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Abstract A century after the first optical cavity, coupled res-
onator optical waveguides (CROWSs) were conceived as a new
way to guide light on a photonic chip. Controlling chains of cou-
pled resonators to let light propagate through, with a reduced
speed and enhanced intensity, boosting light-matter interaction
while keeping information undistorted: this was the fascinating
promise of CROWSs, but also one of the most ambitious chal-
lenges ever set for integrated optics. The first decade of the
history of CROWs is discussed in this review, from the original
idea to recent applications, panning through the technological
platforms that have been employed to realize these structures.
Design criteria and management issues, fundamental limits, and
sensitivity to fabrication tolerances are discussed to make the
reader aware of the performance of state-of-the-art CROWSs and
to provide a realistic perspective of future applicative horizons.

The first decade of coupled resonator optical waveguides:
bringing slow light to applications

Francesco Morichetti'2", Carlo Ferrari!, Antonio Canciamilla’, and Andrea Melloni’

1. Introduction

Optical microresonators represent a subject of tremendous
significance in modern photonics. The interest in tiny cav-
ities able to confine a light field by resonant recirculation
has been growing rapidly in many domains of optical sci-
ence, from classical to quantum phenomena, from the linear
to the nonlinear regime, from technologies and materials
to applications in a variety of different fields [1-5]. Res-
onators indeed exhibit unique and intriguing properties that
are widely investigated and exploited in optics, including
the intrinsic spectral selectivity and the inherent infinite
time response, as well as the capability of trapping light and
enhancing the optical power at resonance, strengthening
light-matter interaction, and boosting nonlinear effects.
When several resonators are coupled, the frequency and
time domain behavior, as well as the design flexibility, are
further enriched with respect to a single cavity, leading to
complex and flexible systems that open unmatched oppor-
tunities in both the investigation of physical phenomena
and their applications [3,4, 6, 7]. In principle, any kind of
cavity, independently of the shape and the technology, can
be cascaded according to different topologies and synthesis
algorithms, in order to tailor the desired response. However,
among the various options available, microring resonators
have been demonstrated so far to be the most flexible and
well-established resonant building blocks for photonic cir-
cuits [4,5,7], while coupled resonator optical waveguides
(CROWS), formed by chains of directly coupled cavities,
have emerged as some of the best-performing and promising

structures for a wide variety of applications, ranging from
optical filtering to slow light delay lines, from nonlinear
signal processing to trapping of light [§—11].

In this review we discuss therefore the state of the art of
microring resonator-based CROW structures, focusing on
the most relevant achievements reported in recent literature.
The aim here is not only to give an exhaustive overview of
the capabilities, impairments, and performance of present
devices, but also to point out the potential of this approach
and to outline the future applicative scenarios for CROWs.

Section 2 provides a general introduction to single and
coupled optical cavities, underlining the motivations lead-
ing to the choice of ring-based CROWs for a wide range
of applications. In Sect. 3 the propagation of light in di-
rectly coupled ring resonators is described according to the
Bloch theory for periodic systems. The spectral behavior, the
slowdown effects, and the main properties of CROWs are
discussed for both linear and nonlinear regimes. Section 4
then provides a thorough review of CROW structures based
on rings that have been demonstrated so far on different ma-
terial platforms and discusses the role of the technological
issues in determining the performance and limits of these
devices. Another key issue for the successful application of
ring-based CROWs, discussed in Sect. 5, is a careful design
of the structure parameters in order to address the main
drawbacks of slow light propagation: the velocity mismatch
with nonresonant waveguides and the enhanced sensitivity
to nonidealities. Then, Sect. 6 discusses the most appeal-
ing and advanced applications for these kinds of devices,
by reviewing the published experimental results. CROW
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structures based on rings have been demonstrated to have
potential mainly as optical filters and delay lines in the
linear regime, and as wavelength converters through cavity-
enhanced four-wave mixing in the nonlinear regime. Finally,
Sect. 7 outlines the future perspectives in this field of pho-
tonics, focusing on two intriguing applicative fields, the
active domain and the dynamic regime, promising to push
forward the potential of CROW structures.

2. From the ring to the CROW

The aim of this section is to explain why, among the avail-
able cavities, the ring is the most suitable resonator for
integrated optics and why the CROW is the most convenient
way to combine several cavities. For more details on the
properties of single-ring resonators and in particular on their
realization on a silicon photonic platform, the reader is re-
ferred to a focused review paper by W. Bogaerts et al. that
is included in this issue.

2.1. Cavities and the ring resonator

The first optical resonant cavity dates back to 1899 when
C. Fabry and A. Pérot published a paper on a new method
for “spectroscopie interférentielle” [12]. The Fabry-Pérot
interferometer remained for years the only practical way
to realize an optical resonator, at least until the emergence
of integrated optical technologies in the late 1970s. More
recently, the outstanding research progress in micro- and
nanotechnologies has led to the advent of new-concept cav-
ity shapes and the realization of resonators able to confine
light in a size comparable to its wavelength in a material
(A/n) [1-3,13].

Resonators can be classified according to the light con-
finement mechanism — total internal reflection or photonic
bandgap — or to the field pattern at resonance — traveling
wave or standing wave — and their shapes and structures

can be extremely different [1-5, 7]. Figure 1 shows eight
types of high-quality single resonators reported in the last
decade. From Fig. 1a to h the resonators have the shape of
aring [14], a disc [15, 16], a toroid [17, 18], a sphere [2],
an annular Bragg grating [19, 20], a defect in a photonic
crystal lattice [21], and a Fabry-Pérot cavity defined with
trenches [22] and holes [23, 24]. Most of them are suitable
for large-scale planar integration on photonic chips and have
excellent and somewhat complementary characteristics.

The spectral characteristics of resonators are well known
and the reader is referred to many available textbooks for
comprehensive discussions [3-5,7]. The quality factor Q is
probably the most important parameter for a resonator and
is defined as

Stored energy ~ @pTR

0= a T K+20L’

Power loss M
where @y is the resonant angular frequency, TR = ngL/c
the cavity roundtrip time related to the group optical length
ngL of the cavity, K the power coupling coefficient between
the resonator and the external environment, and « the at-
tenuation constant inside the resonator. The quality factor
can also be defined as 27 times the ratio of the cavity life-
time 7 over the period of the optical wave 27/ @y; that is,
0 = wyT = y/B, the latter being the familiar definition
related to the bandwidth B of the resonance.

From Eq. (1) it is evident that the quality of the guiding
structure plays a crucial role in defining the characteris-
tics of the resonator. The “best” cavity is likely to be the
one with the highest value of ngy/a. For example, record
quality factors of more than 10° have been demonstrated
in microtoroids [25] and microspheres [26,27], largely out-
performing the maximum Q-factor ever achieved in other
kind of resonators. This is not surprising because the sphere
is the geometry with the minimum surface for a given vol-
ume. However, in practical applications, there are other
issues, such as fabrication complexity, device integration,
reproducibility, and ultimately cost, that all contribute to the
choice of the most suitable resonator to be used. In view of

Figure 1

(online color at: www.lpr-journal.org) Images of optical resonators fabricated with integrated optical technologies: (a) ring

(adapted from [14] © 2005 IEEE); (b) disc (adapted from [16] ©2010 IEEE); (c) toroid (adapted from [18] © 2008 Macmillan Publishers
Ltd); (d) sphere (adapted from [2] ©2003 Macmillan Publishers Ltd); (e) annular Bragg grating (adapted from [20] ©2005 IEEE);
(f) defect in a photonic crystal lattice (adapted from [21] © 2003 Macmillan Publishers Ltd); (g) Fabry-Pérot cavity defined with trenches
(adapted from [22] © 2010 OSA); (h) chain of tapered holes (adapted from [24] © 2008 IEEE).
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these considerations, microrings have emerged as the most
established integrated optical resonators, being currently
realized in several technologies and materials and employed
in a very large number of applications [4,5,7,28].

The history of the ring resonator began in 1969, when
the idea was first conceived and appeared in the Bell System
Technical Journal [29]. However, it was not until 1983 that
one saw the first experimental realization in a silver-ion-
exchange glass-based waveguide reported by researchers at
the University of Glasgow [30]. Since then other fabrica-
tion trials followed, based on alternative technologies such
as lithium niobate (1985) [31], silicon oxynitride (SiON)
(1994) [32], and AlGaAs (1997) [33], up to the exponential
growth of the last decade of the number of research activi-
ties exploiting ring resonators. Rings in almost every optical
material, from polymers [34] to indium phosphide [35],
from SiON [36] to chalcogenide glass [37], from silicon
nitride [38] to silicon [39], have been explored with dimen-
sions varying from centimeters down to micrometers [40]
for applications spreading across several fields. Applications
such as bandpass filters [36,41], notch filters [42], phase
shifters or delay lines [43], switches [44], modulators [45],
lasers [46], sensing elements [47], frequency discriminators,
optical differentiators and integrators [48], reference oscil-
lators, optomechanic oscillators [49], and nonlinear-based
devices such as wavelength converters [50,51] and paramet-
ric oscillators [52] have been demonstrated and continue to
attract the interest of both basic research and industry for
their exploitation.

As in any optical cavity, the most appealing features of
a ring resonator are the periodic spectral response and the
intracavity field enhancement at resonance. The shape of
the spectral response, with a periodicity given by the free
spectral range FSR = ¢/ngL, is strictly related to the cavity
optical length, attenuation ¢, and coupling coefficient with
the external environment K. The intracavity field enhance-
ment is proportional to the finesse of the resonator, defined
as F' = FSR/B. According to Eq. (1) the lower are o and K,

the higher are the Q-factor and the field enhancement and
the narrower is B, which means a higher spectral selectiv-
ity. Although B and FSR can be chosen independently and
optimized according to the specifications of the desired ap-
plication and to technological constraints, the spectral shape
cannot be modified arbitrarily, the single cavity being a first-
order system, with a single pole and zero [6]. This implies
that the bandwidth and the off-band rejection, as well as
the intensity transmission response and the group delay are
strictly related parameters that cannot be chosen indepen-
dently. To achieve a higher flexibility of the frequency and
time behavior, higher order systems must be considered or,
in other words, more cavities have to be connected together.
This is the subject of the next section.

2.2. Recent history of CROWs

The idea to connect together a number of resonators to
shape the spectral response as desired was not originally
conceived in optics, but it can be traced back to the begin-
ning of the microwave era [53, 54]. Cavities can be coupled
according to different topologies [6]: directly one to another
(directly coupled resonators) [55], coupled in a parallel con-
figuration [56], or coupled to a common bus waveguide [57].
Among these, the most suitable structure for tailoring the
spectral response of filters, delay lines, and switches and
for exploiting nonlinear phenomena is a chain of directly
coupled resonators, which in optics is commonly referred
to as a CROW [8, 10].

The term CROW appeared for the first time in 1999
in a theoretical paper by Yariv et al. [8] and about a year
later the first experimental demonstration was provided us-
ing coupled defects in a photonic crystal waveguide [63].
Since then, CROWSs have been realized using almost any
of the cavities shown in Fig. 1. Fig.2 shows examples of
CROW s made by ring resonators [58], microtoroids [59],
microspheres [60], square microresonators [61], and pho-

- 1.9 um

Couplod resonator Skow-wave waveguide

Figure 2 (online color at: www.lpr-
journal.org) Examples of CROWs
fabricated using (a) ring resonators
(adapted from [58] ©2007 Macmil-
lan Publishers Ltd), (b) microtoroids
(adapted from [59] ©2010 IEEE),
(c) microspheres (adapted from [60]
©2007 OSA), (d) square microres-
onators (adapted from [61] ©2008
Macmillan Publishers Ltd), and
(e) photonic crystal cavities (adapted
from [62] ©2002 IEEE).
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tonic crystal cavities [62]. More recently, Bragg-defined (a) B
. .. —_—

Fabry-Pérot cavities [22] have also been demonstrated.

In order to realize good-quality CROWs, the Q-factor g i
(i.e. the coupling coefficient between resonators) and the \ \ \
resonance frequency of all the resonators of the chain must t t t
be accurately controlled, as discussed in detail in Sect. 5. ()05 -

#

This is the main reason why ring-based CROWs have be-
come the most popular, studied, and exploited structures in
both linear and nonlinear regimes for a number of applica-
tions. Among the other alternatives to rings, only photonic
crystal-based CROWs have, in some cases [64], comparable
characteristics, but rings have demonstrated, up to now, to
have superior quality in terms of optical performance, tun-
ability, flexibility, and reproducibility [65]. For this reason,
the following sections are focused on CROWSs consisting of
coupled rings.

An intriguing feature of CROWs is that the propagation
of light is slowed down by a factor proportional to the fi-
nesse of the cavities. One of the first to realize the benefits
of this effect was Taylor in 1999 [66], who proposed the
exploitation of slow light propagation to reduce the velocity
of light to that of a slower microwave field in traveling wave
electro-optical modulators. The slowing down of light is
now a well-recognized important field of research [11,67]
and CROWs are today one of the promising approaches to
realize and manage this on photonic chips.

As in single resonators, the intracavity field intensity in
a CROW is enhanced because of the conservation of the
energy flux. This leads to a strong enhancement of any non-
linear effect, according to several powers of the slowdown
factor (details are given in Sect. 3), making CROWs good
candidates for the implementation of efficient all-optical
devices [11,68]. Although the benefits of nonlinear CROWs
have been known since the pioneering work by Xu et al. in
2000 [9], followed by that of Melloni et al. in 2003 [10], the
first experimental evidence of enhanced nonlinear efficiency
was obtained only in 2009 [69,70] (results are reported in
Sect. 6.2). This demonstrates that the research in this field
is still in its infancy. Ten years after their advent, the linear
behavior of CROWs is now well assessed and understood
and several technologies are sufficiently mature to realize
high-quality long chains of ring resonators. From there, in-
creasing research activity is needed and expected, leading
to improvements in both basic understanding and in the
realization of new functional devices.

3. Theory of CROWs

Independent of the type of resonator and technology, the
concept underlying slow light propagation in CROWSs is the
forced recirculation of light through a number of coupled
optical resonators [8]. Propagation in a CROW has been
described either using the tight binding approximation [71],
in analogy with the behavior of electrons in a periodic poten-
tial [72], or by means of the transfer matrix method [10,73].
To point out the main properties of a CROW, it is conve-
nient to refer to the ideal case of an infinitely long structure
made of identical coupled resonators, as shown in Fig. 3a.

-0.25 s
“___ waveguidedispersion
0.5 - t=1)
05 -0.25 i] 0.25 0.5
pd/=n
(c) 10
7]
K]
B
= 5
=
3
W
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-%.5 -0.25 0 0.25 05
kd/ =

Figure 3 (online color at: www.lpr-journal.org) (a) Schematic
of an infinitely long periodic CROW made of identical coupled
resonators. (b) Dispersion diagram and (c) slowdown factor of
an ideal CROW for coupling ratio t = 0.9, 0.5, and 0.3 between
resonators. The dashed line in (b) shows the dispersion relation
of the bare waveguide realizing the CROW.

In this arrangement, the propagation constant 3 obeys the
Bloch theorem for periodic systems [53, 54] and satisfies
the dispersion relation [10]

cos(Bd) = sintkd , (2

where 1 = v/K is the field coupling ratio between resonators
and L = 2d is the physical roundtrip length of the resonators.
The bare waveguide employed to realize the CROW has
a wave vector k = wn/c, with n being the linear effective
index. The dispersion diagram of an infinite CROW is shown
in Fig. 3b for various values of ¢. Due to the periodicity of
the structure, propagation is allowed only within a discrete
number of passbands with bandwidth

2FSR
B =

sin” (1), (3)

which are centered around the resonance frequency of
the resonators and mutually spaced by FSR = ¢/2nd. In-
side each passband, the dispersion curve (solid curves) is
strongly altered with respect to that of the bare waveguide
(dashed black line) [74,75], this resulting in a reduction of
the group velocity of the CROW compared to that of the

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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waveguide according to a slowdown ratio [10]

cos(kd)

\/12 = sin® (kd) '

As shown in Fig. 3c, a higher S can be achieved in the tight
binding regime (r << 1), but at the price of a bandwidth
reduction. For a given value of ¢, i.e. for a given finesse F of
the structure, S is a minimum at resonance (S = 1/1), then
increases approaching the band edges where the group veloc-
ity ideally drops to zero. The strong frequency dependence
of S indicates that, as in any slow-light system, the slow-
down of the light in a CROW is associated with chromatic
dispersion. Dispersion has a minimum in the middle of the
passband where second-order dispersion vanishes and pulse
propagation over tens of resonators can be achieved [74].

The expressions given above for the bandwidth and
slowdown of a CROW hold also for finite-length structures
with a sufficiently large number of resonators (N > 6), if
properly matched to the input and the output waveguides [55,
76]. Issues related to the design and management of real
CROWs are discussed in detail in Sect. 5.

Two main consequences arise from the slowdown of
light. (1) Because of multiple roundtrips inside the res-
onators, the effective phase shift @.fr experienced by the
optical field propagating in the CROW is enhanced by a fac-
tor § with respect to the phase shift ¢ in a bare waveguide of
the same length. This property makes CROWs of interest for
the realization of phase-sensitive and phase-controlled de-
vices as well as devices based on phase modulation [66,77].
(2) Because of the conservation of the energy flux, the op-
tical power P propagating inside the CROW is enhanced
compared to the power P, injected at the input, the average
enhancement factor being equal to S. This second property
makes CROWSs particularly attractive for applications in the
nonlinear regime.

In a material with third-order Kerr nonlinearity, the re-
fractive index is perturbed by the local optical power P by
an amount Anny, = np P /A, where ny is the nonlinear re-
fractive index and A.¢ is waveguide effective area. With
respect to the linear case described by Eq. (2), in the nonlin-
ear regime the dispersion relation of a CROW becomes [11]

S= “

cos(Bd) = %sin {kd (1 + A(f)] . (5)

Under the effect of nonlinearity, an intensity-dependent fre-
quency shift

n B

A = —c,S

n " A

(6)

occurs, which is proportional to the actual slowdown factor
S(w + Aw) of the CROW red-shifted by the nonlinearity.
Owing to the frequency dependence of the slowdown factor,
the spectral response of the CROW is not rigidly shifted, but
is distorted by the nonlinearity. The coefficient ¢, ranges
from 1/2 to 2 depending on the type of resonators (ring or
Fabry-Pérot) and on the number of different waves interact-
ing inside the CROW [10].

Nonlinearity is also responsible for an additional phase
shift of the propagating field. The nonlinear effective phase
shift ¢.fr may be related to the input power P, as [57,78]

dfefr _ dPerr dg dP
dA,  d¢ dPdPR,

cnS?YNd . (7)

The first and the last derivatives, respectively, describe the
above-discussed enhancement of the phase shift and of the
intracavity power, and are both equal to the slowdown factor
S; the second term of Eq. (7) expresses the dependence of
the phase shift ¢ on the intracavity mean power P and is
related to the nonlinear constant ¥ = ny@/cAcs [79] and the
number of cavities N. As a result, nonlinear propagation in
a CROW is effectively described by an effective nonlinear
constant [10]

Tett = a5, ®)

showing that slow light propagation enhances the nonlinear
phase shift according to a factor proportional to S2.

An even higher enhancement factor is provided when
frequency mixing phenomena occur inside a CROW [9, 67,
68,80, 81]. For the sake of brevity, we restrict the analysis
to the case of four-wave mixing (FWM), which, to date,
is the only wave-mixing effect that has been experimen-
tally observed in a CROW (see Sect. 6.2 for details of the
experiment). The concept of FWM in CROWs is shown
schematically in Fig. 4a. When an intense pump wave and
a weak signal wave propagate at the central frequencies f;,
and f;, respectively, of two different CROW passing bands,
an idler wave is generated within a third CROW passband at
afrequency f. = 2f, — fs = M x FSR, where M is an integer.
Inside the CROW, the power of all three waves is enhanced
by S as well as the effective interaction length (or equiva-
lently the interaction time). In the simplifying hypothesis of
a slowly varying envelope, undepleted pump, small signals,
and negligible self-phase modulation and cross-phase mod-
ulation effects, the power P, of the converted wave after a
length L = Nd is [68]

Cas (SPHTY
am=f%m&““(2>w, ©)

where P, is the pump power, F is the signal power, L is the
effective nonlinear length of the CROW, and 1g (0 < ng <
1) is an efficiency parameter that includes loss o and phase
matching terms. Two main results stem from Eq. (9). First,
the absolute conversion efficiency P. /P, grows quadratically
with the nonlinear length of the CROW, i.e. the number of
cascaded resonators, thus providing a substantial advantage
with respect to FWM in single resonators [50,51, 82—-87].
Second, the maximum conversion efficiency is enhanced
by the fourth power of S with respect to a bare waveguide
with the same physical length L. The FWM conversion gain
with respect to nonresonant FWM is shown in Fig. 4b versus
the slowdown factor for different values of the product oL
(for the sake of simplicity, the phase matched condition
AB = 0 is considered here). In the presence of loss, the
theoretical gain reduces with respect to the S* curve (blue
curve) and an optimum S exists that maximizes the gain

www.lpr-journal.org
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@ fi=2f-/ .t ety of intriguing nonlinear phenomena that can occur in a
. o - CROW. For a detailed analysis of these effects the reader is
s Fah *n referred to chapter 10 of [11], which is dedicated to a theo-
2 f o R e, e retical and numerical investigation of nonlinear CROWs.
[ B ¥\ | | ¥\
A = & A
fe Jo _f‘ 4. Technologies for ring-based CROWs
converted pump signal

(b)

FWM conversion gain [dB]

Slowdown factor S

Figure 4 (online color at: www.lpr-journal.org) (a) Schematic of
the FWM process in a CROW. The pump (f;), signal (fs), and idler
(fc) waves propagate each in three passing bands of the structure.
(b) Theoretical FWM conversion gain of a CROW with respect
to a bare waveguide of the same length for different values of
the product L. The gain is maximum along the dashed curve.
(Image reproduced from [68] ©2008 OSA.)

(dashed line). However, the advantage of the CROW with
respect to a simple waveguide is maintained as far as oL < 1,
independent of any other CROW parameter (B, FSR, and S).

More generally, slow-wave propagation enhances the
efficiency of frequency mixing processes by S?, where g
is the number of optical waves involved in the mixing pro-
cess [9,80]. A contribution equal to S? is provided by the
enhancement of the effective length, while an additional
term S92 is related to the intracavity power enhancement
experienced by all the interacting waves and takes into ac-
count the power reduction experienced by the converted
field when leaving the CROW.

The combination of enhanced power intensity, spectral
selectivity, and strong chromatic dispersion leads to a vari-

Since their first theoretical introduction [8], ring resonator-
based CROWSs have been realized by exploiting different
technological solutions in terms of material platforms, wave-
guide structures, and circuit features.

The material platform affects the linear performances
of a CROW mainly through the refractive index contrast
An between the core and the cladding, since both the op-
tical field confinement and the minimum acceptable ring
radius decrease with it [91-93]. Generally speaking, there-
fore, higher contrast platforms enable not only a smaller
footprint, but also a wider FSR: this enables a larger band-
width B, once the finesse of the device is fixed, or a higher
finesse and slowdown factor, once B is fixed. The draw-
backs of increasing An, however, are a more challenging
fiber-to-waveguide coupling and a stronger sensitivity to fab-
rication inaccuracies, i.e. higher losses and backreflections
induced by sidewall roughness [94—96] and higher disorder
effects due to dispersion of ring resonance frequencies and
coupling coefficients [61,65,97,98]. Moreover, An and the
shape of the waveguide affect also the effective area A.g
of the propagating mode that, together with the nonlinear
refractive index n, of the materials, determines the nonlin-
ear performance of the platform [99, 100]. Finally, specific
materials with particular features can be employed to en-
able techniques for optimization and reconfiguration of the
CROW response or to improve the performances [101, 102],
as discussed in detail in Sect. 5.

In recent literature, CROWs based on SiON [43, 88, 89],
polymers (poly(methyl methacrylate) or PMMA) [90, 103],
Hydex glass [41], and silicon-on-insulator (SOI) [58, 64, 65,
104-107] technologies have been demonstrated. Figure 5
shows images of some of these devices, whose figures of
merit are summarized in Table 1. In this section the main
properties of these technological platforms are reviewed,
with the aim of pointing out which criteria should be taken
into account in choosing the most suitable technology for a
certain application.

Table 1 Figures of merit of state-of-the-art technological platforms used to realize CROW structures.

Platform An  Waveguide section  Rpin FSRmax  Nmax Footprint ~ Roundtrip loss ® Tunability
(%) (um x pm) (um)  (THz) (um?/ring) (dB)

SiON [88,89] 4.5 22x22 300 0.1 8 4% 103 0.2 Demonstrated

PMMA [103] 11 2.9x2.6 60 0.5 12 1.5x10* 0.3 Possible

Hydex [41] 17 1.5x 1.5 40 0.65 11 6x10° <0.05 Possible

SOI [64,108] 140 0.48 x 0.22 1-5 2-10 235 4-100 0.1 Demonstrated

4 Ring length is about 4 mm in SiON, 380 um in PMMA, 300 um in Hydex, and 80 um in SOL

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online color at: www.lpr-
journal.org) Images of (a;—dy) wave-
guide cross sections and of (ap—d2) CROW
structures with N ring resonators realized
on different platforms: (a) silicon oxyni-

4.1. SiON technology

As representative of medium-index-contrast silica-on-silicon
technologies, the SiON platform is at one extreme of
the available alternatives. It was developed and used by
Morichetti and coworkers to realize thermo-optically recon-
figurable CROWs of up to eight rings [43, 88,89], an image
of which is shown in Fig. 5a,. Single-mode SiON channel
waveguides with 4.5% index contrast and 2.2 x 2.2 um?
cross section (Fig.5a;) allow propagation loss down to
o = 0.15dB/cm, coupling losses of 0.2 dB/facet (when
butt-coupled with 3.5 um small-core fibers), and bend-
ing radii down to 300 um, resulting in a FSR of up to
100 GHz [43, 109, 110]. This technology combines fairly
low roundtrip loss of 0.2dB (including propagation loss,
radiation loss in the bends, and excess loss in the direc-
tional couplers) with good system performance (see Sect. 6).
The price to be paid with a moderate An is a limited band-
width, roughly 10-20 GHz [43], and a minimum footprint of
about 0.5 mm?/ring. More details regarding the fabrication
of SiON waveguides can be found in [111].

NiCr high-resistance metal strips were deposited on top
of the waveguides to finely and independently control the
resonance frequency of each ring by means of the thermo-
optic effect, enabling one not only to compensate for fab-
rication inaccuracies (see Sect. 5), but also to easily recon-
figure the spectral response and the induced delay of the
CROW [43]. The gold strip lines supplying current to the
heaters are visible in Fig. 5a;. The results reported in [89]

tride (SiON), An = 4.5%, N = 8 (figures
adapted from [88,89] © 2008 OSA); (b) poly-
mer (PMMA), An = 11%, N = 10 (figures
adapted from [90] © 2006 |IEEE); (c) Hydex
glass, An = 17%, N = 6 (figures adapted
from [41] ©2004 IEEE and [85] ©2008
Macmillan Publishers Ltd); (d) silicon-on-
insulator (SOI), An = 140%, N = 20 (figures
adapted from [64] ©2010 IEEE).

show a power consumption of 12.5 mW/GHz and a time
response of the order of 150 ps.

4.2. Polymers

In order to overcome bandwidth limitations and to push
forward the miniaturization and integration scale of CROW
structures, platforms with higher An have been adopted.
For instance, a polymer-based technology was employed by
Poon et al. to realize CROWSs consisting of up to 12 rings, an
example of which is shown in Fig. 5b, [90,103]. The PMMA
waveguide, with a 2.9 x 2.6 um? cross section, shown in
Fig. 5b; is patterned on a perfluoropolymer (Cytop) lower
cladding, providing An = 11% with a simple fabrication
process based on polymer spinning and direct e-beam writ-
ing. This technology enables the realization of CROWSs with
bending radii as small as 60 um, a footprint reduction down
to 120 x 120 um?/ring, and an increase of the FSR and of
the bandwidth up to 500 GHz and 50 GHz, respectively.
As compared to SiON, these benefits are obtained at the ex-
pense of higher loss figures: 8 dB/facet coupling losses (with
standard fibers) and rings with about 0.3 roundtrip losses.
Although tunable CROWs in PMMA have not been real-
ized so far, the tunability of integrated devices in polymer
technology has been demonstrated by thermo-optic [112]
and electro-optic [113] effects. Moreover, PMMA and other
kinds of polymers show photobleaching properties that can
be used to realize post-fabrication resonance trimming, as
demonstrated for single-resonator devices [114].
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4.3. Hydex technology

A further step towards higher index contrast is represented
by Hydex technology, a proprietary glass material developed
by Little et al. As in the example of Fig. 5c, [41], CROWs
with up to 11 ring resonators were realized using a Hydex
channel waveguide with An = 17% and 1.5 x 1.5 wm? cross
section, an image of which is shown in Fig. 5c; [85]. This
waveguide allows bending radii down to 40 um, reducing
the ring footprint to only 80 x 80 um? (corresponding to
a FSR of 650 GHz), and enabling bandwidths of the or-
der of 50-100 GHz, suitable for managing high-capacity
optical channels. Despite the high An, this platform guaran-
tees ultralow propagation losses (down to 0.06 dB/cm), less
than 1.5 dB/facet fiber-to-waveguide coupling losses, and
a fine control of the technology, providing CROWs with a
roundtrip loss of less than 0.05 dB and promising interesting
system performance [41, 85].

Thermo-optic control of the resonance frequencies of
each ring could be realized also on this platform with per-
formance that, in principle, is the same as that for the other
silica-based technologies. Although heaters on Hydex plat-
forms have been reported [115] and used to control the res-
onances of multiring architectures [116], no reconfigurable
Hydex CROWSs have been demonstrated so far.

The Hydex platform also shows interesting nonlinear
properties. Although its nonlinear refractive index n; is
only 5 times larger than that of optical fibers, the high con-
finement produces an effective area Ag roughly 40 times
smaller, producing a nonlinear parameter Yy that is about
200 times larger. Moreover, the very low loss figure enables
high propagating power and long interaction length. These
properties led to remarkable results for single Hydex rings
also in the nonlinear regime [52, 85], although no results
have been reported for CROW structures so far.

4.4. SOl technology

At the other extreme of the technological alternatives, a
SOI platform with An = 140% produces the strongest mode
confinement, allowing sub-micrometer waveguide cross sec-
tions [58,65, 106], as shown in Fig. 5d;, and bending radii
down to 1 um [40]. With respect to the previously described
platforms, SOI technology enables photonic devices with
unprecedented scale of integration (4 um?/ring), as well as
FSR (up to 10 THz), and bandwidth (up to 1-2 THz). The
price to pay with SOI technology is the strong sensitivity to
fabrication tolerances, leading to the need of a finely opti-
mized process with nanoscale resolution, repeatability, and
uniformity [58, 65]. An error of only 1 nm in the average
waveguide width produces indeed a shift of the ring reso-
nance of about 125 GHz [65]. Moreover, with state-of-the-
art SOI technology, silicon nanometric waveguides exhibit
propagation losses of about 1-2 dB/cm [117] and a challeng-
ing fiber-to-waveguide coupling that can be reduced down
to 1-2 dB/facet only by means of complex mode-adapting
structures [118-120].

Exploiting a SOI platform, silicon CROW structures
were realized independently by several research groups at
MIT [106, 107], IBM [44, 58,104, 105, 108], and the Uni-
versity of Glasgow-Politecnico di Milano [64, 65]. CROWs
with up to 235 ring resonators with bending radius of 6.5 um,
having a footprint of only 0.1 mm?, were recently demon-
strated [108] and represent a remarkable breakthrough in
technological development. This experiment clearly pointed
out the sensitivity of silicon CROWs to fabrication toler-
ances, even if waveguides are realized with nearly atomic-
scale resolution and CROWs with a low finesse (F =~ 2)
are considered. To be fully exploited, such devices need
techniques and algorithms to compensate for fabrication
tolerances, especially when a large number of resonators
are cascaded and large slowdown factors are required, as
discussed in detail in Sect. 5.

Thermo-optically tunable CROWSs with up to 20 rings
(Fig. 5d,) were recently demonstrated [64, 65]. Due to the
better thermo-optic properties of silicon, NiCr or titanium
heaters on a SOI platform provide higher thermal efficiency,
lower power consumption (< 50 uW/GHz), faster time re-
sponse (approximately 10 us), and negligible thermal cross
talk with respect to their counterparts on glass-based plat-
forms [65,121]. A great further advantage of SOI technology
is that, by suitably doping the regions close to a rib wave-
guide, PIN junctions can be realized, enabling in this way
a significantly faster resonance frequency control based on
carrier injection and carrier depletion (the time response
of which is of the order of 20 ps). However, the adoption
of waveguides with a rib cross section weakens the mode
confinement and bending radii for the ring resonators are
larger with respect to fully etched silicon wire waveguides.
This technique, already demonstrated in single-ring res-
onators [45], has not been applied to CROW structures yet,
but could pave the way towards new interesting applications
such as schemes to stop and trap light based on coupled
resonator architectures [122—124].

The SOI platform is also promising for nonlinear appli-
cations. The silicon nonlinear refractive index n, is indeed
300 times higher and the mode effective area is roughly
1000 times smaller with respect to those of optical fibers,
producing a nonlinear parameter ¥ that is about 3 x 10°
times larger [99, 100, 125]. The main drawback for SOI
nonlinear applications is represented by two-photon absorp-
tion [126] and free-carrier generation [127] effects. Their
impact on CROW structures has been experimentally inves-
tigated [65] and is twofold: besides the induced extra losses,
producing a saturation of the nonlinear effects, free carriers
also cause a power-dependent refractive index change that
can shift and distort the CROW transfer function, affecting
its performance.

4.5. Other technologies

Besides these mature devices realized in established tech-
nologies, few other platforms have been exploited in pio-
neering works. III-V semiconductor compounds such as
AlGaAs/GaAs and GalnAsP/InP were used [128, 129] to
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demonstrate both passive and active CROWs of up to three
rings, showing fairly good performance. The main attrac-
tiveness of this material platform lies in the promise of
monolithic integration between active and passive integrated
optical devices, opening the way towards advanced applica-
tions discussed in more detail in Sect. 7.

Coupled resonator filters with up to four rings were
demonstrated also in silicon nitride technology [38, 130].
Despite the residual stress issues making its fabrication
challenging, the silicon nitride platform is able to match
a very high index contrast (An ~ 50%) with low nonlinear
property and two-photon absorption penalties, representing
an attractive option for linear applications.

Finally, chalcogenide glasses [131], such as As;S3 and
GeAsSe, are being exploited as promising materials able
to guarantee high index contrast (An = 60%) together with
relatively low losses (of the order of 1-3dB/cm) [132],
strong nonlinear behavior together with weak nonlinear
free-carrier effects [133, 134], as well as interesting pho-
tosensitivity properties enabling efficient post-fabrication
trimming [102, 135]. The first preliminary results on chalco-
genide CROWSs have been recently reported [102, 136].

5. Design and management

Coupled resonator architectures are demonstrating their flex-
ibility and potentialities in several fields of application. How-
ever, when dealing with slow light, one should carefully
consider that almost every characteristic of the propagation
is significantly altered by the slowdown. For instance, effi-
cient injection of light from a bare nonresonant waveguide
to a CROW is a key issue for the successful application
of this kind of architecture and can be accomplished only
by carefully designing the structure parameters. Moreover,
the side effects due to material nonidealities or to toler-
ances in the fabrication process, as well as inaccuracies in
the management of the structure are all expected to be as
much pronounced as the slowdown factor S experienced by
the optical field is high [97,98]. Issues related to efficient
light injection into a CROW and the effects of disorder are
discussed in detail in Sects. 5.1 and 5.2, respectively.

5.1. Impedance matching of CROWs

It is well known that the characteristic impedance of a bare
dielectric waveguide is proportional to the phase effective
index nef whereas a periodic slow light structure has a
characteristic impedance that is directly proportional to the
group index ng, which is its slowdown factor [97]. There-
fore, periodic resonant waveguiding structures intrinsically
have a higher impedance with respect to nonperiodic wave-
guides [137, 138] and if a chain of resonators is directly
coupled to a “fast” nonresonant waveguide acting as a bus
line, an impedance mismatch arises between the two, caus-
ing reflections at the coupling interfaces and hindering the
light transfer efficiency. The mismatch appears as in-band
intensity ripples in the spectral response of the devices and

becomes more pronounced for higher slowdown factors of
the CROW. This effect is clearly visible in Fig. 6a, show-
ing the measured transmission at the output port of silicon
CROWSs made of identical racetrack resonators with radius
6.5 um and field coupling coefficient = 0.398, for an in-
creasing number N of resonators [104]. The frequency of
the in-band oscillations linearly increases with N, while the
peak-to-peak amplitude decreases from 5 dB to about 2 dB
because of the greater loss of longer CROWSs.
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Figure 6 (online color at: www.lpr-journal.org) Effects of imped-
ance matching in CROWs. Measured transmission at the output
of silicon CROWSs with increasing number N of ring resonators:
(a) without impedance matching sections (N = 1,2,4, 8, and 16;
adapted from [104] © 2006 American Institute of Physics); (b) with
impedance matching sections (N = 3 and 5; adapted from [105]
©2007 OSA).

To achieve an in-band flat-top spectral response, imped-
ance matching sections at the beginning and the end of the
resonator chain must be suitably designed to have a pro-
gressive transition from a fast (low-impedance) to a slow
(high-impedance) waveguide. The transition is typically
managed by modifying the finesse (i.e. the inter-resonator
coupling coefficients ¢) of the first (last) two or three cav-
ities of the chain, while the central resonators are all kept
equal. Several filter synthesis algorithms can be used to this
end [6,28,55,76,139-141], which are mostly derived from
microwave filter design theory and can be used to achieve
a specific target intensity and phase response (e.g. with a
Chebyshev, Butterworth, Bessel characteristic). The cou-
pling coefficients ¢ between resonators can be optimized

www.lpr-journal.org

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



LASER & PHOTONICS
REVIEWS

10 F. Morichetti et al.: First decade of coupled resonator optical waveguides

either by changing the length [43] or the gap distance [105]
of the waveguides in the coupling sections, or by laterally
shifting the rings [142]. The effect of CROW apodization
is depicted in Fig. 6b, showing the measured transmission
of silicon CROWs with a bending radius comparable to
that used in Fig. 6a, but with a coupling coefficient that
symmetrically decreases from the boundary to the center
of the CROW. As a result, a flat-top passband with ripples
smaller than 0.4 dB and insertion loss of only (1.8 +0.5) dB
at the center of the passband is realized, while preserving
an out-of-band rejection ratio of more than 30 dB.

The in-band reflection at a CROW input can be quan-
tified by referring to the concept of return loss commonly
used in filter nomenclature, where infinite return loss means
zero reflection. A minimum level of reflection exists also
in ideal structures with impedance matching sections, as
stated by the Fano-Bode theorem [143], which sets a uni-
versal constraint between the bandwidth of a generic device
and the maximum degree of impedance matching that can
be achieved. The minimum bearable amount of return loss
strongly depends on the application of the device; with
properly designed structures return loss levels higher than
20dB (i.e. light injection efficiencies higher than 99%) have
been reached in fabricated CROWs [89, 106, 130] and are
acceptable for a wide range of applications.

5.2. Effects of disorder in CROWs

Even with a proper impedance matching design, distributed
backscattering and lumped backreflections related to struc-
tural disorder can have detrimental effects on CROW char-
acteristics. Because of the sensitivity of slow-light devices
to disorder (especially when S is high), several recent works
have specifically investigated these phenomena, with the
aim of finding a domain of realistic applications for slow-
light waveguides. Disorder in slow-light optical waveguides
has been demonstrated to be responsible for enhanced back-
reflections [144], limitations to the maximum achievable
S [98, 145], and localization phenomena [61].

Deviations from the ideal design parameters of a CROW
can consist of inaccuracies and deviations in the coupling
coefficients between resonators (coupling disorder), mis-
alignments of the resonances given by random variations in
their optical lengths (phase disorder), and sidewall rough-
ness [94]. All the sources of disorder produce similar effects
on the CROW response; when a defect occurs, the period-
icity of the structure is broken, the resonators act as partial
reflectors, and the backreflected power decreases the return
loss of the device. Moreover, the distributed backreflec-
tions can also give rise to marked time-domain distortions
of modulated pulses propagating through the chain of res-
onators [97].

It has been predicted that in slow-light waveguides based
on photonic crystals the backreflection caused by disorder
increases with the square of S [146,147] and with the square
of the degree of disorder [148]; however, experimental re-
sults do not clearly confirm these predictions [144, 149, 150]
and the actual phenomenon is very rich and deserves further

investigation [151]. In CROWs it has been theoretically pre-
dicted that coupling and phase disorder effects scale quadrat-
ically with the group velocity reduction (i.e. according to S?)
and the results of pointed experimental investigations agree
with the theoretical model [97]. Moreover, backscattering
effects have been demonstrated to be coherently enhanced
by resonant propagation in the cavities [95, 152—-154].

Fig. 7 shows two examples of the effects of disorder in
CROWs. Measurements of the spatial distribution of the
optical field in a disordered silicon periodic structure at dif-
ferent wavelengths, depicted in Fig. 7a, show that, as the
slowdown factor increases while approaching the band edge,
localized patterns arise along the chain of resonators [61].
The localized and distributed backreflections given by disor-
der can also produce distortions in a modulated signal prop-
agating through a CROW. Figure 7b shows the measured
time traces of a 100 ps intensity-modulated pulse propagat-
ing through a CROW in the presence of weak and strong
disorder that was intentionally induced and controlled in the
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Figure 7 (online color at: www.lpr-journal.org) Effects of disor-
der in CROWs. (a) Measured transmission (left) and spatial field
profiles (right) at different wavelengths near the band edge of a dis-
ordered silicon CROW structure. As the slowdown of the structure
decreases with wavelength, extended nonlocalized field distribu-
tions are observed in the higher wavelength (fast) regions, while
localized field distributions are observed in the lower wavelength
(slow) regions. (Adapted from [61] © 2008 Macmillan Publishers
Ltd.) (b) Measured time-domain effects of disorder on modulated
100 ps pulses propagating through an eight-ring glass CROW. In
the presence of weak disorder (dashed curve) modest distortion
is observed after propagation through the CROW (delay of approx-
imately 600 ps), while in the presence of strong disorder (solid
curve) a marked distortion given by distributed backreflections is
observed. (Adapted from [97] ©2009 OSA.)
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structure [97]. In the case of weak disorder modest distor-
tion is observed and the pulse is clearly recognizable, while,
if disorder is strengthened, the shape of the pulse is strongly
affected by backreflections.

The tight dependence of disorder-related effects on the
slowdown ratio makes the management of imperfections
given by fabrication tolerances a key issue for successful
exploitation of CROWSs. On the one hand, it is not advisable
to design structures with high slowdown factors; on the
other hand, it is important to use post-fabrication tuning or
trimming techniques to compensate for errors.

Indeed, recent experimental accomplishments [108]
demonstrate that efficient propagation in very long chains
(> 100) of coupled resonators can happen without the emer-
gence of localization effects, if the structure has a very
low slowdown factor (S & 2). For higher slowdown factors,
phase disorder (i.e. unwanted spread in the resonance fre-
quencies of the rings) becomes a dominant effect [65,97]
and needs to be actively compensated by using, for example,
embedded thermal control of the resonances of the rings.

Another approach to cope with disorder-related issues
and restore the proper behavior of CROWs would be to per-
form a post-fabrication trimming procedure of the structure
parameters after testing the device with specific monitoring
techniques to retrieve the phase errors [155,156]. To this end,
photosensitive materials such as polymers and chalcogenide
glasses have been successfully employed [101, 102].

However, there may also be other causes altering the
structure parameters during operation, which are not related
to fabrication inaccuracies. These effects cannot be elim-
inated with a permanent one-off trimming of the device
response, but are time-varying processes that depend on
the specific working conditions and need a dynamical and
active control of the structure to be compensated. Nonlinear
parasitic effects modifying the optical properties (e.g. the
complex refractive index) of the material constituting the
resonators, and hence the CROW response depending on
the optical power flowing through it, belong to this category.

The presence and the strength of detrimental nonlinear
effects are strictly related to the material properties and the
optical field confinement in the waveguide. For example,
two-photon absorption (TPA) and free carrier effects (free-
carrier absorption and free-carrier dispersion) are the nonlin-
ear effects that are the most likely cause of power-dependent
structural disorder in silicon CROW structures [157, 158].
The power-dependent modification of the refractive index
induced by TPA leads to a shift in the resonance frequen-
cies of the resonators. However, the resonance shift varies
strongly from cavity to cavity; propagation loss attenuates
light intensity along the CROW and the optical power is
locally enhanced according to the cavity finesse, which is
not constant across the chain of resonators, but changes in
the impedance matching sections. Since the optical power
level along the CROW is neither uniform nor accurately
predictable, TPA-related effects can give rise to phase disor-
der [65] and corrupt the proper behavior of the device.

The active management of CROW structures for dis-
order compensation and reconfiguration purposes is not a
trivial task and the future development of automated tuning

algorithms to achieve the target performance is a require-
ment towards the successful exploitation of CROW devices.

6. Applications

The linear and nonlinear properties of CROWs have at-
tracted much attention for applications in a wide range of
fields, spanning from signal processing devices for telecom-
munication and interconnect networks to optical sensors
with enhanced sensitivity. The most appealing and advanced
applications of CROWs are reviewed and presented in this
section with particular focus on experimental results, demon-
strating the potential of coupled resonator circuit architec-
tures.

6.1. Applications in the linear regime

In the linear regime, CROWs are attractive for both their
intrinsic wavelength-selective behavior and their ability to
control the velocity, and hence the delay, of light pulses. Be-
cause of these properties, CROWSs have been employed in
the realization of high-performance optical filters and recon-
figurable integrated delay lines, as discussed in Sects. 6.1.1
and 6.1.2, respectively.

6.1.1. CROW opitical filters

High-order wavelength division multiplexing filters and
add/drop multiplexers based on directly coupled ring res-
onators can exhibit a very high off-band rejection, while hav-
ing passbands with a flat-top profile [38,41,58,110,128,130].
A CROW filter is realized by employing a conventional
architecture with two input/output bus waveguides, as de-
picted schematically in Fig. 8a. In Fig. 8b the spectral re-
sponse measured at the drop port of filters with an increasing
number of resonators fabricated using high-index-contrast
glass Hydex technology (see Fig. 5c;) is shown [41]; as the
order of a filter increases, its spectral response approaches
a box-like shape and the off-band rejection exceeds 80 dB
for the eleventh-order filter. Bandwidths ranging from a few
gigahertz to several hundreds of gigahertz have been suc-
cessfully demonstrated, depending on the bending radius
allowed by the fabrication technology [41, 58].

Ring CROW s offer design flexibility and the possibility
of reconfiguring a filter response after fabrication. The pa-
rameters of CROW filters can be designed to match target
intensity and group delay responses by applying synthesis
algorithms similar to those used for microwave and digital
filters [6,28,55,76,139-141]. Moreover, active tuning of
the resonances of the rings and of the inter-ring coupling
coefficients via embedded thermo-optic control, nonlinear
thermal effects, carrier injection/depletion, or other activa-
tion strategies can allow the reconfiguration of the filter
response during operation.
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Figure 8 (online color at: www.lpr-journal.org) Application of
CROWs as wavelength division multiplexing filters. (a) Schematic
of a CROW filter consisting of a chain of ring resonators coupled
with two bus waveguides. (b) Measured spectral response at the
drop port for first-, third-, and eleventh-order microring resonator
filters fabricated with Hydex technology. The responses have been
normalized to their 3dB bandwidths. The dashed curve is the
theoretical fit to the eleventh-order filter. (Reproduced from [41]
©2004 IEEE.)

6.1.2. CROW delay lines

As slow-light propagation gained increasing attention from
the scientific community, it was suggested that the possi-
bility of realizing all-optical buffers capable of temporarily
storing information in the optical domain was among its
most interesting applications [159]. The realization of de-
vices for all-optical buffering is, indeed, the application
where the properties of ring CROWSs have found their most
complete and advanced exploitation.

All-optical buffers can be of real interest for applications
provided that a large delay, accounting for at least a few
bit time slots, is induced on a modulated signal, by using
devices with a wide operation bandwidth and with a compact
and integrated architecture. The potential of CROWs to
fulfill these requirements was immediately recognized and
fixed delay lines based on CROWs were designed [160] and
successfully demonstrated [58, 103]. Even with both a wide
bandwidth and a significant delay (e.g. the silicon CROW
buffer demonstrated by Xia et al. [58] induces a delay of
1 bit on a 5 Gbit/s signal), fixed CROW delay lines cannot
be effectively exploited because of the lack of active control
of the delay.

Starting from the scheme of the conventional CROW
shown in Fig. 8a, a reconfigurable optical delay line can be
achieved by conceptually “folding” the chain of resonators
and removing one of the two bus waveguides. In this config-

of CROWs as reconfigurable optical delay lines. (a) Schematic
of a reconfigurable CROW delay line architecture with embed-
ded metallization for thermal control of the resonances of the
rings. (b) Measured group delay of the silicon CROW delay line
of Fig.5d> when two, four, and six rings are opened. (Adapted
from [64] ©2010 IEEE.)

uration, shown in Fig. 9a, the wavelength selectivity of the
CROW is effectively exploited to introduce a gating mecha-
nism that can dynamically modify the effective length of the
structure, and hence the delay [43, 88]. A signal incoming
from the bus waveguide is allowed to propagate through
all the rings (colored green) of the chain that resonate at
the carrier wavelength of the signal. Rings can be locked
(gray rings) if set off-resonance with respect to the carrier
wavelength of the signal; propagation through locked rings
is prohibited and they act as mirrors to the lightwave signal.
The signal backreflected by the first locked ring retraces its
path towards the out port and exits the structure after having
experienced a group delay which is directly proportional to
the number of open rings.

Figure 9b shows the measured group delay of a silicon
CROW delay line (the structure shown in Fig. 5d;) with
bandwidth B = 87 GHz, finesse F =5, and S = 3. By open-
ing an increasing number of rings, the delay increases al-
most uniformly over the passing band, each ring providing
an additional delay of 7.5 ps. Note that the bandwidth of the
CROW is neither narrowed nor widened when the delay is
adjusted. Some delay ripple within the passband is due to
tolerance-induced nonoptimal impedance matching of the
CROW (see Sect.5.1).

Although the CROW delay line has a discrete structure,
the last open resonator of the chain can be set in an inter-
mediate state between the open and locked conditions in
order to provide a continuously variable delay [88]. The
structure can be successfully reconfigured by acting on a
few rings only (usually two or three), which are sufficient
to lock the signal propagation, independently of the overall
length of the resonator chain. The need to actively tune only
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a few resonators at a time to reconfigure the delay provides
a remarkable advantage in terms of power consumption and
management complexity over other resonator-based archi-
tectures that require accurate control of all the resonating
elements [161, 162].

In the remainder of this subsection some key issues are
discussed in detail to better point out the potential and the
current limits of state-of-the-art CROW delay lines and of
the technologies that can be used to realize these architec-
tures.

Storage capacity. Reconfigurable CROW delay lines
with storage capacities exceeding 1 byte (i.e. total delay
greater than 8 bit time slots) have been demonstrated in
both medium-index-contrast SiON glass and high-contrast
silicon technologies [64,89]. The time traces of Fig. 10 show
the measurement of 10 ps pulses, suitable for transmission
at 100 Gbit/s, transmitted through a silicon CROW delay
line (see Fig. 5d>) when an increasing number of resonators
are opened. Because of the folded configuration, only 12
ring resonators are required for a 9-bit delay. Here, the
rings are activated at 10 us speed, by exploiting thermal
control through embedded metallic heaters deposited onto
the waveguides [65]. Similar results have been achieved in
medium-index-contrast SION CROW optical buffers at 10
and 25 Gbit/s [162]. The delay control resolution depends
on the accuracy of the activation method; in the case of
the thermo-optic effect, the absolute delay resolution is less
than 1 ps in both glass and silicon structures.

Fractional loss. The fractional loss, i.e. the optical power
lost per unitary bit delay, reveals what is often the most
rigid constraint to the maximum storage capacity of inte-
grated optical buffers. The theoretical limit to the mini-

(@) 1

Ops
0.8 {0 rings)
2 08 30 ps
e (4)
2 04 60 ps
Y (8) 90 ps
(12)
%5 0 20 40 60 80 100 120
(b) Time [ps]
2 1
7]
g os
c
% 0.6
é 0.4
E 02 —
% -10 0 10 20
Time [ps]

Figure 10 (online color at: www.lpr-journal.org) (a) Experimental
demonstration of a silicon CROW delay line with 1 byte storage
capacity at 100 Gbit/s. The time traces of delayed 10 ps Gaussian
probe pulses are shown and delay is observed when 0, 4, 8, and
12 rings are open (on-resonance). (b) Superimposed and nor-
malized envelopes of the delayed pulses shown in (a). (Adapted
from [64] ©2010 IEEE.)

mum overall attenuation is strictly and exclusively related
to the propagation loss exhibited by the waveguide tech-
nology and to the total delay, whereas it is independent
of the circuit architecture of the buffer [88]. Loss versus
delay in silicon CROWs is typically higher than in wave-
guides fabricated with lower index contrast technologies
(see Sect. 4). In the silicon CROW of Fig. 10a, losses amount
to about 0.06 dB/ps, whereas in SION CROWs values as low
as 0.01 dB/ps have been demonstrated [89]. This implies
that SOI is an attractive technological platform to realize
optical buffers at very high bit rates of 100 Gbit/s and be-
yond, where larger bandwidth and lower absolute delays
are required; at slower data rates SOI is significantly out-
performed by lower index contrast glass technologies. An
interesting result is that at 100 Gbit/s silicon CROW delay
lines exhibit approximately the same fractional loss (0.6 dB
per bit delay of 10 ps) as SiON buffers working at 10 Gbit/s
(1 dB loss per bit delay of 100 ps) [89].

Chromatic dispersion. Theoretical predictions have of-
ten addressed chromatic dispersion as the most stringent
limiting factor for the storage capacity of CROWs [163,164].
Although its effect is noticeable, experimental results reveal
that it is not as constraining as losses [64, 89]. Figure 10b
shows the normalized superimposed pulses of Fig. 10a,
showing a visible but modest broadening (< 20%), which
causes slight intersymbol interference but does not prevent
error-free transmission.

Storage efficiency. Another key figure of merit, which is
an indicator of the bandwidth-delay product and of the man-
agement complexity of a buffering architecture, is the stor-
age efficiency, defined as the number of bit pulses that are
stored in each resonant element [88,89]. A higher storage ef-
ficiency enables a reduction of the number of rings to be con-
trolled for a given delay, thus simplifying the management
of the structure and reducing electrical power consumption.
However, there is an intrinsic limit to the maximum storage
efficiency to avoid distortions in the buffered signal, this
upper limit being roughly 1 bit per resonator in the folded
scheme [89]. From this point of view, a CROW is a very ef-
fective architecture, if compared with other resonator-based
configurations (e.g. all-pass architectures [58, 162]) pro-
posed as integrated variable delay lines. Storage efficiencies
very close to unity have been experimentally demonstrated
in CROW delay lines, as in the structure of Fig. 10 exhibiting
a storage efficiency of 0.75 bit per ring resonator. Storage
efficiencies above 1 bit/ring can be achieved, yet at the cost
of greater signal degradation [89].

Phase preservation. A fundamental requirement for de-
vices employed in optical communication systems is trans-
parency to modulation formats. Slow-light propagation in
CROWSs has been demonstrated to preserve information
encoded in the phase of the optical field, and indeed no
signal quality degradation is observed after transmission
through a suitably designed CROW for intensity- and/or
phase-modulated signals [64, 88, 166]. To give an exam-
ple, Fig. 11a shows that the eye-diagram of an incoming
10 Gbit/s differential phase-shift-keying (DQPSK) signal
is well preserved after propagation through an eight-ring
silicon CROW [96].
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Figure 11 (online color at: www.lpr-journal.org) Phase-

preserving transmission in CROWSs. (a) Measured eye-diagrams
of a 10 Gbit/s DPSK signal at the input (ay) and at the output
(ag) of an eight-ring silicon CROW (reproduced from [96] © 2009
OSA). (b) Schematic of a polarization-selective reconfigurable
CROW delay line (reproduced from [165] © 2009 IEEE). (c) Bit
error rate measurements of a 100 Gbit/'s DQPSK PolMux signal
after propagation through a silicon polarization-selective CROW
delay line: transverse electric performance when the two polariza-
tions are time overlapped (0 ps relative delay, filled squares) and
time interleaved (20 ps relative delay, filled circles) at the output
of the device (adapted from [64] ©2010 IEEE).

Moreover, CROWs can be conveniently used to ac-
complish advanced processing tasks for arbitrarily com-
plex modulation formats. Recently, a reconfigurable silicon
CROW delay line was employed to control the mutual de-
lay between the two orthogonally polarized channels of a
100 Gbit/s DQPSK polarization division multiplexed (Pol-
Mux) signal [64]. This device efficiently exploits the po-
larization sensitivity of the waveguide employed to realize
the CROW. According to the scheme of Fig. 11b, only the
transverse electric (TE)-polarized channel is coupled to the
CROW and arbitrarily delayed with respect to the transverse
magnetic (TM)-polarized channel that travels only in the
bus waveguide [165]. Back-to-back bit error rate measure-
ments of Fig 11c show that moving from time-overlapped
polarization (CROW in locked state and no additional delay
for TE polarization) to time-interleaved polarization (20 ps
relative delay due to TE propagation through three rings of
the CROW), error-free propagation (bit error rate of less
than 10~7) is preserved with a small penalty with respect to

propagation in the bus waveguide only, demonstrating the
low impact of the device on signal integrity.

Technology for CROW delay lines. Taking into ac-
count all the above-discussed quality parameters, low-loss
medium-index-contrast glass technologies are very attrac-
tive for the realization of CROW delay lines operating at
rates of a few tens of gigabits per second, where delays
from hundreds of picoseconds to some nanoseconds are of
interest. At these data rates, large rings with a radius of hun-
dreds of micrometers (see Table 1) are suitable to maximize
the storage efficiency and keep the fractional losses low,
without involving strong technological challenges. High-
index-contrast silicon microrings, with typical radii of less
than 50 pm, would need a much higher finesse (F > 50) to
achieve a comparable storage efficiency, but at the price
of dramatically higher losses and challenging technologi-
cal issues. The SOI platform becomes the leading technol-
ogy at higher bit rates, where very large bandwidths and
lower absolute delays are required. At 100 Gbit/s, silicon
CROWs can reach storage efficiencies comparable to those
of 10 Gbit/s SiON devices, with even lower fractional losses
and similar finesse. Moreover, for silicon the efficiency of
thermal control is enhanced by the higher thermo-optic co-
efficient and the typically smaller footprint of the devices
(see Sect. 4).

These results show that CROW delay lines have reached
a maturity level that makes them ready for exploitation in
applications where the delay must be controlled with ac-
curacy over a range of a few bit time slots. The maximum
storage capacity of these devices is currently limited to a
few tens of bits, the limiting factors being mainly related to
losses and disorder (see Sect. 5), issues that have to be care-
fully considered and managed even for structures capable
of inducing a short delay.

6.1.3. Other applications

Besides optical filters and delay lines, the wavelength selec-
tivity of CROWSs and the possibility to be reconfigured are
attractive for a variety of other applications. A cascade of
five silicon microring resonators was used to realize an ultra-
compact (40 x 12 um?) wavelength-insensitive switch, capa-
ble of simultaneous error-free switching of a large number
of high 40 Gbit/s bandwidth channels with minimal power
penalties (< 0.3 dB) and robust against large temperature
variations (up to 30 °C peak-to-peak) [44]. The switching
mechanism employed is based on free-carrier injection into
the silicon microrings by laser pumping at 488 nm, but in
principle the rings can be activated using integrated PIN
diodes embedded into the waveguides, as demonstrated for
silicon optical modulators [45, 167, 168]. Fast activation of
CROWs is a subject that still needs to be investigated in
depth, but first results show that it can really open the way
to new applicative horizons, as discussed in Sect. 7.

Other applications have been proposed for linear CROW
structures, which aim to exploit the enhanced light-matter in-
teraction associated with slow-light propagation. More than
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a decade ago, pioneering works predicted [66] and experi-
mentally demonstrated [77] the increase of the efficiency of
electro-optic modulators assisted by slow-light propagation.
In these applications, the reduction of the group velocity of
the light has a twofold benefit: on the one hand, it provides
an effective mechanism to match the velocity of the light
to that of the microwave modulating signal, as required in
lithium niobate wide-band traveling wave modulators [169];
on the other hand, owing to the increased dwelling time of
the light in the structure, the strength of the electro-optic
interaction scales up according to the slowdown factor S.
A higher electro-optic efficiency can be exploited either to
reduce the driving voltage of the modulator or to reduce
the length of the electrodes, and hence to increase the band-
width.

Enhanced light-matter interaction in CROWs has also
been proposed for increasing the sensitivity of gyro-
scopes [170] and biochemical sensors for sensing nanoliter
volumes [171] compared to nonresonant devices of the same
footprint. Although promising, these applications are still
at an embryonic stage and are not discussed in detail in this
review.

6.2. Applications in the nonlinear regime

Among the nonlinear applications that have been proposed
for CROWs, efficient wavelength conversion through cavity-
enhanced FWM is one of the most appealing. As mentioned
in Sect. 3, the efficiency of FWM conversion in resonant
cavities is increased according to the fourth power of the
slowdown factor (S4) and has, therefore, been thoroughly in-
vestigated in single resonators fabricated with a wide range
of nonlinear material platforms [50, 51, 82—-87]. However
the maximum conversion efficiency that can be achieved in
single cavities is bound by a tight constraint between the
bandwidth of the signal and the size of the resonator, the
latter setting the length over which the nonlinear interaction
takes place.

As pointed out in recent work [172], a single resonator
behaves as a lumped nonlinear element (the concept of a
lumped element being related to the pulse envelope rather
than to its wavelength), since the pulse length must exceed
the resonator length in order to avoid signal distortions.
From this point of view, a CROW enables the extension
of the traditional concept of cavity-enhanced FWM to a
novel traveling wave approach. The number of cascaded
resonators of a CROW can be increased with no bandwidth
reduction, so that the propagation of a resonant optical field
can cover a distance that is much longer than the pulse
length. Propagation occurs as in conventional waveguides,
but with both enhanced power and dwelling time, thus boost-
ing any nonlinear interaction.

Traveling wave resonant FWM in CROWSs has been
demonstrated for the first time using SOI as a nonlinear
platform. Figure 12a shows the spectral response at the
drop port of a six-ring silicon CROW having an operational
bandwidth of 100 GHz and FSR of 440 GHz [70]. The in-
put signal has a TE polarization state. Figure 12b shows
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Figure 12 (online color at: www.lpr-journal.org) Wavelength

conversion via cavity-enhanced FWM in silicon CROWs. (a) Trans-
mission spectrum at the drop port of a six-ring silicon CROW with
a bandwidth of 100 GHz and FSR of 440 GHz. (b) Spectrum at the
drop port of the CROW of (a) showing wavelength conversion over
880 GHz (2 FSRs, blue curve) and over 6.2 THz (14 FSRs, red
curve). The pump wave (green curve) is fixed at 1568.5 nm, the
signal is tuned at 1565 nm (blue) and 1543.2 nm (red), and con-
verted idlers are generated at 1572 and 1594.65 nm, respectively.
(Adapted from [70] ©2009 OSA.)

the spectrum at the output of the device when a continuous
pump wave propagates in the CROW passband centered at
1568.5 nm and a continuous signal wave propagates either
inside an adjacent passband of the CROW, at 1565 nm, or
inside a 25 nm-distant passband at 1543.52 nm. The gen-
eration of a converted idler at a wavelength of 1572 nm
or 1594.65 nm demonstrates wavelength conversion over a
range of 880 GHz and 6.2 THz, respectively, with no evident
deterioration of the conversion efficiency over such a broad
conversion range. The light exiting the CROW within each
passband (about 20 dB below the idler spectrum) comes
from the noise spectrum of the optical amplifiers used in
the experiment. Note that the light lying in the stopbands
is filtered out by the CROW, so that no spurious power
contributions from and to these frequencies are generated.

Fig. 13a shows the advantage of traveling wave reso-
nant FWM in a CROW with respect to a single resonator
of the same bandwidth and FSR. Data points indicate the
measured conversion efficiency for a single ring (N = 1)
and for CROWs with six and eight rings. The power of
the optical pump coupled into the bus silicon waveguide
of each considered structure is 12dB m. The conversion
efficiency of the eight-ring CROW is 16 dB higher than that
provided by the single resonator. This result confirms the
quadratic dependence on the number of cascaded resonators
predicted by Eq. (9), as is demonstrated by theoretical re-
sults shown in the figure for the case of null attenuation
(dashed curve) and for 0.15 dB roundtrip losses within each
resonator (solid curve).

A further advantage of a CROW with respect to a sin-
gle resonator concerns the shape of the conversion band.
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Figure 13 (online color at: www.Ipr-journal.org) (a) Conversion
efficiency of traveling wave FWM in silicon CROWs (B = 80 GHz
and FSR = 450 GHz) versus the number N of resonators: experi-
mental results (circles), and theoretical conversion efficiency in
the absence of propagation loss (dashed curve) and in the case
of 0.15dB roundtrip loss in each ring (solid curve). (b) Conversion
efficiency enhancement of eight-ring silicon CROWSs (L = 630 um)
with respect to a silicon waveguide with the same physical length
as a function of the slowdown factor S (red squares); black squares
indicate the bandwidth of the measured CROWSs. Dashed curves
show the theoretical behavior. (Adapted from [172] © 2011 Macmil-
lan Publishers Ltd.)

Owing to the flat-top transmission band of CROWs, the
conversion efficiency is almost flat within the entire pass-
band, preventing any intensity distortion [172]. In contrast,
in single resonators both the signal and the converted waves
are shaped according to the Lorentzian spectral response
of the resonator, resulting in a significant reduction of the
useful operation bandwidth.

The S* enhancement of the conversion efficiency with
respect to a waveguide of the same length has been demon-
strated [172] by realizing several CROWs with the same
number of resonators (N = 8), the same physical length
L = 630 um, and FSR =450 GHz, but different bandwidths,
ranging from B = 31 to 81 GHz and with slowdown fac-
tors between S = 3.5 and 7. Red squares in Fig. 13b show
that the measured enhancement of the conversion efficiency
agrees well with the theoretical S* enhancement factor pre-
dicted by Eq. (9) (dashed curve). The corresponding CROW
bandwidths are indicated by black squares. As a result, a
slowdown factor S = 7 produces a conversion efficiency
gain of 28 dB with respect to a bare waveguide of the same
length, while maintaining a useful bandwidth of 30 GHz.

It should be noted that, with respect to photonic crystal
waveguides, the slowdown of the light in CROWs is not
associated with any mode shape variation. The impact of
mode shape variations in photonic crystal waveguides with a
similar S & 7 is responsible for a decrease of the conversion
efficiency by 12dB [173]. This reduction results from a
fourfold increase of the mode size in the slow light regime
with respect to the mode of a silicon nanowire. In contrast,
in a CROW the S* enhancement is only limited by loss.

Results reported by Morichetti et al. [172] demonstrate
also the following remarkable properties of traveling wave
resonant FWM in CROWs: (1) it improves the robustness
against chromatic dispersion and propagation loss with re-
spect to conventional FWM in nonresonant waveguides,
which is a direct consequence of the physical squeezing of
the CROW, by a factor (S + 1) /2, with respect to a straight
waveguide with the same conversion efficiency; (2) it en-
tirely preserves phase-encoded information and can be used
for the all-optical processing of wide-band signals with arbi-
trarily complex modulation formats; and (3) it is compatible
with any technological platform supporting the realization
of integrated resonators and can be combined with alterna-
tive approaches that have been recently explored to improve
the efficiency of nonlinear interactions, based for instance
on optimized waveguide and material designs [174, 175].

7. Perspectives and outlook

The results discussed in the previous section demonstrate
that CROWs have already found their place in many appli-
cations in the linear and nonlinear domain. However, the
potential of CROWSs does not stop there, because there are
at least two other fields where CROWs are still waiting to be
exploited: active domain and dynamic regime. In this con-
cluding section, we try to envision some future directions
with the help of a few pioneering works that opened new
applicative horizons for CROWs.

Currently, waveguide loss is the primary issue that needs
to be tackled to enable CROWs to realize their full poten-
tial. Amplification at the output is not a valuable solution,
because losses weaken most of the phenomena enhanced by
slow-wave propagation occurring inside the CROW. Losses
must be cancelled inside the CROW. The problem could
be circumvented by using active waveguides, where ampli-
fication can bring the waveguide to transparency or even
provide a net gain. In the literature, only a few studies have
been dedicated to the study of active CROWSs, and, to the
best of our knowledge, the only experimental results were
obtained for active Fabry-Pérot resonator arrays fabricated
in InP/InGaAsP [176, 177]. The theoretical study of active
CROWs s is a complicated task, because of the amplified
spontaneous emission radiation that interacts with the sig-
nal, and because, above threshold, resonators can lock to
each other and/or to the input signal, giving rise to complex
phenomena that have been studied for decades in phase-
locked laser arrays [178].

A particular property of active CROWs is that amplifi-
cation occurs only within the passband, where waveguide
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gain is enhanced according to S; any signal lying in the
stopband is inherently filtered out, this preventing the gener-
ation of intermodulation effects and limiting the growth of
background noise and, in general, of other spurious signals.
Further, even if the signal-to-noise ratio does not improve
within the passband with respect to classical optical am-
plifiers, the overall spontaneous emission is reduced, since
noise generated in the stopband does not reach the output of
the CROW. We believe that these aspects are all noteworthy
and need to be accurately considered and developed in the
near future.

CROW:s in the dynamic regime have been the subject
of intensive studies for stop light, trap light, time reversal,
and frequency conversion phenomena. All these effects can
originate when a resonator is dynamically perturbed, either
at a slower or a faster speed than its natural time response
(i.e. the inverse of the bandwidth), producing unique tem-
poral and spectral modifications of the signal propagating
inside. In the photonic crystals domain, pioneering works
have been conducted by Reed et al. [179], Notomi and
Mitsugi [180], and Preble et al. [181] concerning photonic
crystal cavities and single-ring resonators and more recently
by Kampfrath et al. concerning a slow-light photonic crystal
waveguide [182]. The dynamics of time-varying CROWs
is definitely more involved than that of single resonators,
but it is enriched by unexpected phenomena that open un-
precedented opportunities to manage and process optical
signals.

As an example, Yanik and Fan [122] and subsequently
Khurgin [124] have proposed different ways to break the
delay-bandwidth product of a coupled resonator delay line
by dynamically stopping, storing, and releasing light pulses.
Figure 14a and b show the structures proposed in [124]
and [122], respectively. In order to coherently stop a pulse
with a given bandwidth, two conditions must be satisfied: (1)
the system in its initial state must possess a sufficiently large
bandwidth in order to accommodate the entire spectrum of
the incoming pulse; and (2) the group velocity must be re-
duced to an arbitrarily low value while the pulse is entirely
inside the system. This velocity change implicitly requires
a frequency conversion mechanism of the signal, whose
spectrum must be compressed in the process along with the
structure bandwidth; information is preserved only if the
frequency conversion process is adiabatic and reversible and
the signal can be released without corrupting information.
The adiabaticity requirements are related to the speed and
the accuracy of the frequency shift of the resonators during
the trap and release transitions and vary depending on the
stop-light scheme that is adopted. The control of the activa-
tion of dynamic CROWs is a crucial issue, since stop-light
schemes can be very sensitive even to small errors in the
management of the resonators, which have the potential to
heavily corrupt the shape of trapped light pulses.

Adiabatic light trapping and release can be accom-
plished in both structures as follows. In static conditions,
that is while the pulse enters the structures, the resonance
frequency of the rings matches the carrier frequency of the
pulse. Soon after the pulse is completely loaded inside the
structure, the resonance frequencies of some of the cavities
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Figure 14 (online color at: www.lpr-journal.org) Dynamically
tunable CROWs for stopping and trapping light. (a) An ordinary
CROW whose resonators are periodically shifted by Af to lower
and higher resonance frequency [124]. (b) A cavity-loaded CROW
structure consisting of a central chain of directly coupled low-Q
resonators (red) which are side-coupled to (one or more) high-Q
resonators (blue and grey). (c) Typical dispersion diagram of a
dynamic CROW before light trapping (left) and in the trap state
(right). The signal spectrum is squeezed and trapped in a state
with almost null group velocity. (b, ¢c) Reprinted with permission
from [122] © 2004 American Physical Society.

are shifted, according to the adopted stop-light scheme, by
changing the refractive index uniformly along the direction
of propagation. Indeed, if the structure perturbation is trans-
lationally invariant, the wave vectors are preserved during
the process and the spectrum is reversibly compressed in a
state with almost null group velocity, as shown in Fig. 14c.
The pulse can then be released by restoring the original state
of the activated rings.

We have investigated stop-light phenomena through
time-domain one-dimensional numerical simulations based
on the transfer matrix method. Figure 15a shows a simula-
tion of the space-time evolution of a 75 ps Gaussian pulse
propagating along the ring-loaded CROW of Fig. 14b with a
bandwidth of 30 GHz. The map shows the optical intensity
in a chain of 100 low-Q central resonators represented as
red discs in the figure. The pulse propagates through these
resonators for 0.8 ns, then the structure is perturbed to trig-
ger the stop-light process and light intensity is transferred
to the lateral high-Q cavities (blue and grey), where it is
trapped for 3 ns. After that the original CROW configuration
is restored, the light reappears in the central rings, and the
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Figure 15 (online color at: www.lpr-journal.org) Simulation of
(a) stop light and (b) frequency conversion in a dynamic ring-
loaded CROW as in the scheme of Fig. 14b. The intensity maps
show the evolution along the structure of (a) the time envelope
and (b) the spectrum of a 75 ps Gaussian pulse propagating along
a chain of 100 low-Q central resonators. After 0.8 ns the pulse
is stopped and the energy is stored in the lateral resonators (it
disappears in the map), while after 3 ns the pulse is released
and it proceeds to propagate undistorted. In (b), the resonance
frequencies of all the resonators are upshifted during the stop-light
regime and the pulse spectrum is frequency shifted by 100 GHz
after the release.

released light pulse keeps on propagating completely undis-
torted in the same direction towards the output port. In some
architectures it is possible to make the released pulse propa-
gate in the opposite direction with respect to the incoming
pulse and achieve time reversal effects [183]. The effect
of chromatic dispersion is dramatically reduced, or even
eliminated, in the stop-light regime [184], while attenuation
increases with the dwelling time into the structure, exactly
as happens in conventional optical waveguides [185].
When a pulse is stopped, it can be manipulated by mod-
ifying some frequency and/or time characteristics. For in-
stance, the signal spectrum can be rigidly shifted to a dif-
ferent carrier frequency without changing the pulse time
envelope [186]. Both structures of Figs. 14a and b are suit-
able for this operation and the frequency shift Af that can
be induced obeys the simple law Af/f = An/n, with An
being the index perturbation. Figure 15b shows a simula-
tion of frequency conversion assisted by stop-light in the
same ring-loaded CROW of Fig. 15a. In the map the evo-
lution of the spectrum of the input pulse along a chain of
100 low-Q central resonators is shown. After the stop-light
and frequency-shift process, the output spectrum is rigidly
upshifted by 100 GHz. It is worth noting that the frequency
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Figure 16 (online color at: www.Ipr-journal.org) Dynamic sili-
con CROWs activated via PIN junctions. (a) Scanning electron
micrograph of isolated ring resonators with PIN junctions em-
bedded into the waveguide. (b) Detail and (c) overall view of a
PIN junction-activated CROW made of 10 coupled racetrack res-
onators. The metal strips onto the chip realize the electric circuit
for microsecond-scale thermal tuning and nanosecond-scale ac-
tivation of the PIN junctions. Images are courtesy of University
of Glasgow.

conversion occurs without the need for nonlinear material
response and is therefore extremely appealing because it can
be induced in any linear optical material whose refractive in-
dex can be rapidly modulated. Similar stop-light approaches
have been recently investigated to achieve efficient optical
amplification overcoming the gain-bandwidth constraint of
slow-light systems [187].

Practical exploitation of dynamic CROWSs requires fast
activation of the waveguides on a time scale comparable
to the duration of the optical pulse. Experiments to demon-
strate the aforementioned effects have been planned and
some prototypes have been already realized. Figure 16
shows the last frontier of silicon CROWs fabricated at the
University of Glasgow. Each ring of the CROW is individ-
ually addressable by both thermal and electronic control:
the first is used to finely tune the resonance wavelength and
(re)configure the static response of the CROW; the second
provides waveguide activation at sub-nanosecond speed by
means of carrier injection in PIN junctions embedded into
the waveguides.

Trap light, time reversal, frequency conversion, and spec-
tral manipulation are only a few examples of fascinating
effects that can be generated in a dynamic CROW. The full
comprehension of the physics underlying such phenomena
and the management of these structures, which are far away
from being controllable devices, are challenging issues that
have just been opened and are likely to attract significant
interest and research effort in the near future.

Photonics is rapidly evolving towards increasingly more
sophisticated integrated circuits, gathering many different
optical elements and functionalities, and requiring accurate
and reliable control. In this complicate and rapidly growing
puzzle, CROWs are one of the last pieces that have been

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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added. Because of the maturity of integrated optics technol-
ogy, it took only a decade to bring to reality what at first
could be considered only a visionary dream. The potential
of CROWs has been evaluated and exploited mostly in the
scenario of optical communication, but in our belief CROWs
are likely to pervade different fields of application, from
sensing to biophotonics, from optical computing to optical
interconnects, and many others. It is hard to predict where
and when it will happen. What is certain now is that we are
just at the beginning of the story.
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