspective that the system was stable even though x2y2 > 1.
After one round trip in R2, the electric-field amplitude at B0

increased by an amount 
EB0 = |y2x2EB0 | − |EB0 | > 0. This
increment was canceled by the π radian-shifted electric field
coupled from EA0 . The field intensity in R2 was steady, even
under the condition x2y2 > 1. Figure 5(a4) shows that the
intensity of the induced window (peak) was much higher than
the incident laser level. We refer to this spectrum structure
as enhanced CRIT. Figures 5(a5)–5(a8) show the spectra ob-
served when the coupling further increased and the condition
x2y2 < 1 was satisfied (regime III). After one round trip in R2,
the electric-field amplitude decreased by an amount 
EB0 =
|y2x2EB0 | − |EB0 | < 0. This decrease was compensated by the
addition of the phase-matched electric field supplied from EA0

via the coupler. As the coupling strength further increased,
the spectral width of the peak broadened, and the peak height
decreased further. Finally, the spectrum transformed into the
normal ATS spectra [Fig. 5(a8)]. This occurred as the total
loss of the system satisfied the condition x1x2 < 1; hence,
the coupled resonator as a whole is an absorbing system.
Column (b) of Fig. 5 shows the calculated curves of the
transmission spectra, which showed good agreement with the
experimental observation shown in column (a). Columns (c)
and (d) show the transmission phase shift and the group delay
time, respectively, calculated using the same parameters as
those for column (b) in the same row. Under the condition
x2y2 > 1, the transmission phase showed anomalous disper-
sion [Figs. 5(c2)–5(c4)]. Using the experimental parameters

TABLE I. The three types of transition from CRIT to ATS are shown in Figs. 3–5. Conditions x1 and x2 are summarized.

Transition

Parameter Inverted CRIT → inverted ATS (Fig. 3) Inverted CRIT → normal ATS (Fig. 4) Enhanced CRIT → normal ATS (Fig. 5)

x1 1.92 (>1) 1.40 (>1) 0.60 (<1)
x2 0.92 (<1) 0.30 (<1) 1.20 (>1)
x1x2 1.77 (>1) 0.42 (<1) 0.72 (<1)
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shown in Fig. 5 and Eq. (2), we calculated the critical value
yc = 0.70 for the transition from enhanced CRIT to normal
ATS, as shown in Fig. 5. This value of yc lies between
Figs. 5(b4) and 5(b5).

The three types of transition from CRIT to ATS discussed
in Figs. 3–5 are summarized in Table I.

IV. SUMMARY

We systematically examined the transition from inverted
and enhanced CRIT to ATS. As the coupling strength be-
tween two resonators increased, the inverted CRIT spectrum
transitioned into inverted or normal ATS, respectively, de-
pending on the loss parameter. The spectra were transformed
via complex structures, so CRIT and ATS could not be clearly

discriminated based on the observed spectral changes. The
critical coupling strength yc was calculated using a model
that separated the response function into double Lorentz
line shapes, and could uniquely separate the CRIT and ATS
regimes. When the second resonator had gain, the system
showed enhanced CRIT, in which the intensity of the in-
duced window (peak) was much higher than the incident laser
level. The diversity in the spectral structures and dispersions
in inverted and enhanced CRIT and ATS offer flexibility in
photonic designs. Furthermore, when active optical resonators
are coupled to other freedoms, such as mechanical or plas-
mon freedom, inverted optomechanical-induced transparency
or inverted plasmon-induced transparency, as well as ATS,
could be realized; they have potential in practical applications.
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