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We investigated the transient responses of coupled optical resonators, after they were injected with square
modulated temporal pulses. A sharp spike, attributed to the optical precursor in coupled-resonator-induced
transparency, appeared when the coupling between the resonators was weak. As the coupling strength increased,
the resonance spectrum developed clearly separated double dips of Autler-Townes splitting, and the precursor
spike transformed into an oscillatory structure. These temporal oscillations were attributed to the coherent energy
exchange between two resonators. Theoretical calculations were in good agreement with the experimental
observations.
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I. INTRODUCTION

In recent years, there has been a discussion on the
discrimination of two similar but different effects that both
yield transparency in an absorption profile in the presence of
a coupling field [1–3]. One is electromagnetically induced
transparency (EIT), which arises from a quantum Fano
interference between two paths and occurs even at very low
control intensity. The other effect is Autler-Townes splitting
(ATS) in a three-level atom, which appears as the dressed states
in the excited level in the presence of a strong-coupling field.
Because the differences between EIT and ATS are important in
applications such as slow light, optical storage, and quantum
information processing, different configurations of three-level
atomic systems that feature EIT and/or ATS are studied in
detail [3]. Recently, an objective method based on the Akaike
information criterion was introduced to discriminate these two
effects [1,2] and was successfully applied to experimental data
in cold cesium atoms. Induced transparency has developed
in various systems, such as those found in plasmons [4],
metamaterials [5], and optical mechanical systems [6,7]. Par-
ticularly, in coupled-resonator-induced transparency (CRIT),
two optical resonators of high and low Q values are coupled,
and the destructive interference of the two optical pathways
cancels the absorption [8–11].

Unique features of EIT and CRIT appear not only in the
spectral domain, but also in the time domain. Recently, the
advantages of using EIT and slow light were suggested for
the observation of optical precursors [12,13]. That is, when
a long square modulated laser pulse propagated through a
cold atomic ensemble with EIT, transient spikes following
the rising and falling edges appeared. These spikes are
attributed to Sommerfeld and Brillouin precursors. Hence, it
has demonstrated that precursors and the main signal can be
observed separately in the temporal region, with amplitudes
comparable to that of the incident step in EIT. Similarly
the optical precursors were also demonstrated in CRIT [14].
Although the transition between EIT and ATS has been
investigated in the spectral domain [1–3], the effect is also
expected to appear in the time domain. Here, we investigated
the transient responses of coupled optical resonators with
the coupling strength, after they were injected with square
modulated temporal pulses. The coupled resonator can be

described in an analogical way as a �-type three-level atomic
system [15]. Hence, a similar transition from CRIT to Autler-
Townes-type splitting is also expected in this system [15];
i.e., the strong coupling between two resonators modulates the
phase and splits the degenerated eigenmodes into two modes.
With increasing coupling strength, we observed the transition
in the time domain, i.e., the optical precursor in the CRIT
regime transformed into coherent oscillation of the energy
exchange between the resonators in the ATS regime.

The paper is organized as follows. Section II describes
the theory of CRIT and ATS showing the details of CRIT to
ATS transition analytically. Section III discusses the numerical
simulation results on the basis of analytic calculation described
in Sec. II. Experimental results are discussed in Sec. IV
and compared with the results obtained from the numerical
simulation in Sec. III. Section V introduces a dynamic-system
example in support of our results and discussions. Finally,
Sec. VI presents our conclusions.

II. CRIT AND ATS

Figure 1 shows a schematic diagram of the coupled
resonators. The stationary input-output characteristics of the
coupled resonators can be analyzed based on directional-
coupling theory [16]. The electric field of the output light,
normalized by the incident light electric field, is given as

E(ν) = (1 − γ̄1)1/2

[
y1 − x1R2(ν) exp(iφ1)

1 − x1y1R2(ν) exp(iφ1)

]
,

where

R2(ν) = (1 − γ̄2)1/2

[
y2 − x2 exp(iφ2)

1 − x2y2 exp(iφ2)

]
. (1)

xi (0 � xi � 1) and yi (0 � yi � 1) are the loss and coupling
parameters, respectively, with i = 1,2 for the first (R1) and
second (R2) ring resonators. The loss (xi) parameter represents
the attenuation of the electromagnetic field amplitude after one
round trip in the ring. The coupling parameter (yi) represents
the amplitude transmittance through the coupler. Here, γ̄i

represents the insertion loss at the couplers, and φi(ν) is
the phase shift in the circulation orbit in the ring resonator
Ri . The resonance linewidth of individual ring resonator can
be given as �i = 2(1 − xiyi)/

√
xiyi , under a condition when
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FIG. 1. (Color online) Schematic diagram of the experimental
setup. R1 and R2 are ring resonators; C1 and C2 are couplers. Square
modulated pulses were assumed as the input pulses.

two rings are decoupled. 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. To
understand the transition between these two spectral features,
we modify Eq. (1) with simplifications and approximations.
First, we consider a situation, φ1(ν) = φ2(ν), which indicates
that both rings have the same cavity length. The internal loss in
the second ring and the insertion losses broaden the resonance
and only smear out the effect of the coupled resonators; hence
we ignore these losses and set x2 = 1, and (1 − γ̄2)1/2 = 1.
For the first ring, we consider the critical coupling condition
x1 = y1 as the typical case, which indicates the first ring is most
efficiently coupled to the waveguide mode. The transmission
of the coupled resonator shows an amplitude maximum at the
off-resonance frequency φ = π ,

Emax = y1 + x1y2 + y1x2y2 + x1x2

1 + x1y1y2 + x2y2 + x1y1x2
. (2)

To extract the resonance effect in the spectral structure, we
subtract the transmission electric field of Eq. (1) from Emax,

Emax − E(φ) = x1
(
x2

1 − 1
)

(
x2

1 + 1
) (ei2φ − 1){

x2
1 (ei2φ − y2eiφ) + 1 − y2eiφ

}

= x1
(
x2

1 − 1
)

(
x2

1 + 1
)

{
A

φ − Z1
+ B

φ − Z2

}
, (3)

where,

Z1 = iγc −
√

�

2x2
1

, Z2 = iγc +
√

�

2x2
1

,

γc = 1 − y2

2

(
1 + 1

x2
1

)
, (4)

� = 4x2
1 − y2

2

(
x2

1 + 1
)2

,

and

A = − 2iZ1

Z2 − Z1
, B = 2iZ2

Z2 − Z1
. (5)

Here the approximations exp(iφ) ≈ 1 + iφ and 2iφ −
φ2 ≈ 2iφ are used, which are good as long as φ � 1, i.e., the
resonance linewidth is narrow compared to the free spectral
range (FSR).

For the case of weak coupling, � < 0, i.e., for y2 >

2x1/(x2
1 + 1), the spectral poles of the amplitude transmittance

in Eq. (3) are purely imaginary. Then, the absorption of the
coupled resonator can be expressed as the difference between
two Lorentzian line shapes,

Emax − E(φ) ∝ A

φ − iγnarrow
+ B

φ − iγbroad
, (6)

where

γnarrow = γc −
√|�|
2x2

1

, γbroad = γc +
√|�|
2x2

1

. (7)

This indicates that the system is in the CRIT regime, where
the spectral structure is expressed as the interference of two
resonance profiles with γnarrow and γbroad centered at zero
detuning frequency.

For the case of strong coupling, � > 0, i.e., for y2 <

2x1/(x2
1 + 1), the spectral poles of the transmittance are

complex. Then, the absorption of the coupled resonator can
be written as

Emax − E(φ) ∝ A

φ − (�low + iγc)
+ B

φ − (�high + iγc)
,

(8)

where

�low = −
√

�

2x2
1

, �high =
√

�

2x2
1

. (9)

This indicates that the system is in the ATS regime, where
the spectral structure comprises two individual Lorentz lines
at �low and �high with an equal linewidth of γc. The AT
splitting represented by Eqs. (8) and (9) is � = �high − �low ∝√

1 − y2
2 for the condition of x1 → 1.

III. SIMULATIONS

Although the analytical results show the transition from
CRIT spectral structure to ATS, some simplifications and
approximations are used in the calculation. To have a detailed
picture about the transition, we numerically calculated the
transmission spectra and transmitted pulse profiles using
Fourier space analysis within the slowly varying approxi-
mation. The left column in Fig. 2 shows the theoretically
calculated curves for the stationary transmission spectra
through the coupled resonators. While various configurations
of coupled resonator could be discussed, we assumed a fiber
ring resonator in accordance with experiments described later.
The coupling parameter, y2, was decreased within the range of
1.0–0.95 (i.e., the coupling strength increased) in descending
order from the top to the bottom graphs. Figure 2(a) shows
the calculations for y2 = 1; in this case, the second resonator
has been decoupled, which means the system is converted
into a single resonator, R1. A broad dip with the width of
γ1 = 5.3 MHz (HWHM), appeared at the resonance frequency
ν1, in the transmission spectrum. Because the first resonator
was set up under the critical coupling condition (x1 = y1), the
stationary transmission was zero at δν = 0 in Fig. 2(a) [16].
The right column in Fig. 2 shows the theoretically calculated
curves for the temporal profiles of transmitted pulses. We
assumed square modulated pulses as the input pulse to study
the transient response, following the traditional treatments by
Sommerfeld and Brillouin. The incident pulse frequency was
adjusted to the resonance frequency of the ring resonators at
δν = 0. In contrast to the stationary transmission, when square
modulated pulses were injected, the transient transmission
was not zero; sharp spikes with comparable amplitude to
the input pulses appeared at the leading and trailing edges
of the pulses [Fig. 2(a′)]. These spikes were attributed to the
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FIG. 2. (Color online) Left column; Theoretically calculated
curves for the stationary transmission spectra. Right column: Trans-
mitted temporal profiles of the square modulated pulses through the
coupled resonator. The transmission intensity was normalized by the
intensity of the input pulse. The parameters used were (a) (a′) y2 =
1.0, (b) (b′) y2 = 0.9995, (c) (c′) y2 = 0.998, (d) (d′) y2 = 0.99, and (e)
(e′) y2 = 0.95. Other parameters were x1 = 0.98, y1 = 0.98, x2 = 1.
L1 = 0.39 m, L2 = 1.56 m. The top graph in the right column
represents the duration, 2.5 μs and a height of 1 for the square
modulated input pulses. To visualize the precursors in the CRIT
regime and oscillatory structures in the ATS regime clearly, the blue
shaded areas noted (I)–(IV) are focused and projected in Fig. 3.

higher and lower spectral components of the square modulated
pulse, consisting of sharp rising and falling edges to which the
resonator did not respond; hence, they could be interpreted as
optical pre- and postcursors [12–14,17]. The spikes occurred
simultaneously as the square pulses entered the system and
exhibited a decay of �−1

1 = (2γ1)−1 = Q1/2πν1, where Q1 is
the Q value of the first cavity.

Figure 2(b) shows the calculated curves for the stationary
transmission spectra when the second ring resonator is coupled
to the first resonator, under the condition of y2 = 0.9995. The
second resonator modulated the loss and phase of the first
resonator, and a narrow transparent window appeared at the
resonance frequency of the second resonator, ν2. This narrow
transmission peak is caused by the destructive interference
between two optical pathways: one passing through R2 and
another bypassing R2; hence, we attribute this window to
CRIT [8–11]. The linewidths of the first and the second
rings were γ1 = 5.3 MHz and γ2 = 0.03 MHz, respectively,
and the spectral splitting in Fig. 2(b) was � = 3.9 MHz;
thus a condition of � < γ1 − γ2 had been satisfied. This
indicated that the system was in the CRIT regime, where the
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FIG. 3. (Color online) Detailed study of the shaded portions in
Fig. 2. Here (I) and (II) are the expanded plots of blue shaded areas in
Fig. 2(b′), for the weak-coupling condition, where CRIT is realized.
The solid blue lines are transmitted intensity. The dashed green and
dotted red lines are the electric field in the first and second ring
resonators, respectively. The intensities and field amplitudes were
normalized by those of the input pulse. Graphs (III) and (IV) are
similar plots of the respective blue shaded areas in Fig. 2(e′), for
the strong-coupling condition, where ATS is realized. The thin black
lines in (III) are the averaged electric fields in the first and second
ring resonators, respectively, where the oscillatory structures were
removed. To show the oscillatory structures, transmitted intensity
(solid blue line) was magnified by 10 × in (IV). The solid green and
dashed red lines in (III′) and (IV′) are the oscillating energy portions
in the first and second ring resonators, respectively. The comb in (III)
represents the oscillation period in the amplitude basis. The combs in
(III′) and (IV′) represent the period on intensity basis.

spectral structure shown in Fig. 2(b) could be expressed as
the interference of two resonance profiles of broad and narrow
resonators centered at zero detuning frequency [3]. Note that
this situation can be reinterpreted also as an overdamped
condition, if we recognize the split broad resonance as two
independent oscillations, because the splitting � is smaller
than the linewidth �1. As shown in Fig. 2(b′), when the square
modulated pulses were injected into the coupled resonators,
the main signals slowly increased according to the time
constant, τind ∼ �−1

2 = Q2/2πν2, determined by the Q value
of the second resonator R2, after a sharp spike. This situation,
therefore, demonstrates that the precursor and the main signal
can be observed separately in the temporal regime, with
amplitudes comparable to that of the incident square pulses
[12–14]. In order to visualize the precursor structures in the
CRIT regime clearly, the blue shaded areas (I) and (II) of
Fig. 2(b′) are projected in Fig. 3 and discussed in detail in a
separate paragraph.

To study the splitting as a function of coupling strength,
the coupling parameter y2 was further decreased to y2 =
0.998, 0.99, and 0.95 in Figs. 2(c)–2(e), respectively. One
can clearly see the development of well-separated double dips
in the resonance spectra with increasing coupling strength.
This situation can also be reinterpreted as an underdamped
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condition. The spectral splitting was � = 8.5, 17.3, and
38.6 MHz, in Figs. 2(c)–2(e), respectively, and agreed well
with the expected value estimated from � ∝

√
1 − y2

2 [15].
The condition of � > γ1 − γ2 was satisfied, indicating that
the system was in the ATS regime of the underdamped
configuration [3]. Figures 2(c′)–2(e′) show the transmitted
pulse profiles. When a square modulated pulse is injected into
the system in this configuration, the main signal shows no
delay. Instead, we observe oscillatory structures in the leading
and trailing edges of the pulse. These oscillatory structures that
appeared in the ATS regime are shown clearly by focusing the
blue shaded areas (III) and (IV) of Fig. 2(e′), and are discussed
later in detail in Fig. 3.

To clarify the origin of the transient response, we calculated
the electric fields inside the first and second resonators.
Figures 3(I) and 3(II) show the internal field for the weak-
coupling condition, y2 = 0.9995, where CRIT is realized. As
mentioned earlier, the time range for all plots in Figs. 3(I) and
3(II) correspond to that for blue shaded areas in (I) and (II) of
Fig. 2(b′), respectively. The phase of the electric field shifts by
π/2 every time it passes through the coupler. The electric field
components having phase shifts of π/2 and π with respect
to the incident fields are plotted for the first and the second
resonators, respectively. In Fig. 3(I), when the input square
pulse was turned on, the first resonator began to store the light
energy (dashed green line), with a characteristic buildup time
on the order of τ1 ∼ �−1

1 . The circulated component from the
first ring passed the coupler twice; hence, the phase was shifted
π with respect to the direct component. The interference
between the circulated and direct components resulted in zero
stationary transmission. After the first resonator achieved this
condition, the second ring resonator began to store the light
energy with a characteristic buildup time on the order of
τ2 ∼ �−1

2 (dotted red line). This component had the same phase
as the direct component and appeared as a gradual increase of
the main signal. It should be noted that the response time τ 2 ex-
plains the slow group delay time if Gaussian pulses propagate
through the CRIT system. Figure 3(II) shows that the optical
postcursor appeared after the exit of the square modulated
pulses.

Figures 3(III) and 3(IV) now show the internal field for
the strong-coupling condition, y2 = 0.95, where ATS is
realized. Similar to Figs. 3(I) and 3(II), the plotted time
ranges of Figs. 3(III) and 3(IV) correspond to those of the
blue shaded areas (III) and (IV) of Fig. 2(e′), respectively.
In this case, the coupling strength was strong enough to
cause the system to be in an underdamped configuration.
The original resonator modes, ν1 and ν2, were no longer
good eigenmodes; however, the reconfigured modes, �low

and �high, i.e., the mixed modes of the first and second
modes, provided a better description of the coupled system.
As a result, the transmission intensity through the system
(blue lines) exhibited an oscillatory structure. The averaged
electric fields in the first and second ring resonators are plotted
by the thin, solid black lines. To clearly show the energy
exchange, the oscillating portions of the energy in the first and
second ring resonators are plotted with solid green and dashed
red lines in Figs. 3(III′) and 3(IV′), respectively, where the
averaged electric field was subtracted and the energy density
was summed over the total length of each resonator. It is clear

from these plots that the two resonators reached the stationary
state, exchanging mutual energies. The oscillation period was
τosc = 51.8 ns in Fig. 3(III′), which is in good agreement with
τosc = 2/�. As the coupling parameter,y2, decreased further,
the spectral separation between the two dips increased and the
oscillation period also decreased. The oscillation period of the
postcursor in Fig. 3(IV) is also equal to τosc. The magnitude of
the postcursor was weak, compared with that of the precursor.
This difference in amplitude can be explained as follows. The
precursor, at the leading edge, is detected as a heterodyne
signal between the ballistic and circulated light. In contrast,
the postcursor signal at the trailing edge is detected on an
intensity basis, because there is no background ballistic field.

IV. EXPERIMENTS

Our simulations showed the transition from the optical
precursor observed under weak-coupling conditions of CRIT
to the oscillatory structure in the strong-coupling condition
of ATS as the coupling strength increased. In simulation, the
parameters can be changed continuously. The experimental
system, however, had restrictions; we observed the transient
response in two typical cases. The ring resonators were made
using a single-mode polarization-maintaining (PM) fiber. The
physical lengths of the rings were L1 = 1.8 m and L2 = 3.6 m.
The main difficulty encountered in our experiment was the
tuning of both resonators to a single resonance frequency. For
this purpose, the fiber ring system was temperature controlled,
within an accuracy of <1 mK. An Er-fiber laser at 1556 nm
was used as the incident light source. The spectral width was
1 kHz, and the laser frequency was tuned by piezoelectric
control of the cavity length. The laser frequency was scanned,
and both the resonators of different lengths were found to
oscillate at the same frequency. Square modulated pulses, with
a temporal duration of tp = 2500 ns and a repetition rate of
100 kHz, were generated using a LiNbO3 (LN) modulator. The
incident power of the pulses was 0.1 mW. The spectrum was
observed in continuous-wave mode, where the LN modulator
was operated in open mode. Transmitted intensity through the
system was observed using a 1-GHz InGaAs photodetector
and was recorded using a 600-MHz digital oscilloscope.
For realization of the overdamped configuration [Fig. 4(b)],
additional loss was inserted within the first resonator R1. For
realization of the underdamped configuration [Fig. 4(c)], it
was important to minimize the internal loss. For this purpose,
we used an InP/InGaAsP multi-quantum-well semiconductor
optical amplifier within the first ring. Note that the semicon-
ductor optical amplifier was operated at very low current to
compensate for the intrinsic loss of the first ring, i.e., fiber loss
and insertion loss of the couplers; the ring resonator was still
the passive medium (x1 = 0.995).

Figure 4(b) shows the experimental results when coupling
strength between the two resonators is weak; hence, the system
lies in the CRIT regime. The couplers were 60:40 (y1 = 0.78)
for C1 and 90:10 (y2 = 0.95) for C2. The inset of Fig. 4(b)
shows the transmission spectrum. The typical features of
CRIT were observed; i.e., a transmission window was created,
induced by the second resonator within the opaque spectral
region, due to broad absorption by the first resonator. The
widths of the first and the second (when decoupled) rings
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FIG. 4. (Color online) (a) Leading edge of the square modu-
lated input pulses, where inset shows the overview of the pulses.
(b) and (c) The transient response after the square modulated pulses
were injected into the coupled resonators. The black dots represent
experimental data, and the solid blue lines represent the fitted curves.
The inset shows the transmission spectra as a function of laser
detuning frequency. (b) Weak-coupling condition, where the system
lies in the CRIT regime. The couplings, 60:40 (y1 = 0.78) for the first
coupler (C1) and 90:10 (y2 = 0.95) for second coupler (C2), were
used to achieve the overdamped configuration while the parameters
used in the curve fitting were x1 = 0.8, y1 = 0.775, x2 = 0.975, y2 =
0.94. The sharp transient spike seen is attributed to the precursor.
(c) Strong-coupling condition where the system lies in the ATS
regime. The couplings, 60:40 (y1 = 0.78) for C1 and 70:30 (y2 = 0.83)
for C2, were used to achieve the underdamped configuration while
the parameters used in the curve fitting were x1 = 0.995, y1 = 0.775,
x2 = 0.97, y2 = 0.84. The oscillatory structure is attributed to coherent
energy exchange between two resonators.

were γ1 = 14.9 MHz and γ2 = 0.7 MHz, respectively, and
the splitting was � = 6.2 MHz. The condition � < γ1 − γ2

was satisfied, indicating that the system was in the CRIT
regime. The main frame of Fig. 4(b) shows the transmitted
pulse profiles at the leading edge of the square modulated
pulses observed at the frequency of the induced transparency
window. After the sharp spike, slow signals grew with a
time constant determined by the second cavity, �−1

2 . The
experimental observations were in good agreement with the
calculation shown in Fig. 2(b′) in the CRIT condition.

Figure 4(c) shows the results when the coupling strength
is strong; hence, the system lies in the ATS regime. The
couplers were 60:40 (y1 = 0.78) for C1 and 70:30 (y2 = 0.83)
for C2. In this case, the spectrum appears as well-separated
double resonance dips of ATS. The spectral splitting was � =
11.8 MHz and γ1 = 3.4 MHz; thus a condition of � > γ1 − γ2

was satisfied. When square modulated pulses are injected into
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FIG. 5. (Color online) Electric fields inside the first and second
resonators in the dynamically coupled resonator system. The lower
graph is the expansion of the blue shaded area from the upper graph.
The solid blue line represents the input intensity to the coupled
resonator. The dashed green and dotted red lines are the electric fields
in the first and second ring resonators, respectively, as a function of
time. The parameters are time dependent; y1 = 0.9 and y2 = 1.0
(decoupled) for t < T2, and y1 = 1.0 (decoupled) and y2 = 0.95 for
T2 < t . Other parameters are the same as in Fig. 2(e).

this system, the main signal shows no delay. Instead, we
observed distinctive characteristics of oscillatory structures in
the leading edges of the pulses, in accordance with Figs. 2(d′)
and 2(e′). The measured time period for the oscillation was
τosc = 150 ns, which was in good agreement with the value of
2/� ( = 169 ns). The envelope of the oscillation decayed with
a time constant of 1/�c, where �c is the spectral width of the
separated dips of modes.

V. A DYNAMIC SYSTEM

Strictly speaking, the coupled resonators discussed above
could be described as an open system; i.e., the input and output
light continuously enters and escapes from the system, respec-
tively. To examine the coherent energy exchange more clearly,
we performed another simulation using a more dynamic
situation. Here, the input port was initially open, while the
second coupler between the two resonators was closed. When
the input light was injected at time T1, the first resonator began
storing field energy and reached a stable energy level after
period τ1 ≈ �−1

1 . The input port was then suddenly closed, and
simultaneously, the coupling between the two resonators was
opened at time T2. Figure 5 shows the simulated results for the
electric fields in the first and second resonators. As mentioned
earlier, the first and second resonators, individually, do not
have corresponding eigenstates; however, the superposition of
these modes provided the necessary eigenmodes. The energy
of the first resonator was transferred to the second resonator
and then returned to the first resonator, showing an oscillatory
structure, similar to the one shown in Fig. 2. The oscillation
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period τosc was the same as the open system shown in Fig. 2,
indicating that the oscillation in Fig. 2 was due to the coherent
energy exchange process between the two resonators.

VI. CONCLUSION

In summary, we observed the transition in time domain,
from the optical precursor in the CRIT regime to coherent
oscillation of energy exchange in the ATS regime, for a coupled
resonator. While the objective method based on the Akaike
information criterion clearly discriminates EIT and ATS in

the frequency domain in �-type three-level atoms [1,2], the
present observations indicate that the distinctive features also
appear in the time domain. The effect discussed here could
also be observed in atomic systems, as spike structures of the
optical precursors and coherent transient responses have been
observed in the atomic system [12,13,17].
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