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We designed ring-in-ring planar resonator which is coupled with a straight waveguide to yield coupled-
resonator-induced transparency (CRIT). The model shows an obvious effect which has a direct analogy
with the phenomenon of the electromagnetically induced transparency in quantum systems. Based
on this structure, a high sensitive optical gyroscope for measuring absolute rotation is proposed and
analyzed. Its sensitivity scales directly with the group index whose can be reached to 102-10* orders of

magnitude by using proper parameters.
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1. Introduction

Since slow light was discovered in electromagnetically induced
transparency (EIT) [1], it has been widely investigated in many
materials and structures (e.g., atomic vapor [2-5], photorefractive
crystal [6,7], ruby [8,9], optical fiber [10] and coupled-resonator
structure [11-15]) because it has potential application in various
aspects, such as all-optical buffer, optical delay line, synthetic aper-
ture radar and optical gyroscope. The concept of slow-light gy-
roscope was originally proposed by Leonhardt and Piwnicki [16].
They predict that “slow light” property induced by electromagneti-
cally induced transparency (EIT) and coherent population trapping
(CPT) may greatly boost the gyroscope’s sensitivity by as much
as light slows. However, they did not indicate concretely how the
gyroscope’s sensitivity can be enhanced by slow-light technique.
After several years, Shahriar et al. [17,18] proved that this enhance-
ment cannot be achieved for the case of absolute rotation, in which
case slow light medium moves together with the rest of gyroscope.
They also proved only the case of relative rotation, in which case
there is a relative rotation between the slow light medium and
the rest of the gyroscope, can enhance the gyroscope’s sensitivity.
However, the relative rotation between the medium and the rest of
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the gyroscope, up to now, cannot be used in navigation and avia-
tion. What is needed for these applications is an ability to measure
the absolute rotation of the whole gyroscope, including the propa-
gation medium [18]. Therefore, the dispersive medium such as EIT
and CPT cannot be utilized to enhance the gyroscope’s sensitivity,
but the dispersive structure based on photonic crystal or resonator
cavities reveals some possibilities. Recently, a series of work aimed
to utilized the dispersive structure to enhance gyroscope’s sensi-
tivity. Matsko et al. [19,20] proposed a set of coupled whispering
gallery mode resonators to realize a high-sensitivity optical gyro-
scope, but this structure was modeled as a highly-dispersive con-
ventional waveguide where the slow group velocity of the light
in this structure stems from the average interaction of the light
with the high-Q resonators. Steinberg et al. [21-23] studied the
Sagnac effect in rotating coupled photonic crystal defect cavities.
Yariv et al. [24] presented a coupled-resonator slow-light waveg-
uide structure to realize highly compact integrated rotation sensors
and gyroscopes. Moreover, Peng et al. proposed a two-identical-
ring planar structure [25] and a two-identical-ring folded structure
[26] which can be employed to construct highly sensitive gyro-
scopes, respectively.

All these works mentioned above aimed to use slow light to
improve the sensitivity of optical gyroscope. In this Letter, we pro-
posed a high dispersive ring-in-ring planar structure which belongs
to the dispersive structure, and studied the relationships between
the effective Sagnac phase shift and the group index in details.
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Fig. 1. lllustration of ring-in-ring planar structure.

In addition, we utilize the ring-in-ring planar structure, measuring
absolute rotation, to construct a new high sensitive gyroscope.

2. Analysis of ring-in-ring planar structure

The ring-in-ring planar structure is constructed by a waveguide
coupled with ring-in-ring resonator, as shown in Fig. 1. It would
consume less space than that proposed in Refs. [25,26], where the
rings of the former is coupled in tandem to a waveguide, the latter
is a folded structure. The radiuses of the two rings in the ring-
in-ring resonator, R1 and R, satisfy the relation of Ry = 2R;. The
response of the whole structure can be described by the trans-
mission coefficient, 7, which is obtained following the iterative
approach [27]:
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where T(¢1) = (r1 — a1e®1) /(1 — ria;e'®) is the first ring trans-

and tj = /1—1'12-, ¢j = BjLj, a;j =
exp(—ajLj/2), aj, Lj, and B; are the reflection coefficient, trans-
mission coefficient, the phase shift, the attenuation factor, the
absorption coefficient, the length, and the propagation constant
of the jth (j =1, 2) ring, respectively. According to ¢; = B;L;, we
can be obtained the relation of ¢, = 2¢1. The effective phase shift,
q?éem, for the whole structure is defined as

mission coefficient, r;

d;éeff) (¢2. ¢1) = arg(T2). (2)
The absorptance of the whole structure is written as [11]
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where AS™ (¢1) = (1 = r5)(1 — a3|T11%)/(1 — raax|T1])2, Falehy) =
4rya3|T1|/(1—raa2| 1 |)? is a function related to finesse, q§§EfD (1) =
arg(ty) is the effective phase shift of the first ring. Under the
assumption of a; =1, the ¢ dependent term in A, can be rewrit-
ten as sinz[(<13§eff +¢2)/2] = (cosgy + 1)(r1 + 1 — 2cos¢1)2/2(1 —
2ricos¢r + r%). For small detuning cos¢; ~ 1 — ¢%/2, and suffi-
ciently weak coupling between resonators (1 —r1)% < rmﬁf, Eq. (3)
can be rewritten as:
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where y = V21 - raaz)//ntr is related to the linewidth, g
is the first ring round-trip time, § = ¢1/tg is the detuning,
Aw =24/(1—r1)/tg is the frequency difference between the split
modes, and n =ryay/r1.

By the way, for an EIT medium with an atomic three-level sys-
tem illustrated in Fig. 2, when a strong coupling beam is applied,
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Fig. 2. Schematic illustration of atomic three-level system for the electromagneti-
cally induced transparency.

the absorptance of the probe beam can be reduced or even elim-
inated. The transition rate for absorption of an arbitrarily detuned
probe beam is given as [28]
[2;5/T]
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where £, and £, are Rabi frequency of the probe and coupling
beam, A is the angular frequency detuning of the probe beam, and
I’ is the decay rate from level |3) to levels |1) and |2). Comparison
of Eq. (4) with Eq. (5), the analogies between CRIT and EIT are
y—>T,8—> A, Aw— Q2 [11].

According to Eq. (4), the curve of the light absorptance (A;)
against the phase shift (¢1) of the first ring is shown in Fig. 3(a)
for the ring-in-ring planar structure. It is clear that the absorp-
tance of the incident light is obviously reduced or even eliminated
at resonance region, i.e.,, a narrow transparent window appeared
at resonance region. The transparent window originates from co-
herent coupling between rings, analogous to ac-Stark shift and
quantum interference that occurs in three level atomic systems.
Fig. 3(b) shows a curve of J)éeff) as function of ¢; for the ring-
in-ring planar structure based on Eq. (2). From the figure, the
steep normal dispersion characteristics of the ring-in-ring planar
structure at resonance region is similar to the dispersion in three
level atomic systems at zero detuning, i.e., the effective phase shift,
&éem, can be analogous to the refractive index in three level atomic
systems. The strong dispersion results in considerably slow light.
As described in Ref. [24], T(w) = dngff/da) is the group delay of
the system, vy = L/7(w) is the group velocity, where L is the
length of the closed loop, then the group index can be obtained
as ng =c/ug =ng d¢~>§ff/dq{>1. Fig. 3(c) shows a curve of dq{~>§ff/d¢>1
for the ring-in-ring planar structure. It can be easily known slow
light occurs and the group velocity reaches the minimum at reso-
nance where the CRIT effect is greatest.

3. Optical gyroscope based on the ring-in-ring planar structure

The ring-in-ring planar structure has high dispersion at res-
onance, simultaneity, the group velocity reaches minimum with
transparent. This structure can be used in absolute rotation sensing
to enhance the sensitivity of optical gyroscope. In previous stud-
ies, Peng et al. proposed a two-identical planar ring structure [25]
and a folded identical ring structure [26] that can be used in op-
tical gyroscope and rotating senor. However, Peng et al. did not
devise the specific structure of optical gyroscope, i.e., they did not
indicate how counter incident lights propagate in the CRIT struc-
tures. In this Letter, we propose a gyroscope structure based on the
ring-in-ring planar structure, where the ring-in-ring planar struc-
ture is inserted in the loop of an optical Sagnac interferometer. The
schematic illustration of the gyroscope structure is shown in Fig. 4.
Evidently, the dispersive structure (i.e., ring-in-ring planar structure)
and the rest of gyroscope are integrated and move together, that is
to say, the proposed gyroscope is an absolute rotation sensor. The
incident light, in the optical gyroscope, is divided into two coun-
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