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Real photonic waveguides are affected by structural imper-
fections due to fabrication tolerances that causes scattering
phenomena when the light propagates through. These effects
result in extrinsic propagation losses associated with the
excitation of radiation and backscattering modes. In this
work, we present a comprehensive review on the extrinsic loss
mechanisms occurring in optical waveguides, identifying the
main origin of scattering loss and pointing out the relationships
between the loss and the geometrical and physical parame-
ters of the waveguides. Theoretical models and experimental
results, supported by a statistical analysis, are presented for
two widespread classes of waveguides: waveguides based on
total internal reflection (TIR) affected by surface roughness,
and disordered photonic crystal slab waveguides (PhCWs).
In both structures extrinsic losses are strongly related to
the waveguide group index, but also the mode shape and its
interaction with waveguide imperfections must be considered
to accurately model the scattering loss process. It is shown that
as far as the group index of PhCWs is relatively low (ng < 30),
many analogies exist in the radiation and backscattering loss
mechanisms with TIR waveguides; conversely, in the high ng

regime, multiple scattering and localization effects arise in
PhCWs that dramatically modify the waveguide behavior. The
presented results enable the development of reliable circuit
models of photonic waveguides, which can be used for a realistic
performance evaluation of optical circuits. ➞ 2013 Optical
Society of America
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1. Introduction

Optical waveguides are the pathways along which the light can be routed in-
side photonic chips and the basic elements to realize any photonic integrated



circuit. As waveguides properties directly affects the circuit performance, it is
of primary importance to identify the physical mechanisms impairing the light
propagation and to have reliable models describing the realistic behaviour of
optical waveguides.
Different strategies can be used to provide lateral confinement in dielectric

waveguides, ideally inhibiting radiation to escape in the transverse plane. Con-
ventionally, lateral confinement is achieved by means of total internal reflection
(TIR), that is by making the light propagate through a high-refractive-index
core material surrounded by a lower-refractive- index cladding region. Since the
first concepts of dielectric optical waveguide were based on TIR [1–3], in this
paper TIR waveguides will be referred to as classical waveguides. More recently
TIR confinement has been exploited also in non-classical waveguides as Sub-
Wavelength Grating (SWG) structures [4, 5].
Alternatively, light confinement can be achieved by creating artificial band

gaps to inhibit light propagation along certain directions. The most widespread
example is represented by photonic crystal slab waveguides (PhCWs) [6]. In
these structures, a guiding channel can be obtained by modifying [7] or removing
[8, 9] a row of holes in the periodic hole lattice realized in a membrane. In
PhCWs the light is vertically confined into the membrane by TIR, while lateral
confinement is provided by the stop bands of the photonic crystal lattice [10].
Other examples of waveguides exploiting stopbands for radiation modes are
multilayer hollow core waveguides, such as Bragg cladding waveguides [11, 12]
and antiresonant reflecting optical waveguides (ARROW) [13, 14], where the
optical field is bounded inside a low index core by interference effects occurring
in the surrounding multilayered cladding.
Theoretically, as far as the materials realizing the waveguide are transparent,

all these waveguide geometries are intrinsically lossless, that is they can guide
the light for an arbitrarily long distance without attenuation. However, in real
life, fabrication tolerances in the technological processes introduce defects and
imperfections in the waveguide geometry, thereby originating what are usually
referred to as extrinsic losses. Extrinsic losses are associated with the coupling of
the forward propagating guide mode(s) with radiation modes (radiation loss) as
well as with the backward propagating mode(s) (backscattering), and are typi-
cally predominant compared to the loss contribution due to material absorption.
In classical waveguides, extrinsic losses are mainly originated by residual sur-
face roughness at the waveguide core boundaries, as is visible in the photo of
Fig. 1(a), while in PhCWs disorder effects due to distortions of the holes shape
and their random displacements with respect to the idle lattice represent an
additional source of loss [see Fig. 1(b)].

In this work, we present a comprehensive review on the extrinsic loss mecha-
nisms occurring in optical waveguides, with the aim to point out not only the
main sources of loss, but also the relationships between the loss and the ge-
ometrical and physical parameters of the waveguides. Theoretical models and
experimental results are presented for both classical waveguides and PhCWs,
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FIGURE 1. (a) SEM photograph of an uncovered classical waveguide. Side-
wall roughness is clearly visible at the sidewall of the core region (adapted
from [15]). (b) Top-view SEM photograph of a PhCWs showing typical dis-
order effects produced by fabrication tolerances. In this device the degree
of disorder was intentionally enhanced to investigate the effect on the light
propagation (adapted from [16]).

demonstrating that many analogies can be found in both the radiation loss and
the backscattering suffered by these two different waveguiding concepts, as far
as the group index ng of PhCWs remain relatively low (ng < 30). Conversely, in
the high ng regime, multiple scattering and localization effects arise in PhCWs,
which dramatically change its behavior. These phenomena have no analogies in
classical waveguides.
Sections 2 to 4 deal with the analysis of classical waveguides affected by

sidewall roughness. More in detail, in Sec. 2 the origins and characteristics of
roughness are discussed and theoretical models are presented taking into ac-
count the statistical properties of the waveguide roughness. Section 3 provides
a theoretical and experimental analysis of roughness-induced radiation loss in
classical waveguides. The most established theoretical models reported in the
literature are presented and are compared to a model, referred to as nw model,
which is based on the sensitivity of the waveguide effective index ne f f to per-



turbations of the waveguide width w. In Sec. 4, the nw model is applied to the
study of roughness-induced backscattering in classical waveguides and results
are compared to other models reported in the literature. Experimental results
that point out the role of polarization state, index contrast and waveguide shape
in the backscattering process are also provided.
Disordered PhCWs are the subject of Secs. 5 to 7. A theoretical model de-

scribing disordered PhCWs is introduced in Sec. 5, where a classification of the
main statistical disorder parameters to be considered for a realistic modelling of
PhCWs is provided. Radiation and backscattering losses in PhCWs are theoret-
ically and experimentally discussed in Sec. 6, with the help of a generic model
that can be applied to arbitrary PhCW geometries. The role of the group veloc-
ity, Bloch mode shape and correlation length is discussed, to point out the main
analogies and difference with classical waveguides. Section 7 specifically focuses
on multiple scattering effects arising in PhCWs in the high group index regime
(ng > 30), such as the breakdown of the Beer-Lamber law and the existence of
localized states, which have no counterpart in classical waveguides.
Due to the inherent randomness of roughness and disorder effects, a statistical

analysis of both classical and PhCWs is provided in Secs. 8 to 10. Based on
the statistical properties of the backscattering process (Sec. 8), a realistic and
accurate circuit model of classical waveguides affected by sidewall roughness is
developed in Sec. 9. Then, the statistics of the light intensity transmitted and
backscattered in PhCWs is experimentally derived in Sec. 10, pointing out the
similarity between the behaviour of PhCWs, operating in the low ng regime, and
classical waveguides.
The impact of the backscattering effects on the behaviour of optical devices,

such as optical resonators and Bragg gratings, is discussed in Sec. 11. In Sec.
12 is it shown that disorder in coupled resonator structures made of classical
waveguides can produce effects that are analogous to those arising in disordered
PhCWs operating in the high-group-index regime, leading to multiple scattering
and localization phenomena. The final Section 13 summarizes the main results
of the paper, highlighting the difference and the analogies between the effects of
fabrication tolerances on the extrinsic loss of classical waveguides and PhCWs.

2. Origin and Characteristics of Waveguides Sidewall Roughness

Waveguide sidewall roughness is an unavoidable physical imperfection that af-
fects all kinds of integrated optical components. It is a surface perturbation that
produce a local variation of the waveguide width and consequently induces a lo-
cal spatial fluctuation of the effective refractive index. Roughness is generated
during the realization processes of the planar optical circuits and in particular
by the etching of the core layer. The quality of the masks used during the pho-
tolithographic process is fundamental to obtain smooth sidewalls because the
etching tends to reproduce the mask profile on the underlying substrate with
great detail [17,18]. The resolution of photoresist, the type of lithography - beam



or optical-, the number of etching steps required for the waveguide definition
and the waveguide materials are other important factors that impact on the
roughness generated along the sidewalls [19].

Figure 2(a) shows a sketch of the geometry and the reference frame used for
the analysis. Due to its origin, sidewall roughness has very different character-
istics if observed in the vertical direction (y direction) or in the propagation
direction (z). In most of cases the roughness can be assumed as vertical streaks
on the sidewall. In practice, in some deeply etched waveguides it has been ob-
served also a weak dependence of the roughness on y [15]. Under particular
circumstances this dependence induces the coupling between the TE and TM
modes, as explained in [20], but does not change substantially the scattering be-
haviour. In this paper a columnar roughness is assumed, reducing the problem
to a 2D one. The validity of this assumption is evident from Fig. 2(b) and (c),
as discussed in the following.

2.1. Mathematical Description of Roughness

The roughness can be defined by means of a zero-mean random function f (z)
which describes the local deviation of the waveguide width from the ideal loca-
tion (see Fig. 2(a), right). The transverse refractive index profile at location y

(with 0 < y < h) is then given by

n(x,y,z) =

{

n1, if |x|< w/2+ f (z)

n2, if |x|> w/2+ f (z)
(1)

where n1 and n2 are the refractive indexes of core and cladding, respectively, w

the waveguide width and h the thickness.
The roughness function f (z) and its statistical properties are commonly de-

scribed through the ensemble autocorrelation function

R(uz) = 〈 f (z) f (z−uz)〉 (2)

being uz the displacement in the z direction. R(uz) measures the correlation
between two points on the sidewall separated by a distance uz. The correlation
length Lc of the process is defined as the half width of R(uz) at 1/e value from
the maximum. Assuming the roughness being a wide-sense-stationary (WSS)
random process and a correlation length Lc much smaller than the length of the
whole waveguide Lw (approximately uncorrelated process, as actually happens
in most practical cases), the process can be considered approximately ergodic
and the ensemble average in Eq. (2) substituted with an average on the length
of the waveguide [22]

R(uz) = lim
Lw →+∞

1

Lw

∫ Lw/2

−Lw/2
f (z) f (z+uz)dz. (3)

As consequence the WSS assumption, R(uz) results to be a monotonically de-
creasing function of width equal to Lc. For a completely uncorrelated process
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FIGURE 2. (a) Sketch of a waveguide with sidewall roughness and refer-
ence frame. The roughness is assumed y independent. The random function
f (z) describes the corrugation profile. (b) Measured autocorrelation func-
tion of the sidewall roughness for a pedestal waveguide as function of the
displacement uz and uy in the z direction (propagation direction) and y
direction (vertical direction), respectively. The invariance in the vertical di-
rection is clearly visible. (c) Autocorrelation functions along direction z for
different vertical positions over the wall (shaded gray), average value of the
set (dashed line) and fit with the exponential model (solid line). (adapted
from [21])



(white noise) Lc = 0 while a deterministic behaviour would be characterized by
Lc →+∞ [17].

The WSS assumption allows also to apply the Wiener-Khintchine’s theorem
which states that R(uz) has a spectral decomposition S(θ) equal to the power
spectrum of f (z) [22]

S(θ) =
1

2π

∫ +∞

−∞
R(uz)e

−iθuz duz (4)

where θ refers to spatial frequency of the sidewall roughness.

2.2. Statistical Properties

Two different models have been proposed in the past to describe the statistical
properties of the sidewall roughness [23–25]. The first one exploits a Gaussian
correlation model in the form

R(uz) = σ2 exp

(

− u2
z

L2
c

)

(5)

being σ the root-mean-square roughness, Lc the correlation length of the func-
tion f (z) and uz the displacement along the direction z. The second model relies
on an exponential autocorrelation function

R(uz) = σ2 exp

(

− uz

Lc

)

. (6)

Numerous experimental investigations [17,26], based on Atomic Force Micro-
scope (AFM) measurements of the roughness profiles, revealed that its autocor-
relation function can be well approximated by Eq. (6) or equivalently

S(θ) =
σ2

π

Lc

1+L2
cσ2

(7)

This model is nowadays commonly accepted for lithographically defined waveg-
uides [21, 27–31].
As an example, Fig. 2(b) shows a bi-dimensional autocorrelation function

R(uz,uy) of the waveguide roughness in the core region for an InGaAsP pedestal
waveguide. AFM data have been normalized in order to produce a zero-mean
function f (y,z) and compute R(uz,uy) [21]. As expected, the roughness is strongly
correlated in the vertical direction (uy) because of the anisotropic etching pro-
cess and, in this particular case, the correlation length in this direction has been
found to be larger than the core width, experimentally confirming the assump-
tion of y-invariance of the roughness. The mono-dimensional autocorrelation
function necessary to describe the statistical properties of the roughness is plot-
ted in Fig.2(c) for many different y positions on the waveguide sidewall (shaded
grey) along with the average value (dashed line). The data can be reasonably
fitted with Eq. (6) with Lc = (56±14) nm and σ = (5±1) nm (black solid line).



Typical values of standard deviation and correlation length of the roughness
for different types of waveguides are reported in Tab. 1, ordered by decreasing
refractive index contrast ∆n= (n1−n2)/n2. As can be seen, the correlation length
of the roughness is generally in the order of tens on nanometers and hence the
assumption Lc << L holds well and the stocastic process can be referred as
approximately white noise (Lc ≃ 0).

TABLE 1. Tipical values of refractive index contrast, root-mean-square
roughness and correlation length for several production technologies.

Technology ∆n% σ [nm] Lc[nm] ref

SOI 140.0 < 2 50 [32–34]
Si3N4 37.0 3.5 ÷ 14 50 [31,35]
SiON 1.0 ÷ 4.5 < 3∗ - [36]

InP/InGaAsP 3.0 ÷ 5.0 < 5 50 [37,38]
Silica < 1.0 < 4∗ - [39]

(*) measured on etched planar films

3. Waveguide radiation losses

Several contributions can be identified as responsible of the attenuation expe-
rienced by the mode propagating in an optical waveguide. Assuming a weak
attenuation, the power insertion loss of a waveguide of length Lw can be written
as

IL = eαLw = e(αa+αr+αb)Lw (8)

where αa takes into account the pure material absorption while αb and αr de-
scribes the fraction of the light coupled to a counter-propagating mode (de-
scribed in the next section) and to radiative modes, respectively. As αb and αr

are associated with sidewall roughness, they represent the extrinsic loss contri-
bution. The coupling effects involved in the latter contributions are related to
the interaction between the propagating mode and the sidewall surface rough-
ness. This interaction couples the incoming propagating guided mode to all the
other guided modes, forward and backward, and to the continuum spectrum
of radiative modes [40, 41]. Since αb is generally small compared to the other
contributions, the previous equation can be approximated as

IL ≃ e(αa+αr)Lw · (1−αbLw) (9)

where the loss coefficient αb corresponds to the parameter rb commonly used to
describe the backscattered power per unit length.



Radiative losses and their connection to the waveguide geometry have been
widely investigated in the last decades [33, 42] in particular for high-index-
contrast technologies such as SOI, which can be very sensitive to sidewall imper-
fections. Large efforts have also been devoted to the technological processes to
reduce this source of loss, acting in particular to smooth the sidewalls through re-
peated oxidations and advanced lithographic techniques [32,43] and silicon wire
waveguides with overall losses smaller than 1 dB/cm have been reported [19,44].

Several models have been investigated to study and predict the power loss gen-
erated by random imperfection of waveguide sidewalls. As already mentioned,
early works by Marcuse [40,41] modelled the radiative losses as the coupling be-
tween the propagating mode and radiative modes involving an elaborate integral
over the modes of the unguided continuum. In these papers, results were applied
to 2-D slabs and circular waveguides. The former have been analyzed also by
Payne and Lacey who developed a technique to compute the radiation losses
treating the waveguide as a radiating antenna [24, 25]. This method is detailed
presented in the following section along with its (approximate) extension to the
three dimensional case. A different 2-D approach applied to thin films problem
has been proposed by Tien exploiting simple specular reflection laws [45].
More accurate results are expected from fully-three-dimensional treatments of

the scattering phenomena which could take into account the extra degree of free-
dom of the 3-D radiation modes and giving an accurate description of the impact
of the waveguide cross section on the radiation efficiency. A common approach
to address this problem is the volume current method. This is a perturbation
technique where the radiation field is represented as the far field generated by
an equivalent volume polarization current density and the losses are calculated
as the integral over the radiation pattern. The method has been applied to both
classical waveguides (low- and high-contrast) and photonic crystals [31, 46–48].
Extensions of the Marcuse’s coupled-mode theory to a 3-D problem have been
proposed as well for both low-contrast [49] and high-contrast [21] waveguides.
Other approaches rely on the boundary-condition method [50] or generalization
of the scattering matrix formalism to describe a rough waveguide as a cascade
of abrupt discontinuities [51].
Among these, the Payne and Lacey model for a 2-D slab waveguide is widely

exploited in literature for the estimation of the radiation losses. Details of this
technique are discussed in Sec.3.1 where a comparison with a model based on the
sensitivity of the waveguide effective index ne f f to perturbations of the waveguide
width w is proposed.

3.1. A new insight into the Payne-Lacey model

In the Payne and Lacey model [24,25], the geometry of the problem consists of
a symmetric slab waveguide of width w and with core and cladding refractive
indexes n1 and n2, respectively. The random waveguide sidewall perturbation
is described by the root-mean-square roughness σ and correlation length Lc as
presented in the previous section.



The method allows the computation of the far field radiated by the waveg-
uide as consequence of the surface roughness. The methodology is based on
the method of the equivalent currents and assumes the waveguide to act as a
radiating antenna, with the roughness acting as an equivalent current source.
Applying conventional radiation methods, it is possible to derive from the radi-
ation pattern an expression for the exponential coefficient αr,

αr =
σ2

√
2k0(w/2)4n1

g f (10)

where k0 is the wave number. The functions g and f (refer to [24,25] for the com-
plete expressions) are the most remarkable aspect of this model because allow to
understand how different waveguide parameters contribute to radiative losses.
The function g is determined only by the waveguide geometry (slab width); f

is related to the correlation length of the sidewall perturbation and takes into
account the interaction between the propagating mode and the sidewall pertur-
bation. Both functions depend also on the refractive index distribution of the
waveguide and the mode effective refractive index (ne f f ) through the propaga-
tion constant β . Finally, note that αr is predicted proportional to the square of
the roughness standard deviation σ .
Intriguingly, we found that the attenuation predicted by Eq. (10) as function

of the slab width w perfectly matches the derivative of the effective refractive
index with respect to the slab width

αr = A
∂ne f f

∂w
(11)

through a proportionality factor A independent on the slab width and taking
into account only the roughness standard deviation and correlation length. The
model based on Eq.(11) is named here nw model because it is inherently based
on the “sensitivity”of the mode effective index to the width variations produced
by the sidewall roughness and consequently to the amount of power coupled out
to the radiative modes.
Figure 3 shows a comparison between the two presented models for a vari-

ety of slab widths, index contrast and propagating modes once the roughness
parameters have been fixed to σ = 2 nm and Lc = 50 nm. In Fig. 3(a) the
predicted loss coefficients as function of the waveguide width w are shown for
the TE fundamental mode of three different slabs. The waveguides differ in the
index contrast between core and cladding ∆n = (n1−n2)/n2, which changes from
∆n= 3% (e.g. glass waveguides) to ∆n= 30% (e.g. SiN waveguides) and ∆n= 90%

(high index contrast technology). In all the three cases the results are perfectly
superposed.
In Fig. 3(b) the loss coefficient αr has been calculated only for the waveguide

∆n = 30% with the same roughness parameters of the previous example and for
the first three TE propagating modes. For the fundamental, first and second
higher order modes the agreement is excellent, apart a slight difference near the
modes’ cut-offs. The same results have been obtained with TM modes.
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FIGURE 3. Comparison between the losses predicted by the Payne-Lacey
model (dots) and the nw model (dashed lines) for (a) slabs with different
index contrast and fixed roughness parameters (σ = 2 nm, Lc = 50 nm);
(b) different modes of the slab with ∆n = 30% (σ = 2 nm, Lc = 50 nm).

3.2. 3D waveguides and experimental results

The Payne-Lacey model was originally developed only for 2-D slab waveguides
but more recently has been applied also to 3-D structures. The dimensionality
of the problem can be reduced applying the effective index method [28, 30] to
obtain a 2-D slab equivalent to the original waveguide and approximating the
3-D radiative modes with 2-D planar radiative modes. Both cited studies are
related to buried-like SOI waveguides, which can be well approximated by 2-D
slabs [21], ensuring a good agreement between the numerical model and the
experimental results.



The most interesting extension of the Payne-Lacey model to a 3-D waveguide
has been proposed by Yap et al. [52] who developed a correction of the model
valid also for rib waveguides (called ridge in [52]). The problem with rib waveg-
uides is that the Payne-Lacey model tends to overestimate the scattering losses
from the partially etched sidewalls. With simple electromagnetic and variational
considerations, the authors suggest a relation between the variation of the mode
effective index induced by the waveguide width perturbation and the overlap-
ping integral of the electric field with the refractive index perturbation at the
location of the scattering defect (which generate the coupling with the radiative
modes).
Assuming a rib waveguide with etch depth h and width w, the modified Payne-

Lacey model proposed by Yap et al. can be written in the form

αr =
σ2√

2k0(w/2)4ne f f
g f s, (12)

s =
∂ne f f r/∂w

∂ne f f c/∂w
(13)

where the mode effective index ne f f substitutes the core refractive index of Eq.
(10) (as effect of the application of the effective index method to reduce the 3D
problem to 2D) and a dimensionless scaling factor s has been added. This scaling
factor represents the ratio between the differential change of the effective index
for a rib waveguide ne f f r and for a channel waveguide ne f f c when the same width
variation is applied. When the etch depth increases, the rib waveguide tends to
the channel waveguide and s approaches unity. On the other hand, when the rib
waveguide becomes shallower, s tends to zero and the sidewall scattering losses
vanishes.
An example of application of Eq. (12) is shown in Fig. 4(a) [52] which presents

the TE mode propagation losses for a SOI rib waveguide as function of the
waveguide width. The data points represent the experimental results obtained
for the same waveguide geometry realized with three different technological pro-
cesses. Each process generates a sidewall roughness with different characteristics
in terms of standard deviation σ and correlation length Lc and consequently a
different dependence of the radiative losses on the waveguide width. The exper-
imental data are in good agreement with the theoretical losses predicted by the
modified Payne-Lacey model (Eq. (12), solid line) for a given combination of σ

and Lc.
The scaling factor s given by Eq. (13) confirms the match between the Eqs.

(10) and (11) and suggests that the proportionality between αr and the deriva-
tive of ne f f holds also in the 3-D case. By using Marcatili approximation for
rectangular waveguides [53], Eq. (11) can be generalized to 3-D structures as

αr = A
∂ne f f

∂n
≃ A

[

∂ne f f

∂w
+

∂ne f f

∂h

]

(14)

being n the normal versor to the waveguide boundaries. The factor A incor-
porates in this case also the scaling factor s of Eq. (12) along with all the
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FIGURE 4. Measurements (marks) and model predictions (solid lines) of
the propagation losses versus width of different types of waveguides: (a) TE
mode of a SOI rib waveguide fabricated by three different processes and
application of the Payne-Lacey model with a scaling factor (adapted from
[52]); (b) TE and TM modes of a channel SOI waveguide and application
of the nw model (experimental data are taken from [20]).

parameters which do not depend on the waveguide width. This equation allows
to take into account also the contribution to the radiative loss generated by the
roughness of the top/bottom surfaces parallel to the waveguide plane. However,
this contribution is typically negligible compared to sidewall roughness and the
model (14) reduces simply to Eq. (11).

Figure 4(b) shows the experimental propagation loss of a SOI channel waveg-
uide with h = 220 nm for both TE (black dots) and TM (red triangles) fun-
damental modes. The results have been fitted with Eq. (14) where, as in the
2-D example of the previous paragraph, the only free parameter is represented
by the width-independent factor A. As in the case of the modified Payne-Lacey
model, a good match can be observed between the experimental data and the
fitting model for both modes. This is true even in the region around w = 0.3µm

where the model predicts a strong enhancement of the propagation losses.

3.3. Final remarks about radiative losses

Some concluding considerations are worth to be done about the presented mod-
els for the radiative losses induced by the waveguide sidewall roughness. The
Payne-Lacey model, applied to both a 2-D slab and a 3-D waveguide through
the effective index method and corrected with the scaling factor s if needed, can
be used to predict the radiative loss coefficient αr as function of the waveguide
width once the information about the waveguide geometry and sidewall rough-
ness has been provided. Discussions and examples of the previous paragraphs
show how, in both 2-D and 3-D cases, this model basically represents the deriva-
tive of the mode effective index with respect to the waveguide width, a part from



a constant scaling factor (nw model). This dependence can be demonstrated rig-
orously as follow.
Let’s consider a symmetric slab with core index n1, cladding index n2 and

thickness w. The normalized frequency can be defined as

V =
ω

c
w

√

n2
1 −n2

2

where ω is the angular frequency and c the speed of light. Taking the derivative
of V with respect to ω and w results

ω
∂ne f f

∂ω
= w

∂ne f f

∂w
. (15)

Combining Eq. (15) with the well-known definition of the group effective index

ng = ne f f +ω
∂ne f f

∂ω
(16)

and assuming that the core and cladding effective indexes are not frequency
dependent (in which case an other waveguide-independent term must be added)
the following result is found,

w
∂ne f f

∂w
= ng −ne f f , (17)

relating the nw model to the difference (ng−ne f f ). This is basically another way
to calculate the group index.
The dependence of the waveguide losses on the difference (ng −ne f f ) is rigor-

ous and it is related to the fact that a change in the waveguide width modifies
both the group index and the mode field distribution and hence the interaction
with sidewall roughness. More precisely, the difference between group and phase
effective indexes is related to the relative strength of the longitudinal compo-
nent of the field with respect to the transversal component. This can be shown
introducing the time-averaged power P transported by the waveguide

P =
∫ +∞

−∞
dxdySz =

∫ +∞

−∞
dxdy[E×E

∗+E
∗×H]z, (18)

being Sz is the component of the Poynting vector in the propagation direction,
which depends only on the trasversal component of the field. The integration is
done on the whole cross-section of the waveguide. With a variational approach
and simple manipulations [54] (and assuming the absence of material dispersion)
the following relation is demonstrated

(ng −ne f f ) =
2c

P

∫ +∞

−∞
dxdy[Ez ·E∗

z +Hz ·H∗
z ] (19)

where the subscripts z refers to the field components in the propagation direction
and c is the speed of light. Eq. (19) states that the difference between ng and



ne f f goes to zeros when the longitudinal component of the propagating mode
vanishes, for example when the waveguide is strongly multimode [54]. In this
regime the sensitivity of the field to the sidewall roughness vanishes as well (since
∂ne f f /∂w → 0) and radiative losses become negligible.

4. Waveguide backscatter

As mentioned in the previous section, a second relevant effect originates from
the interaction of the field with the sidewall imperfections. As roughness can
couple power between the guided modes and the radiative modes, in the same
way it can act as a coupling element between guided modes propagating in
opposite directions [55]. Backscattering can provoke serious degradation of the
optical system performances, originating a variety of impairments such as spuri-
ous responses, intersymbol interference, transfer function distortion, cross-talk,
return loss degradation, and lasers diodes instability [20]. For this reason, in the
rest of the paper the backscattered signal will be clearly distinguished from the
radiative losses. Although it contributes to the total losses experienced by the
forward-propagating mode, it can be much more disturbing and less tolerable
for the system than a simple power loss.
Despite these potentially strong adverse effects, the problem of backscattering

has not received as much attention in the literature as losses. In the following of
the section two different proposed models to estimate the backscattered signal
for a waveguide with given roughness parameters are presented. As done for the
losses, both models are compared to find the dependence of the backscattering
on the waveguide width and it is shown how the power backscatter coefficient
rb (like the radiative losses αr) is related to the derivative ∂ne f f /∂w.

4.1. Models for the roughness-induced backscattering

Amodel to evaluate the backscattered signal generated by the sidewall roughness
has been proposed by Ladouceur and Poladian [55] for planar slab waveguides.
The geometry of the problem is the same used in Sec. 3.1: a slab of thickness w,
core and cladding refractive indexes n1 and n2, respectively, root-mean-square
roughness σ and a correlation length Lc. As in the previous cases, a roughness
with an exponential correlation function is considered.
Ladouceur and Poladian solve the problem in term of a system of two cou-

pled equations that describe the power exchange between the propagating and
counter-propagating modes. This description is generally valid for any type of
waveguide. Assuming a slab of length Lw >> Lc and a small perturbation of the
sidewalls (with uncorrelated perturbations on the two sidewalls), it is possible
to analytically determine the coupling coefficient of the system and compute the
distributed power backscattering coefficient as

rb =

[

U2W
2(w/2)3β (1+W )

]

σ2Lc

π
1

1+4β 2L2
c
, (20)



U = w
2
(k2

0n2
1 −β 2)1/2, W = w

2
(β 2 − k2

0n2
2)

1/2 (21)

where β is the mode propagation constant and k0 the free-space wave number.
Assuming a weak backscattering, the total power backscattered by the waveg-
uide is simply rbLw. As in the case of the Payne-Lacey model for the radiative
losses (Eq. (10)), also the backscattering is proportional to the variance of the
sidewall perturbation σ2.
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FIGURE 5. Comparison between the backscattered power predicted by the
Ladouceur-Poladian model [55] (marks) and the (∂ne f f /∂w)2 model (dashed
lines). The backscattering is shown as function of the waveguide width
normalized to the width of the single mode operation limit (w0). The same
three slab waveguides used in Fig. 3 with the same roughness parameters
(σ = 2nm, Lc = 50nm) have considered.

An example of the application of Eq. (20) is provided in Fig. 5 (marks) where
the predicted coefficient rb is shown. The three cases refer to the slabs con-
sidered in Fig. 3(a) for the TE fundamental mode. The slab width has been
normalized to the width limit for single mode waveguides (w0) for presentation
convenience. As expected, a high index contrast increases the sensitivity of the
mode to the sidewall imperfection (as in the case of the radiative losses) and
consequently the backscattering coefficient, expressed in dB per millimiter of
waveguide. Increasing ∆n from 3% to 90% increases the backscattered light of
about 30 dB/mm, almost independently on w.

A different model has been proposed by the authors in [20] considering the
roughness profile of the slab sidewalls as a spatial superposition of sinusoidal
perturbation of random amplitude, that is a superposition of Bragg gratings. In
the small perturbation regime, a sinusoidal sidewall corrugation δw over a length



Lw produces a reflection κLw at the Bragg wavelength λB, where the coupling
coefficient κ is

κ =
π

λB

δne f f =
π

λB

∂ne f f

∂w
δw (22)

where δne f f is the effective index perturbation associated to δw. With the same
mathematical approach described in Sec. 3.3, the coupling coefficient can be
expressed as

κ =
π

λB

δw

w
(ng −ne f f ) (23)

as originally suggested also by Verly et al. for the analysis of distributed feedback
[56].
Equation (23) is valid for every waveguide shape and index contrast and

implies that the total reflected power generated by the superposition of these
infinite contribution depends only on ∂ne f f /∂w squared or, equivalently, on (ng−
ne f f )

2

rb = B

(

∂ne f f

∂w

)2

= Bw2(ng −ne f f )
2. (24)

Similarly to radiative losses also for backscattering a nw model holds, involving
a quadratic dependence on ∂ne f f /∂w instead of the linear dependence given by
Eq.(11). With this difference in mind, in the following of the paper we refer to
nw model for both radiation losses and backscattering.
Figure 5 shows the comparison of this model with Eq. (20) for the three

different slab waveguides (dashed lines). The results are perfectly superposed,
suggesting that the two models are essentially equivalent.
With the same arguments of Sec. 3.2, this approach can be extended to later-

ally confined waveguides and some examples will be provided in the next section.
In conclusion, note that the backscattered power is directly proportional to the
square of the perturbation (roughness) standard deviation σ2, as for the radia-
tive losses, and depends on (ng−ne f f )

2 while losses have a linear dependance on
this parameter.

4.2. Influence of technologies, polarization state, index contrast, and waveguide
shape on the backscattering

The theoretical treatment presented in the previous section demonstrates that
the backscattering is strictly related to the geometry and index profile of the
waveguide only through the difference (ng−ne f f )

2. In this section the influence of
several parameters on the distributed backscatter coefficient rb of a waveguide
will be investigated. In particular, the waveguide fabrication technology, the
refractive index contrast, the polarization of the light and the waveguide cross
section are considered. It is shown also how the models based on the difference
(ng − ne f f ) hold independently of all these aspects. The experimental results
shown in this section were obtained with the frequency-domain interferometric
technique described in [20,57].



4.2.a. Technologies

The technology exploited for the fabrication of integrated devices largely impacts
on backscattering (and losses) generated by the waveguides. On one hand, the
impact is related to the roughness that arises as consequence of the particular
production process, as discussed in Sec. 2 and Tab. 1. On the other side, the
refractive index distribution and waveguide shape define the interaction between
the propagating mode and the roughness according to the nw model, which is
valid for any type of waveguide.
To demonstrate this aspects, four very different optical waveguides are here

considered and the results reported. The four waveguides are: a silicon wire in
SOI technology 220 nm thick [20]; a channel SiON waveguide 2 µm thick [58]; a
rib waveguide with a InGaAsP-based core (thickness 1 µm) on an InP substrate
and no cladding [59]; a deeply etched InP-based ridge waveguide with a 360-
nm-thick multi-quantum well core [60].
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FIGURE 6. Measured (marks) backscattering as function of the normal-
ized waveguide width for several technologies: SOI (black circles) [20], SiON
(blue triangles) [58], rib InGaAsP wavegude (red diamonds) [59], ridge InP
waveguide (red squares) [60]. The data refer to the TE mode and are nu-
merically fitted (dashed lines) with Eq. (24).

Figure 6 shows the measured backscattered power (marks) as function of
the waveguide width (TE input mode) for waveguides in SOI, SiON and InP
technologies. The experimental data are fitted with the aforementioned model
(dashed lines) based on (ng −ne f f )

2. Note that high index contrast SOI waveg-
uides show a backscattering level as high as 30 dB stronger than the one of
low index waveguides. Both InP based waveguides, instead, although uncovered



are basically weakly guiding and produce a very small backscattering compared
to SOI waveguides (even with similar roughness parameters), comparable to
low-contrast SiON waveguides.

TABLE 2. Typical values of losses and backscattering for several technolo-
gies with different refractive index contrasts. The waveguide length pro-
ducing a total backreflection of -30 dB is shown as well. Fibre is added as
reference.

Technology ∆n% loss [dB/cm] rb [dB/mm] L@-30dB

SOI 140 2.5 -25 0.3 mm
Si3N4 37 0.1 ÷ 2 -30 ÷ -40 1÷10 mm
SiON 4.5 0.2 -50 10 cm

InP/InGaAsP 3.0 ÷ 5.0 1.0 ÷ 2.0 <-40 30 cm
SiO2:Ge < 1 0.1 <-60 > 1 m
Fibre [61] 0.2 2·10−6 -102 (Rayleigh) ∞

Table 2 summarizes the information of typical index contrast, losses and
backscattering for the considered technologies and also for Si3N4-based TriPleX
waveguides [62] and Germanium-doped glass waveguides. Glass optical fibers
are added for reference. It is interesting to note, in the last column, the waveg-
uide length that produces a total backreflection of -30 dB, corresponding to the
Rayleigh scattering in optical fibers. The backscatter gives a negligible contri-
bution to the waveguide attenuation. As an example a backscatter equal to -26
dB/mm corresponds to an additional attenuation of 0.1 dB/cm. However, if for
low index contrast waveguides few centimeters can be considered safe, a 300
µm long silicon wire can generate enough reflection to compromise the correct
behavior of several circuits.

4.2.b. Refractive index contrast

The refractive index contrast plays a fundamental role in defining the propaga-
tion characteristic of the waveguide [63] and, clearly, also of the backreflections.
In this section, as an example, an SOI 480 nm-wide, 220 nm-thick waveguide is
considered (w/w0 = 0.95). This waveguide has been realized with three different
cladding materials: air (refractive index 1.00), SiO2 (1.45) and SU8 polymeric
material (1.58). The refractive index contrast of the waveguide ranges from 200%
and 120%.
Figure 7 shows the backscattering experimental measurements (dots) with

the results fitted with the (ng − ne f f )
2 model (dashed line). As expected, the

sensitivity of the light to the sidewall imperfections and consequently the abso-
lute value of backscattering increases with the contrast. Even in this case the
experimental results are well predicted by the model.
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FIGURE 7. Measurements (circles) and model prediction (dashed line) of
the backscattering for a SOI waveguide with different cladding material
which modifies the refractive index contrast.

4.2.c. Waveguide shape

Also the waveguide shape impacts on the backscattering level. Here, the two SOI
waveguides shown in Fig. 8, a standard 220 nm × 490 nm wire and a larger rib
waveguide, are considered. This case is very similar to the one experimentally
and theoretically investigated by Yap et al. in [52] where a reduction of the losses
due to the sidewall roughness is expected moving from a buried waveguide to
a shallow etched rib shape due to a diminishing of the interaction of the mode
with the sidewall irregularities (there is not any roughness in the horizontal
interfaces). The reduction is observed to be proportional to the parameter s in
Eq. (13).
The nw model can be used to evaluate the difference in the backscattering

between the two waveguides. The wire has ∂ne f f /∂w = 1.7 ·10−3 nm−1 while for
the rib ∂ne f f /∂w= 7 ·10−5 nm−1, with a predicted variation of the backscattering
of 27 dB. This result confirms the less sensitivity of the rib-shaped waveguides
to the sidewall imperfections with respect to deeply-etched structures and the
validity of the proposed model.

4.2.d. Polarization

Finally, the dependence of the backscatter on the state of polarization of the
modes is discussed. This aspect is particularly evident in SOI-based structures,
where the behaviour of TE and TM modes is very different. In Fig. 9 the same



1.5μm

0.5μm

Si

SiO2

SiO2
1.0μm

Si

SiO2

220 nm

490 nm

(a) (b)

FIGURE 8. (a) Channel- and (b) rib-shaped SOI waveguide geometrical
parameters.

standard channel waveguide of the previous section is considered and the meas-
ured backscattered power is shown (marks) as function of the waveguide width
for both TE and TM modes. The experimental data are fitted (dashed lines)
with Eq. (24), which holds for both modes. TE mode shows a backscatter up
to 20 dB higher with respect to the TM mode and also the dependence on the
waveguide width is different and much more sensitive. In general, TM mode
results less sensitive to the lateral width variations of the waveguide and is thus
indicated for circuits critical to backscattering.
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FIGURE 9. Measured backscattering of a channel SOI waveguide for TE
(red circles) and TM (black diamonds) modes as function of the waveguide
width. Dashed lines are the fit with nw model.



5. Roughness and disorder in photonic crystal waveguides

Although 2D photonic crystal waveguides (PhCWs) can ideally support lossless
propagation of the light [6], unavoidable extrinsic scattering loss arises as a
consequence of random fabrication imperfections.
Defects are mainly originated by the writing process required to create the

PhC lattice structure. Even by using state-of-the-art electron beam lithography,
hole geometry can not be defined with a sub-nm accuracy. Typically, the etch
mask is the largest source of disorder and the holes exhibit a rough perimeter,
as schematically illustrated in Fig. 10. Roughness of top and bottom surfaces
can be usually neglected, because the PhC membrane is epitaxially grown with
an atomic scale control (0.5-0.6 nm) of the surface quality. Also, the sidewalls
are assumed vertical.

r(θ)

FIGURE 10. (a) SEM picture and (b) model of the hole of a PhCW affected
by fabrication imperfections. Both the large scale deviation from the nom-
inal circular shape and the local surface roughness at the boundary can be
described assuming a perturbation of the actual radius r around the hole
perimeter. Advance modelling can also take into account that (c) at a scale
< 2 nm the hole edge can not be represented by a single valued analyti-
cal function r(θ) and (d) that edge roughness exhibits a fractal behaviour
(adapted from [64]).

A comprehensive study of the statistical properties of disorder in PhC struc-
tures was carried out by Skorobogatiy et al. [64]. In this work, the device geom-
etry of PhC lattices was extracted directly from scanning electron microscope
(SEM) images, as the one shown in Fig. 10(a), and the main statistical parame-
ters of disordered PhCs were pointed out. In particular, three sets of parameters
were identified for a realistic modelling of PhC structures:

❼ a first set of parameters includes coarse properties of the hole shape, such
as radius r, ellipticity, and other low angular momenta components, which
can be deliberately designed or be the result of fabrication tolerances.
Among these, radius variations δ r(θ) along the angular coordinate θ [see
Fig. 10(b)] give the most relevant contribution to disorder;



❼ a second set of parameters describes roughness at the hole boundary on
a nanometer scale. Roughness can be modelled by using the root mean
square (RMS) perturbation amplitude σ , that is the deviation with respect
to the ideal dielectric permittivity profile, and by introducing the concept
of correlation length Lc. In analogy to the case of regular waveguides (see
Sec. 2), in PhCWs Lc is defined as the distance over which the occurrence
of defects is correlated to one another [40]. Typical values of σ and Lc are
2-3 nm and 40-50 nm, respectively, even though some results suggest that
higher values of correlation length must be considered (see Sec. 6.4);

❼ the last set of parameters describes random displacements of the hole
position from the ideal periodic lattice. In the presence of symmetry
breaking elements (such as waveguides), PhC lattices typically exhibit an
anisotropic position disorder along the transversal and longitudinal direc-
tions.

All these features contribute to create what is generally referred to as struc-
tural disorder in PhCWs. Comparing the statical parameters of different holes
belonging to the same structure, it was found that these contributions are usu-
ally uncorrelated from one hole to another.
As a good approximation, disorder can be modelled as a radius perturbation

δ r(θ) along the perimeter of the hole [see Fig. 10(b)], according to the following
expression [65]

〈δ r(θm)δ r(θ ′
m′)〉= σ2 exp

(

−r
∣

∣θm −θ ′
m′
∣

∣

Lc

)

δm,m′ , (25)

where m is the hole index and the Kronecker function (δm,m′ = 1 for m = m′

and δm,m′ = 0 for m 6= m′) takes into account the absence of correlation between
two different holes. Although this model does not include some features of the
disorder profile, such as the small scale (< 2 nm) surface folding visible in
Fig. 10(c) and the fractal behaviour of Fig. 10(d), this disorder model has the
advantage of describing the PhC disorder by means of only two parameters
(σ and Lc) that can be directly related to experiments. Therefore, this model
is widely used to study the scattering effects and, ultimately, to predict the
propagation loss of PhCWs.

6. Loss in photonic crystal slab waveguides

In the last decade, much effort has been devoted to the problem of realistically
modelling disorder-induced scattering loss in PhCWs. Due to the inherent high
complexity of the structure and to the large number of disorder degrees-of-
freedom, estimating the loss of PhCWs is more challenging than in the case of
regular optical waveguides.
This section specifically addresses this problem, presenting a comprehensive

overview of the main results achieved in the field. In Sec. 6.1 a theoretical model



is presented, which can be used to describe disorder-induced scattering in generic
PhCWs; then we discuss in details, through numerical and experimental results,
the role of the group velocity (Sec. 6.2), of the mode shape (Sec. 6.3) and of the
correlation length (Sec. 6.4) on the extrinsic scattering loss of PhCWs.
Some analogies with the results presented in Secs. 3 and 4 for regular waveg-

uides are found and discussed in Sec. 13.

6.1. Theoretical model

Disorder-induced scattering loss in PhCWs have been studied by using several
approaches, including for instance vectorial eigenmode expansion (EME) [66],
coupled mode theory (CMT) [67], guided mode expansion (GME) [68, 69],
Fourier-Bloch-mode method (FBMM) [70, 71], and Bloch-mode expansion
(BME) [72–74]. First works were limited to understand the behaviour of specific
and simplified structures, made for instance of 2D infinitely long cylinders [75,76]
or layered structures [66], with analysis carried out through systematic numeri-
cal investigations [77].

The first attempt to provide a generic theoretical model to describe the effects
of disorder in arbitrary PhCWs was proposed by Hughes et al. [78]. In this work
a photon Green-function-tensor formalism was employed to derive explicit ex-
pressions for extrinsic optical scattering loss in PhCWs. In the Hughes’ model,
loss in PhCWs were demonstrated to arise from two dominant scattering pro-
cesses: backscattering, that is light scattering from a forward propagating mode
into a backward propagating mode, and out-of plane scattering into radiation
modes above the light line.
The backscattering loss αb and the radiation loss αr per unit cell are given by

the following expressions,

〈αb〉=
(

aω

2vg

)2 ∫∫

drdr’〈∆ε(r)〉〈∆ε(r’)〉 [ek(r) ·ek(r)] [e
∗
k(r’) ·e∗k(r’)]ei2k(x−x′)

(26)
and

〈αr〉=
aω

vg

∫∫

drdr”〈∆ε(r’)〉〈∆ε(r”)〉e∗k(r’)e−ikx′ · Im
[

~Grad(r’,r”,ω)
]

·ek(r”)e
ikx′′

(27)
whose full analytical derivation can be found in [65]. The expected value 〈· · · 〉
indicates that these expressions predict the average loss of many nominally iden-
tical structures made of a single lattice cell. In eqs. (26) and (27), a is the lat-
tice period of the PhCW, ∆ε(r) is the disorder function, that is the difference
between the ideal and the actual (disordered) spatial profile of the dielectric
permettivity, and ek(r) is the electric field of the ideal Bloch mode propagating
along the x direction with wave vector k and group velocity vg. As discussed in
Sec. 5, roughness on the surface of the holes is typically the dominant source of
scattering [79, 80], so that ∆ε(r) can be assumed as a nonzero function only on
the hole boundaries. The radiation mode Green function ~Grad(r’,r”,ω) in Eq.



(27) is a tensor, whose component Grad,i j(r,r’,ω) provides the i-component of
the electric field induced at a position r’ by a j-polarized dipole placed at r”
and oscillating at an angular frequency ω.
It is important to underline here, that eqs. (26) and (27) are derived through

an incoherent single-scattering approach that does not take into account mul-
tiple scattering events. In PhCWs this condition is typically fulfilled at high
group velocity, but as the propagation of the light is slowed down, phenomena
associated with multiple scattering dramatically affect the propagation proper-
ties of the light and must be included in the model. In this regime a coherent
scattering approach is thus required [81], as discussed in Sec. 7.

Although the calculation of the loss coefficients 〈αb〉 and 〈αr〉 from Eqs. (26)
and (27) is not straightforward, these expressions are very informative to point
out the main features of scattering processes occurring in PhCWs. The product
〈∆ε(r’)〉〈∆ε(r”)〉 indicates a quadratic dependence of both radiation loss and
backscattering on the disorder function, that is on the σ2 parameter of Eq.
(25), in agreement with other theoretical models [68]. A detailed analysis of the
dependence of the backscatter and radiation loss on the disorder parameters and
on the properties of the propagating field is discussed in detail in following of
this section.

6.2. Group velocity dependence

One of the main results of the Hughes’ model is that it clearly points out the
role of the group velocity vg of the light in the scattering processes occurring in
PhCWs. Both backscatter and radiation loss increase at smaller vg, because of
the higher interaction time of the light with the structural disorder. Expressing
this dependence in terms of the group index ng = c/vg, out-of-plane radiative
loss αr is found to have approximately a linear dependence on ng, while back-
scattering loss αb scales according to n2

g. According to this model, total extrinsic
loss in PhCWs can be simply expressed as [82]

α = αr +αb = c′1ng + c′2n2
g, (28)

where the scaling factors c′1 and c′2 can be calculated through eqs. (26) and (27).
Since the Hughes’ model does not make any assumptions on the spatial dis-

tribution of the holes in the PhCW, the model applies to arbitrary structures.
Therefore, it can be used to study scattering processes in conventional PhCWs
with a regular lattice, such a W1 PhCWs [83], where a line of holes is removed
to create the waveguide, as well in structures where one or more rows of holes
are shifted [84] and/or modified [85] to engineer the dispersion behaviour of the
waveguide.
To give an example, let us consider the dispersion-engineered waveguide of

Fig. 11. As shown in the top-view SEM photograph of Fig. 11(a), the waveguide
is designed starting from a conventional W1 waveguide and by laterally shifting
the first and second rows of holes adjacent to the defect line by distances s1 and
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FIGURE 11. (a) Top-view photograph of a dispersion-engineered PhCW ob-
tained by laterally shifting the first and second rows of holes of a W1 PhCW
by symmetric displacements s1 (red) and s2 (green). (b) Calculated dis-
persion curves for the fundamental mode of dispersion engineered PhCWs
with the following displacement parameters: s1 = −0.13a, s2 = 0 (dash-
dotted curve), s1 = −0.1225a, s2 = 0.045a (dashed curve), and s1 = −0.1a,
s2 = 0.085a (solid curve). The thick solid red line indicates the flat band
slow light region with group index ng. The dotted line indicates the disper-
sion relation of a W1 waveguide. [84] (c) Measured normalized transmission
(Tx, blue) and backscatter (Rx, black) of a silicon membrane dispersion en-
gineered PhCW with s1=-48 nm, s2=16 nm, a = 410 nm, and r = 0.286a.
(d) Measured group index of the PhCW of (c), exhibiting a flat group index
of about 40 between 1560 nm and 1567 nm. ((a) reproduced from [84], (b)
is adapted from [84], (c) and (d) are reproduced from [82])

s2, respectively (positive shift indicated hole displacement towards the waveguide
centre) [84]. This is one of the strategies proposed in literature to modify the
position of the band-gap guided mode with respect to the index guided mode
[86], thus creating a region of low-dispersion slow light with a nearly constant
ng versus wavelength and an optimized bandwidth. Simulations in Fig. 11(b)
show the dispersion curves of the fundamental mode of engineered PhCWs with
several combinations of the displacement parameters s1 and s2. A region with a
linear dispersion relation (thick red line) is created providing a nearly constant
group index ng = 32 (dash-dotted curve), 50 (dashed curve), and 93 (solid curve).
Other approaches to tailor the dispersion curve of PhCWs and to optimize
the group index bandwidth products (GBPs) have been proposed in literature
[85,86] and can exploit also dispersion compensation in chirped PhCWs [87].

Fig. 11(c) shows the measured normalized transmission (Tx, blue curve) and
back-reflection (Rx) of a PhCW engineered according to the approach depicted



in Fig. 11(a)-(b). The waveguide is realized on a 220 nm thick silicon mem-
brane with a PhC lattice period a = 410 nm and hole radius r = 0.286a. The
waveguide is engineered with parameters s1=-48 nm, s2=16 nm, and is 180 µm
long. The fabrication processes, which is described in detail in Refs. [82, 88], is
based on electron beam lithography of a 220 nm SOI wafer, followed by reactive
ion etching (RIE) and a selective removal of the buried oxide underneath the
silicon layer. By using this process, PhCWs with a disorder of less than 2 nm
RMS [89] and propagation loss as low as 5 dB/cm in the fast light regime were
demonstrated.

The backscattering and the group index of the waveguide, the latter shown
in Fig. 11(d), were measured by using coherent optical frequency domain reflec-
tometry (OFDR) [20, 90]. Alternatively, Fourier-transform spectral interferom-
etry [91] or optical low-coherence reflectometry (OLCR) [92,93] can be used for
group index measurements. Approaching the transmission band-edge, located
at wavelength of about 1568 nm, the group index linearly, but steeply increases
from a value below 10 (λ < 1550 nm) up to nearly 40 (λ < 1560 nm), followed
by a low-dispersion region with a constant ng of about 40 in the 1560 nm < λ <
1568 nm spectral region. In agreement with theoretical predictions, stating a
n2

g scaling of backscattering, the backreflected power steeply increases moving
toward the band edge. In Fig. 11(c), backreflection remains around -20 dB in the
wavelength range between 1530 nm and 1550 nm, but it becomes comparable to
the transmitted power above 1560 nm. In this region, backscattering dominates
over out-of-plane loss and becomes the main sources of loss. This makes also
multiple scattering events become more significant [82,94], this generating deep
oscillations of both the transmission and backscattering spectral response. These
phenomena, that cannot be explained with the incoherent scattering model of
eqs. (26) and (27), are discussed in detail in Sec. 7. Other experimental observa-
tions demonstrate that the scaling rules of backscatter and radiation loss versus
ng predicted by the Hughes’s model hold up to relatively high group index (up
to 30) [79, 94,95], but they may break down at a higher values.
Besides the extrinsic scattering losses associated with disorder, which are dis-

tributed along the waveguide, it is worthwhile to mention here also the problem
of light injection in a PhCW operating in a high group index regime [96]. A
group index mismatch between the PhCW and the input/output ridge waveg-
uides generates coupling loss and concentrate reflections at the PhCW termina-
tions. Therefore, suitable impedance matching regions are needed to optimize
the coupling efficiency. These can be obtained, for instance by using an adia-
batic taper [97,98], by inserting a fast light section of PhCW between the ridge
waveguide and the slow light section of photonic crystal [84, 99–101]. The use
of an intermediate fast-light region was also exploited to reduce the loss due to
stitching errors, when electron beam lithography is used to write a PhCW [102].



6.3. The influence of the optical mode shape

As mentioned in Sec. 6.2, the dependence of radiation loss and backscattering
on ng is only approximate and in some circumstances it can dramatically under-
estimate the actual loss of PhCWs. To point out this issue, we experimentally
quantified the backscattering versus ng of different kind of PhCWs. Figure 12a
shows the measured enhancement factor of the backscattering, that is the back-
scattering normalized to a reference level in the low group-index regime (ng equal
to about 5). The wavelength dependence of the measured group index is shown
in Fig. 12(b). Two PhCWs are considered, which were engineered according to
the design of Fig. 11 in order to have a low-dispersion region at a group index of
about 30 (black curve) and 40 (blue curve). The backscattering curves of both
waveguides follows the n2

g model (dashed line) up to a group index of about 25
and 35, respectively, that is up to the beginning of the low dispersion region.
At a higher wavelength, the group index flattens, but the backscattering steeply
increases, diverging abruptly from the n2

g model. This behavior is evidently not

consistent with a simple n2
g model, that would have predicted no change in the

backscatter in the low-dispersion region.
The physical mechanism underneath this steep increase of the backscattering

curve is that the shape of the Bloch mode propagating through the structure
strongly depends on the group index itself [103,104]. The incoherent scattering
model proposed by Hughes can predict this effect, provided that the evolution
of ek(r) versus ng is taken into account in eqs. (26) and (27), that is in the
computation of the scattering parameters c′1 and c′2 of Eq. (28).
Figure 13(a) shows the simulated dispersion curve (blue curve) of the fun-

damental mode of an engineered PhCW with design parameters s1= -48 nm
ans s2 = 16 nm, realized with a 220-nm-thick Si suspended membrane. The
lattice period and the nominal hole radius are a = 410 nm and r = 112 nm, re-
spectively. Dispersion engineering produces a region of low-dispersion slow light
(highlighted in cyan) with a nearly constant group index of about 40. The in-
tensity profile |ek(r)|2 of the Bloch mode at the three wavevectors marked by
the three red circles are shown in Fig. 13(b). At small group indices the mode
is strongly confined in the waveguide and the optical field weakly interacts with
the holes boundaries. As the wave vector increases, propagation enters the slow-
light region, and the electric field spreads over the first row of holes where it
interacts strongly with the surface disorder.
This strong variation of the field distribution at the vanishing dispersion point

was theoretically addressed by Petrov et al. [104] as the cause of a sharp increase
of the backscattering in dispersion engineered PhCWs. The physical reason un-
derneath this behaviour is that the point of vanishing dispersion results from
the anticrossing of two different modes [86]. Away from the anticrossing point,
the mode profile changes slowly with frequency and disorder-induced scattering
changes slowly with the group index. Around the anticrossing point, the mode
shape abruptly changes even though the group index remains almost constant, so
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FIGURE 12. (a) Measured backscatter enhancement versus ng for several
PhCWs: the black and the blue curves indicates a dispersion engineered
waveguide designed to have a low-dispersion region at a group index of 30
and 40, respectively, while the red curve indicates a W1 waveguide. Dashed
lines show the n2

g model for both kind of waveguides. (b) Measured group
index of the three PhCWs shown in (a).

that in this regime the scattering loss scales differently from ng for out-of-plane
scattering or n2

g for backscattering.
The interaction of the optical field with the structural disorder can be quanti-

fied by calculating the integral of |ek(r)|2 across the surfaces of the holes. Results
shown in Fig. 13(c) point out that, for a given group index ng, the modes of two
different PhCWs can interact very differently with disorder. In the case of the
engineered waveguide of Fig. 13a (green, solid), a sharp increase in the con-
centration of the electric field in the disorder region is observed around the
engineered region of ng = 40. In contrast, in a conventional W1 waveguide (s1=
s2 = 0) the mode distribution evolves slowly with wave vector and does not
exhibit this phenomenon (blue, dashed). This behaviour nicely agrees with the
experimental results shown in Fig. 12 for the W1 waveguide. For a W1 PhCW,
the smoother evolution of the mode shape versus ng is associated with a slower
increase of the backscattering, with no sharp transitions in the high group in-
dex regime. This behaviour is more in line with a n2

g model [dashed curve in



(b)

(c)

(a)

FIGURE 13. (a) Dispersion relation (blue curve) of the fundamental mode
of an engineered PhCW (s1 = -48 nm, s2= 16 nm, a = 410 nm, and hole
radius r = 112 nm). The region of near-constant group index (ng = 40)
is highlighted in cyan. (b) Electric field distribution of the Bloch mode
for the three wave vectors marked by red circles in (a). (c) Integral of the
Bloch mode intensity |ek(r)|2 over the hole surfaces as a function of group
index ng for the dispersion engineered structure shown in (a) (blue dashed
curve), and for a conventional W1 waveguide (green, solid curve). (images
are reproduced from [80])

Fig. 12(a)]. The higher backscatter of the W1 waveguide in the low ng regime
(ng < 25) is also consistent with the higher interaction of the optical field with
the structural disorder shown in Fig. 13(c).

These results clearly demonstrate that in PhCWs backscattering is not related
to the group index only. This means that there are some degrees of freedom to
reduce scattering loss, at a given group index, by properly engineering the mode
interaction with the holes boundaries [105].

6.4. Correlation length

Another parameter that strongly affects the properties of the scattering pro-
cesses occurring in PhCWs is the correlation length Lc of disorder, that is the
distance over which defects are correlated to one another [40].
In order to clarify the role of the correlation length, it is convenient to express

the total extrinsic loss of a PhCW as [82]

α = c1γng + c2ρn2
g, (29)

where the parameters γ and ρ are associated with radiation loss and backscatter



loss, respectively. It should be noted that the coefficients c1 and c2 are not
related the optical field distribution, but only to technological parameters, to
the degree of disorder, and to the perturbation of the dielectric contrast ∆ε of
the PhCW [71]. Therefore, in Eq. (29) the disorder (c1,c2) and mode shape (γ,ρ)
contributions are separated, thus enabling the possibility of study the loss-issue
by suitably tuning the mode shape.
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FIGURE 14. Total loss of dispersion engineered PhCWs with a group index
of ng = 38 in the low-dispersion region (displacement parameters s1 = -48
nm, s2 = 16 nm). The green dashed curve is the numerical fit obtained
by assuming a zero correlation length (Lc = 0), while the red solid curve
assumes a coherence length equal to the entire hole perimeter (adapted
from [82]).

As shown in [82], the coeffients ρ and γ can be derived by modelling each
scattering point as a radiating dipole [106], and by taking into account that
radiation loss implies the coupling with a continuum of radiation modes, whereas
backscattering occurs into a single backpropagating mode. The mode shape
dependent backscattering parameter is given by [82,106]

ρ = ∑
n
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while the out-of-plane coefficient is

γ = ∑
n
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. (31)

In eqs. (30) and (31), ET is the electric-field component tangential to the hole
surface and DN is the displacement-field component normal to the hole sur-
face, and ε1 is the dielectric constants of the material constituting the photonic
crystal.



To the scope of our analysis, the main information given by eqs. (30) and
(31) is that the holes of a unit cell are divided into n parts of length Lc, which
corresponds to the correlation length of the lattice imperfections measured along
the boundary of a hole. Since Lc is the length over which both integrals have to
be calculated, it represents a critical parameter for an accurate estimation of the
coefficients ρ and γ. The relevance of the correlation length in the determination
of the backscattering coefficient ρ was also addressed in [107], where a CMT
model was proposed predicting a linear increase of ρ versus Lc for guided modes
near the band edges.
To illustrate the impact of the correlation length on the total loss of a PhCW,

let us consider the result shown in Fig. 14. Blue markers indicate the total loss
measured on dispersion engineered PhCWs designed to exhibit a constant group
index of ng = 38 over a wavelength range ∆λ = 8 nm (s1 = -48 nm, s2 = 16nm).
The green dashed curve is the behaviour predicted by Eq. (29) by assuming Lc =
0, that is by considering the losses as generated by independent point scatterers,
whose contributions add incoherently [104]. A much better agreement between
the model and the experimental results is obtained by assuming a Lc equal to the
entire hole perimeter (red solid curve). In particular, this assumptions describes
well the abrupt change in the loss curve at ng = 38, that is in the low-dispersion
engineered region. Moreover, the model confirms that the linear dependence of
the loss at ng < 35 is due to the ng dependence of the out-of-plane loss, because
in this regime backscattering is almost suppressed [see also Fig. 11(d)]; the steep
increase of the backscattering shown in Fig. 12a is responsible for the dramatic
increase in the total loss around ng = 38. The validity of the model assuming Lc

equal to the entire hole perimeter has been also demonstrated in the case of W1
waveguides [82].
This result suggests that all the scattering events generated in a PhCW by

any source of disorder (surface roughness, hole displacement and deformation)
add coherently along the surface of the entire hole. This also implies that the
correlation length in photonic crystals is larger than the value of 20-50 nm, which
is typically assumed for silicon photonic wires, and which had been assumed for
PhCWs in previous works [78,80].

7. Multiple scattering

Multiple scattering in a generic optical medium occurs when the light is scattered
more than once before outgoing the structure. This happens when the mean-free
path l of the electromagnetic wave becomes shorter than the sample length L.
In our study of scattering processes in regular and PhC waveguides, we have
implicitly considered so far the case of rare scattering events (l >> L), this regime
being typically referred to as coherent [108,109], ballistic [71] or dispersive regime
[110]. In this condition, a ω − k dispersion relation describing the propagation
properties of the light is well defined, thereby making PhCW behave similarly
to regular waveguides. For instance, as discussed in Sec. 10, the transmission
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FIGURE 15. Experimental observation of the transition of the light trans-
port through a disordered W1 PhCW across different regimes: dispersive
(A to C), diffusive (C to D), and localization (E and beyond): (a) real-space
images of the infrared field radiated at the top surface of the waveguide at
different wavelengths; (b) angular spectrum profiles measured at different
regimes; (c) measured dispersion diagram of the waveguide. (reproduced
from [110])

and the reflection of the light propagation through disordered PhCWs in the
dispersive regime and in regular waveguides affected by surface roughness share
the same statistics properties.
Conversely, in the multiple scattering regime (l << L), conventional wave

equations may bread down and the description of light propagation requires a
diffusive model [111]. In contrast to classical diffusion, the wave diffusive regime
is associated with interference effects with backscattered field contributions, as
observed in the coherent backscattering of the light in disordered scattering me-
dia [112,113]. In this regime a dispersion relation between the angular frequency
ω and the wave vector k may be not defined, the wave vector k can not be con-
sidered anymore a good quantum number [110], and several phenomena arise
that can not find their counterpart in regular waveguides.



7.1. From dispersive (single-scattering) to diffusive (multiple-scattering) regime

When the group velocity of the light propagating through a PhCW is reduced,
structural disorder may be responsible for a transition from the dispersive
regime to the diffusive regime. This effect was experimentally investigated by Le
Thomas et al. through a direct measurement of the dispersion curve of a PhCW
in k space [110]. In this work, a high numerical aperture optical Fourier-space
imaging technique, providing the 2D angular spectrum of the field emitted from
the surface of a PhCW, was used to determine the phase velocity, the dispersion
curve and the spatial frequency spectrum of the modes excited in the structure.
Figure 15 shows the results obtained on a W1 waveguide fabricated on a

260-nm-thick InP suspended membrane with a PhC lattice period a = 440 nm,
designed to operate at a wavelength of about 1550 nm. At shorter wavelengths
(λ < 1488 nm, patters A to B) a pure dispersive regime occurs, which is char-
acterized by an almost uniform intensity pattern extended along all the waveg-
uide length (a), a narrow spatial frequency spectrum (b), and a well defined
dispersion curve (c), thereby implying a well defined group velocity vg. The
low intensity symmetric trace in the dispersion curve (c) corresponds to the
counter-propagating mode excited by the back reflection at the cleaved facet of
the output waveguide.
When the normalized frequency u = a/λ approaches the band edge (1488 nm

< λ < 1490 nm, patterns C to D), the effect of the disorder becomes significant
as a result of the slowing down of the light. Multiple-scattering modifies the
optical intensity pattern along the waveguide with the formation of localized
states (a), the linewidth of the angular spectrum broadens, as a results of the
decrease of the mean-free path l due to the random spatial dephasing of the field,
and is characterized by the formation of speckle features (b). In the diffusive
regime, the dispersion curves steeply breaks down (c), spectral transmission is
characterized by large fluctuations and even though an energy transport velocity
vE can be defined, it strongly deviate from vg [114–116].

Although Fig. 15 clearly shows that the propagation properties of the light
dramatically change from the dispersive to the diffusive regime, no direct infor-
mation on the efficiency of the light transmission, in term of propagation loss,
is contained. Actually, even though in the pure diffusive regime the spectral
correlations are too weak to generate a clear dispersion curve, the light trans-
mission through the waveguide can be still efficient, in contrast to the strongly
spatially localized regime, which appears at frequencies located below the ideal
band edge (λ > 1490 nm, E and beyond). Mazoyer et al. argued that, in the pure
localization regime, the propagation of optical pulses is so distorted that neither
the group-velocity nor the energy velocity are meaningful quantities [116]. The
propagation loss issue in the multiple-scattering regime is specifically addressed
in Secs. 7.2 and 7.3.
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FIGURE 16. (a) Calculated average loss per unit cell (solid curves) of a
220-nm silicon membrane dispersion engineered PhCW (s1 = -48 nm, s1 =
16 nm, a = 410 nm, r = 112 nm) as a function of the waveguide length for
different group index regime: ng = 62 (a1, blue curve), ng = 42 (a2, green
curve), ng = 22 (a2, red curve), and ng = 11 (a4, cyan curve). In each plot,
the short and the long waveguide limits are indicated with the upper and
lower dashed curves. (reproduced from [80]) (b) Comparison between the
measured transmission spectrum of a W1 waveguide (black curve) and the
spectrum calculated by using the Beer-Lambert model (light gray) and the
incoherent multiple scattering model. (reproduced from [65])

7.2. Loss in the multiple scattering regime

In the multiple scattering regime, not only the dispersion curve of a PhCW un-
dergoes an abrupt transition, but the propagation loss itself exhibits some fea-
tures that have no counterparts in regular waveguides. Patterson et al. demon-
strated that one of the most striking consequences of multiple scattering is the
break down of the Beer-Lambert law [80]. Classically, the Beer-Lambert law
states that the intensity of a wave propagating through an optical waveguide of
length L evolves as

P(L) = P(0)exp(−αL) , (32)

where P(0) is the intensity at the input of the waveguide and the propagation
loss coefficient α is a constant. The Beer-Lambert model strictly applies to any
waveguide where the light scattered or absorbed in any point along the structure
never reaches the output port. However, in a system with strong backscattering,
such as a PhCW in the low group-velocity regime, there is a certain probability
for the light to be backscattered multiple times before being transmitted. This
makes the Beer-Lambert model fails. Similar results were demonstrated byWang
et al. [106] for a two-dimensional system.
In the multiple scattering regime, the average loss per unit cell can be ex-

trapolated from eqs. (26) and (27) by using an incoherently averaged coupled
mode approach [80]. The result is the following set of coupled equations for the



intensity of the forward Ψ f (x) and backward Ψb(x) modes, respectively,

dΨ f (x)

dx
= −(〈αb〉+ 〈αr〉)Ψ f (x)+ 〈αb〉Ψb(x), (33)

dΨb(x)

dx
= (〈αb〉+ 〈αr〉)Ψb(x)−〈αb〉Ψ f (x). (34)

It should be noted that this model deals with the intensity of the modes, that
are coupled by the expected values of the radiation loss 〈αr〉 and of the back-
scattering loss 〈αb〉 calculated through eqs. (26) and (27). Being derived from
an incoherent scattering approach, eqs. (33) and (34) can not describe coher-
ent interference effects associated with multiple scattering, such as the deep
oscillations close to the band-edge of the transmission spectrum of a PhCW.
Nonetheless they can effectively give information on the average value of the
transmission spectrum.
Fig. 16(a) shows the effective average loss per unit cell of a dispersion en-

gineered PhC waveguide (designed according to the scheme of Fig. 11(a) with
displacement parameters s1 = -48 nm and s2 = 16 nm) as a function of total
waveguide length for four different frequencies. For short waveguides, the ef-
fective loss coefficient is found to be equal to αb +αr, in agreement with the
Beer-Lambert model (upper dashed limit), while in longer waveguides, multi-
ple scattering makes the effective loss per unit cell decrease to αr

√

1+2αb/αr

(lower dashed limit). Note that moving at higher group indices, the difference
between the short and the waveguide limits increases. Obviously, if αb << αr,
the two limits degenerate and the multiple scattering method agrees with the
Beer-Lambert method for all waveguide lengths.
Fig. 16(b) shows the comparison between the measured (black curve) and cal-

culated transmission spectrum of a W1 waveguide. Loss calculation is performed
by extrapolating to a waveguide with a length L = 1.5 mm the Beer-Lambert
model (light gray) and the multiple scattering model (dark gray). The disorder
parameters used in the calculation are σ = 3 nm and a correlation lenght Lc

= 40 nm. Approaching the band edge, the Beer-Lambert model overestimates
the transmission loss, while the multiple scattering model better reproduces the
experimentally observed roll-off. Similar results have been found also in the case
of dispersion engineered waveguides [80]. As mentioned before, this incoherent
scattering model can predict the expected value of the transmission averaged
over many nominally identical disordered waveguides, but it can not describe the
Fabry-Pérot fringes in short frequency range of the PhCW transmission spec-
trum. These effects are inherently associated with coherent interference effects
originated by disorder-induced coherent scattering, and will be discussed in Sec.
7.3.

The results shown in this section agree with the work by Baron et al. [117],
confirming that the classical exponential-damping law for the propagation loss of
periodic optical waveguides holds only as far as the group velocity remains quite
high. When the group velocity of the light reduces, a stationary damping-rate



regime is found only for infinitely long waveguides, while for short waveguides
a transient regime with much larger local damping rates is observed in general,
in agreement with the results of Fig. 16(a).

7.3. Coherent scattering in PhCWs

The incoherent theoretical model developed by Hughes’s to describe extrinsic
loss due to disorder induced scattering (see Sec. 6.1) provides the expected value
of the transmission properties of PhCWs, that is the result that one would obtain
by averaging over a large number of nominally identical samples. In the multiple
scattering regime, this approach can predict the failure of the Beer-Lamber law
(Sec. 7.2), but cannot explain the presence of narrow band resonances that have
been observed experimentally when the transmission spectrum of the PhCW
approaches the band edge [92,118].
To model this effects, Patterson and Hughes extended the coupled mode ap-

proach used in Ref. [80], by developing a non-perturbative theory of coherent
optical scattering over multiple periods of a disordered waveguide [81]. In this
model, the Green function approach is included in a coupled mode formalisms
in such a way that the complex amplitudes of the forward-backward (and ra-
diated) coupled modes are calculated at each point along the waveguide. With
respect to the incoherent model, the coupling coefficients are calculated by a 3D
modelling of individual disordered waveguides instead of a statistical average
over many disordered waveguides.
In the coherent scattering model the electric field propagating in the structure

along the x direction is described by [81]

E(r,ω) = E0

[

ek(r)Ψ f (x)e
ikx +e∗k(r)Ψb(x)e

−ikx
]

+Erad(r,ω), (35)

where Ψ f (x) and Ψb(x) are the slowly-varying envelopes of the forward and
backward propagating field, E0 is a constant amplitude factor, and ek(r) is the
normalized Bloch mode propagating with wave vector k. The term Erad(r,ω)
takes into account contributions from radiation modes. Propagation is described
by the following set of coupled mode equations,

vg

dΨ f (x)

dx
= ic f f (x)Ψ f (x)+ ic f b(x)e

−i2kxΨb(x)+ iC f ,r(x), (36)

−vg

dΨb(x)

dx
= icbb(x)Ψb(x)+ icb f (x)e

i2kxΨ f (x)+ iCb,r(x), (37)

where

c f f (x) = cbb(x) =
ωa

2

∫∫

e∗k(r) ·ek(r)∆ε(r)dydz (38)

is the self-coupling coefficient of one mode into itself and

cb f (x) = c∗f b(x) =
ωa

2

∫∫

ek(r) ·ek(r)∆ε(r)dydz (39)
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FIGURE 17. Comparison between (a) the measured transmission spectrum
of a W1.1 PhCW and (b) the theoretical spectrum calculated by using the
incoherent (dashed, red line) and coherent (solid, blue) scattering approach.
The red curve in the inset shows that actual value of the group index does
not diverge like the ideal value (dashed, blue). Comparison between the
simulated (c) and experimental (d) time-frequency reflectance map of a
250 µm long W1.1 waveguide. In the simulated map, the left blue dashed
line indicates the injection time of the light and the right blue dashed
curve indicates the expected round trip time in a disorder-free structure.
The magenta line shows the group index ng on the top scale. ((a) e (b):
reproduced from [103])

is the coupling coefficient into the counterpropagating mode, with ∆ε(r) being
the disorder function, that is the difference between the ideal and the actual
profile of the dielectric permettivity. A similar integral definition applies to the
terms C f ,r(x) and Cb,r(x) taking into account the coupling into the radiation
modes above the light line [81].
The coherent scattering model nicely describes the behaviour of the trans-

mission spectrum of a PhCW in the vicinity of the band edge, as shown in Fig.
17 by the comparison between simulated (a) and experimental results (b). The
measurement was performed on a W1.1 PhCW waveguide fabricated on a 265
nm thick GaAs suspended membrane, with a PhC lattice a = 400 nm and hole
radius r = 0.27a. The waveguide is 1.1

√
3a wide and 1.5 mm long. The rms

roughness σ and the correlation length Lc are 3 nm and 40 nm, respectively.
Approaching the band edge, the average transmission spectrum drops down ac-
cording to the incoherent loss model (dashed red curve), but many sharp oscil-
lations appear making the transmission vary rapidly versus frequency by orders
of magnitude. These Fabry-Pérot-like resonances arises from multiple scattering
events between disorder sites and are well reproduced by the coherent scattering
model without any fit parameters.
A deeper physical insight into the multiple-scattering phenomena occurring



in PhCWs is provided by time-frequency reflectance maps (TFRM), showing
the intensity of the backreflected signal as a function of time (or optical length)
and frequency. Fig. 17 show the comparison between the TFRM calculated by
using the coherent scattering method (a) and measured on the waveguide of
Fig. 17(b). Experimentally, the map can be generated by using the complex
reflectance of the waveguide, which can be measured through optical low coher-
ence interferometry (OLCR) [92, 93, 119] or coherent optical frequency domain
reflectometry (OFDR) [20]. The dashed blue lines in the simulated map indicate
the reference time, that is the time of arrival of the light reflected at the front
facet of the sample, and the round-trip time, that is the time of arrival from the
rear facet of the sample. Multiple reflections between the front and rear facets
are visible, whose round trip time increases at lower frequencies, because of the
group velocity reduction. Approaching the bandgap, the sharp reflection at the
rear facet of the samples disappears (at frequencies < 188 THz) because mul-
tiple scattering arises and produces random Fabry-Pérot-like resonances along
the waveguide. The good agreement between the simulated and experimental
TFRM demonstrates that the coherent scattering model provides a realistic de-
scription of the coherent scattering mechanism occurring in a PhCW. In Sec.
10, TFRMs are also used to analyze the statistic properties of light propagation
in dispersion engineered PhCWs.
A direct measurement of the local optical field propagating through PhCWs

was made by Engelen et al. [94], showing that the modal pattern becomes
strongly irregular in the multiple scattering regime. In this experiment, a phase-
sensitive near-field microscope [120] was used to monitor the light intensity inside
a chirped PhCW [see Fig. 18(a)], that is a waveguide where the hole radius is
gradually increased along the propagation direction [87, 121, 122]. The benefit
of using a chirped waveguide is that, as the hole size increases, the waveguide
mode in the dispersion relation shifts to higher frequencies. Therefore, the po-
sition in the waveguide for which a specific group velocity occurs changes with
wavelength, thereby making it possible to explore the effects of unintentional
disorder in different group velocity regimes. A chirped W1 PhCW was fabri-
cated on a suspended silicon membrane (210 nm thickness) with a hexagonal
lattice of air holes with a pitch a =456 nm. The hole radius increases linearly
from 142 nm to 150 nm over a length of 300 lattice periods, with typical local
fabrication variations in diameter of approximately 3 nm.
Figure 18b shows the measured amplitude of the optical field along the PhCW

(the light is incident from the left) at a decreasing normalized angular frequency
ω (measured in units 2πc/a) of 0.2973 (b1), 0.2961 (b2), and 0.295 (b3). As the
frequency of the light approaches the band edge, the cut-off region, that is the
region where the waveguide no longer allows propagation and the light of back-
reflected, moves leftwards toward the waveguide input. Along the waveguide the
intensity of the field gradually increases because of the group velocity reduction
along the chirped PhCW, but close to cut-off region the field pattern broad-
ens laterally and becomes strongly irregular, indicating the presence of multiple
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FIGURE 18. (a) Schematic of the chirped PhCW: the radius of the holes
linearly increases from the input section (left) to the output section (right,
so that the dispersion curve of the PhCW shift along the waveguide. (b)
Near field measurement of the electric field amplitude along the chirped
waveguide at a normalized angular frequency ω = 0.2973(b1, region I), ω
= 0.2961 (b2, region II), and ω = 0.2950 (b3, region III). (c) Normalized in-
tensity as a function of the group index. The green curve shows the expected
without losses. The red line represents the best fit by using the measured
data points with ng below 30 only resulting in a n2

g curve. The histogram de-
picts at what ng local intensity minima were observed, indicative of multiple
scattering. (adapted from [94])

scattering events. Even though the group velocity around the cut-off regions of
(b1)-(b3) is comparable (c/30), the intensity pattern is different for each fre-
quency, because it is generated by different local realization of the disorder.

The measured optical intensity Iprobe, averaged over 25 effective realizations
and normalized to the intensity measured at ng = 20, is show in Fig. 18(c) as
a function of the group index. For ng between 7 and 30, the intensity increases
with the reduction of group velocity, the divergence with respect to the ideal
linear scaling (green line) [123] being associated with propagation loss. The red
curve demonstrates that in this ng range the intensity in the waveguide is well
described by a Beer-Lambert law

I(x+dx) = I(x)exp
[

−An2
g(x)dx

]

, (40)

where A is a constant and the damping exponent scales with the square of the
group index. In the cut-off regione (ng > 30), the optical intensity shows an
irregular pattern and cannot be described by Eq. (40). The histogram in Fig.
18(c) shows the occurrence of amplitude minima in the near-field measurements,
pointing out that the group index at which the fitted red curve no longer matches
measured data coincides with the first appearance of local minima. Above this
group index, propagation cannot be described by using a perturbative approach
because multiple scattering effects strongly modify the propagation properties,
generating highly localized resonances. Note that the transition between the two
propagation regimes highlighted in Fig. 18(c) corresponds to the transition from



the dispersive to diffusive regimes discussed in Sec. 7.1. Finally, the group index
at which this transition occurs depends on the quality of the fabrication: the
lower the structural disorder of the waveguide, the higher the group index up
to which dispersive regime can extend.

8. Statistics of waveguide backscattering

It has been shown in the previous sections how backscattering originates as
consequence of the interaction between the propagating mode(s) and a random
perturbation of the refractive index profile of the waveguide. Some effects of
this interaction can be observed also in the direct propagating direction as a
non-deterministic fluctuation of the group delay experienced by the light propa-
gating through an optical waveguide [124]. In particular, a broadening of the
probability distribution of the group delay around an expected average value
when the length of the waveguide increases has been observed suggesting the
presence of a disturbance generated by the random interaction with the sidewall
roughness (forward-scattering). In any case, this fluctuation remains generally
sufficiently small (maximum standard deviation around 2%) and a strong deter-
ministic component dominates the forward-propagating signal. This is not the
case for the backward-propagating light where a prevailing component is miss-
ing (neglecting strong lumped reflections) and only a random-generated signal
remains. The study of the statistical characteristics of this signal is then of
great importance for a correct understanding of the phenomena and an accu-
rate modelling of realistic optical waveguides and integrated circuits, similarly to
the investigations carried out on the statistical nature of the Rayleigh scattering
in optical fibers [125,126].

The random nature of the backscattering is related to both the actual position
along the waveguide at which the reflection occurs and the value of the (com-
plex) ’reflection coefficient’ locally generated by the width perturbation. It has
been proved in [127] that rough waveguides behave as single scattering systems,
independently of shape, size, and refractive index contrast of the waveguide,
and independently of the light polarization state. Referring to the scheme in
Fig. 19(a), the properties of this system can be described by means of a com-
plex function hR(z) , which represents the backscatter generated by a waveguide
section of length dz placed at a distance z from the beginning of the waveguide
(being the total length of the waveguide equal to Lw).
The complex amplitude hR(z) of the backscattering can be measured with

the same frequency-domain interferometric technique mentioned above [20, 57],
which allows the measurement of both amplitude and phase of the local back-
scattering distributed along a waveguide. By Fourier transforming this function
the spectrum HR(λ ) and the power spectral density |HR(λ )|2 of the cumulative
backscattering at the input of the waveguide can be retrieved. The previously
used power backscattering coefficient is linked to this quantity by the relation
rb = 〈|HR(λ )|2〉λ , where 〈· · · 〉λ indicates a spectral average.



FIGURE 19. (a) Sketch of a waveguide with random sidewall roughness
and width w, loss coefficient α and length Lw. (b) Measured power spectral
density of the backscattering of a 1-mm-long SOI waveguide with w = 490
nm for TE (solid curve) and TM (dotted curve) input polarization. (image
reproduced from [127])

An example of measured |HR(λ )|2 (normalized to unity input power) for a SOI
waveguide [20] with length 1 mm is shown in Fig. 19(b), for both TE and TM
input polarization states. As already shown in Fig. 9 in this type of waveguide
the TE mode is much more sensitive to sidewall imperfections and generates
a higher backscattering level. The spectral trace of |HR(λ )|2 shows the typical
wavelength dependence of a white noise, confirming the absence of any dominant
deterministic signal component.
The probability density function (PDF) of HR(λ ) can therefore be estimated,

once some considerations on the stationarity and correlation of the the random
process have been provided. Rigorously, even if a wide sense stationary (WSS)
approximation is assumed for the sidewall roughness (see Sec. 2), backscattering
is not a stationary process because the interaction between the propagating
mode and the roughness changes with wavelength (because of the mode shape
change). However the experimental data reveal that the statistical properties
of the backscattering are almost constant over practical bandwidth of tens of
nanometers and so a WSS assumption holds well also in this case. Furthermore,
the finite length of the waveguide correlates the values of HR((λ ) at different
wavelengths through the convolution with a cardinal sine function which arises
from the truncation to a finite waveguide length in the spatial domain. The main
lobe half-width λ 2/2ngLw of the function sets the minimum spectral distance to
have two uncorrelated wavelengths. Nonetheless we can assume the stationarity
of the backscattering in the spectral domain and a correlation which tends to
zero increasing the wavelength span, which allow to consider the process as
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FIGURE 20. Probability density function of the (a) real and (b) imaginary
parts of the normalized backscattering for different waveguides: SOI channel
waveguide (circles), SiON square buried waveguide (diamonds), box-shaped
TriPleX waveguide (squares) and InP rib waveguide (triangles) for TE input
polarization. (adapted from [127])

ergodic. In this way a single measure over N uncorrelated wavelengths carries
the same information of N waveguides measured at single wavelength.
Some measurements of the PDF of HR(λ ) are shown in Fig. 20 for both real

and imaginary parts. Data have been normalized to the standard deviation σR

in order to compare the statistics of different technologies. In particular the
same waveguides already described in Sec.4.2.a were considered: a SOI channel
waveguide, a SiON square buried waveguide, a box-shaped TriPleX waveguide
and the InP ridge waveguide in [60], all of them with a width that ensures a
single mode propagating regime. Results refer to the TE input polarization but
identical behaviour can be observed for TM polarized light. Both the random
variables ℜ{HR(λ )} and ℑ{HR(λ )} are independently distributed according to
a zero-mean normal probability density function (dashed curve), irrespective of
shape, size, refractive index contrast, and technology of the waveguide. This
statistical behaviour is typical of systems operating in a single scattering regime
[127, 128]. The standard deviation σR of this variables is related to the total
backscatter and clearly depends on the particular waveguide. In this case result:
σ2

R = 1.5 ·10−3 mm−1 for the SOI waveguide; σ2
R = 5 ·10−6 mm−1 for the SiON

waveguide; σ2
R = 6 ·10−6 mm−1 for the TriPleX waveguide; σ2

R = 2 ·10−4 mm−1



for the InP waveguide.
The statistical distribution of the real and imaginary part of HR(λ ) ensures

power spectral density |HR(λ )|2 being a random variable with a negative expo-
nential distribution, i.e. with the same values for mean and standard deviation.
This means that the amplitude of the power oscillations in the wavelength do-
main increases as the mean backscattering level and, hence, the length of the
waveguide. This behaviour is similar to that observed in the forward propagating
direction in [124] for the group delay introduced by the waveguide.

FIGURE 21. Probability density function of the normalized backscattering
length of 12-mm-long SOI waveguide for different waveguide width for TE
mode. (image reproduced from [127])

The properties of the group delay can be investigated also for the backscat-
tered light in order to understand where actually the power is reflected along
the waveguide. Since the phase of HR(λ ) can be measured, the PDF of the
backscattering group length zB can be derived. Figure 21 shows the statistic
of the backscattering length zB for the SOI waveguide normalized to the total
waveguide length Lw = 12mm for waveguide widths from 300 nm to 600 nm and
TE mode. Because of the propagation losses, the maximum of the PDF (aver-
age delay/optical length) can be located significantly far from the centre of the
waveguide, where it would be expected. It is then possible to define a waveguide
effective length

Le f f =
1− e−2αLw

2α
, (41)

being α the propagation losses. The average group length is then placed at half
of the total waveguide effective length Le f f /2. This implies that in case of low
propagation losses the light will be reflected, on average, in the middle of the
waveguide (〈zB〉 ≃ Lw/2) because it has the same probability to be reflected in
each point of the waveguide. For the considered SOI waveguide the TE polar-
ization state experiences increasing loss at smaller width (see Fig. 4(b)) and this
makes the backscattering being generated mainly in the first part of the waveg-
uide. The tails of the distribution extending also to nonphysical values (zB < 0,



zB > Lw) but they are associated to wavelengths in regime of strong attenuation,
where the group delay loses the meaning of energy delay and then no violation
of the causality principle occurs [129].

As for the models presented in Sec. 4, even the statistical properties of the
roughness-induced backscattering can therefore be described in a wide general
manner. It acts as a single scattering system, independently of shape, size, re-
fractive index contrast, technology, and state of polarization. The power spectral
density of the backscatter follows a negative exponential PDF while the real and
imaginary part of HR(λ ) are independent and identically distributed zero-mean
normal random variables. The associated variance is the total backscattered
power. Lastly, the light is reflected on average at half of the effective length
of the waveguide. As described in the next section, all the analysis performed
so far on the nature of the backscattering (from the modelling of the reflected
power to its statistical characteristics) can be gathered and exploited to build
a realistic models of a waveguide, taking into account also the impact of the
sidewall roughness.

9. Circuital model of the backscattering

Large efforts have been done in the last decades to propose suitable models
for the investigation and simulation of the backscatter. Some of the techniques
available in literature have been already presented in Sec. 3, all based on elec-
tromagnetic approaches which aim to model the real geometry and the other
physical quantities. These approaches can be extremely time and memory con-
suming, especially for 3-D problems and are rarely useful for the synthesis and
analysis of devices and complex circuits that take into account the effect of
roughness. For these reasons, in this section a different kind of model is pre-
sented, based on a circuit oriented approach. Move from the electromagnetic
level to a higher-level circuit abstraction is a well grounded approach in both
electronics and microwave fields and can provide fast and very accurate simula-
tion techniques also in photonics [59].

Lw

waveguide

P PR

a(0) a(Lw)

b(0) b(Lw)

Lw/2 Lw/2

ng, , 2 ng, , 2

rB , B

(a) (b)

(c)

FIGURE 22. (a) Physical structure, (b) equivalent circuit and (c) matrix
description of a waveguide with sidewall roughness and length Lw. P is the
propagation matrix and R is the transmission matrix of a random mirror.



The transfer function of the waveguide with roughness is described as the com-
bination of the pure waveguide propagation (with losses) and the backscatter.
The approach used in Sec. 4.1 for the backscattering assumes that the random
perturbation of the refractive index profile of the waveguide induced by the
sidewall roughness can be described as the superposition of infinite sinusoidal
profiles, each one acting as a Bragg grating [20, 55]. The equivalent circuit of
a grating can be modeled as a partially reflecting mirror with complex reflec-
tivity re jϕ placed between two propagating sections of length Lw/2, being Lw

the total physical length of the grating (waveguide), refractive index ne f f and
attenuation α. In the case of the sidewall roughness of real optical waveguides,
each sinusoidal component has an amplitude coefficient which follows a certain
probability distribution, generating a random wavelength-dependent reflection
(in amplitude and phase) for the central mirror. This probability distribution
has been discussed in the previous section with the analysis of the complex func-
tion HR(λ ), derived by Fourier transforming hR(z). Moreover, the analysis of the
group delay distribution shows that the power reflection is placed, on average,
in the middle of the waveguide, eventually modified by the losses, confirming
the intuition based on the Bragg grating analogy.
According to this theoretical description, a suitable equivalent circuit of a

waveguide with roughness is shown in Fig. 22(b) where a mirror with ran-
dom complex reflectivity rBe jϕB is placed between two propagating section. This
equivalent circuit can then be described by cascading three transmission matri-
ces (see Fig. 22(c)). The first and last sections (matrix P) describe the propaga-
tion through the half waveguide assumed ideal, without any backscatter. These
sections are modeled as

P=

[

e− jθ 0

0 −e jθ

]

(42)

where θ = (β (λ )− jα)Lw/2, β is the propagation constant which takes into
account the phase effective index ne f f , the group index ng and higher dispersion
coefficients if necessary and α is the field propagation losses.

The matrix R provides the transfer function of the central random mirror
which takes into account the properties of the backscattered light. As mentioned
above, this random reflectivity is described (in the frequency domain) by the
complex function HR(λ ) whose real and imaginary parts are both distributed
according to a zero-mean normal probability density function (see previous Sec.
8). The matrix R is defined as

R=
j

T

[

1 −rBe− jϕB

rBe jϕB −1

]

(43)

being HR = rBe jϕB and T =
√

1− r2
B. HR is generated with a Gaussian distribution

with variance adjusted to match the desired backscattered power. This can be
done defining a random complex reflection in the frequency domain and applying
a proper spatial filtering to take into account the finite length of the waveguide.



Note that the pack scattered power depends only on the variance of HR. Finally,
the total equivalent transmission matrix of the real waveguide can be calculated
as T=P ·R ·P.
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FIGURE 23. Measurement and simulation of a waveguide with sidewall
roughness obtained with the proposed circuital model. (a) Spatial distribu-
tion of the backscattered power. The effect of distributed backscattering is
visible inside the waveguide while the high reflections at zero and 15 mm
are generated by the chip facets. (b) Probability density function of the
normalized (distributed) backscattering length (TE mode).

A simple but relevant demonstration of the accuracy of the proposed circuital
model is provided by the simulation of the spurious Fabry-Pérot cavity induced
by the chip facets on a waveguide with rough sidewalls (see inset Fig. 23(a)).
The ridge InP waveguide already considered in the previous Sec. 4 with length
5 mm (optical group length about 15 mm) and width 1.5µm was measured with
the interferometric technique mentioned above [20, 57] and the spatial (tempo-
ral) distribution of the reflections inside the waveguide are obtained by Fourier
transforming the spectral response. As can be seen in Fig. 23(a) (red solid line)
the distributed backscattering generated by the sidewall roughness is clearly
visible as a background-like noise. Two strong reflections are present at the be-
ginning of the waveguide (z=0) and at z=15mm. They are both generated by
the chip facets which act as partially reflecting mirrors.
The simulation was performed adding to the model described in Eqs. (42) and

(43) the transmission matrices of the facets (see inset in Fig. 23(a)) for which an
internal reflectivity r f = -30 dB was considered (facets have an anti-reflective



coating on the measured sample which guarantees a very small reflectivity).
The measured waveguide propagation losses are around 3 dB/cm (TE mode).
In the model the average backscattered power has been adjusted in order to
match the measured value. Results of the simulation, compared to measured
data, are shown in Fig. 21(b) (dashed black line) and a very good agreement
can be observed between the two responses in terms of backscatter level and
variance along the waveguide. The statistic of the backscattering length of both
simulated and measured data has been compared as well to have a better evalu-
ation of the accuracy of the model (Fig. 23(b)). As can be seen, simulated data
(dashed black line) present the same probability density function of the meas-
ured backscattering (red dots), with the same standard deviation and position
of the maximum, confirming the correctness of the model also on the group
delay distribution. Note that both model and measurements locate the peak at
z/Lw < 0.5 because of the losses as well as values outside the range 0 < z/Lw < 1.

The circuital model of a waveguide with sidewall roughness has been em-
bedded inside a photonic circuit simulator for investigation of the impact of
distributed backscattering also within complex optical circuits [130].

10. Statistical analysis of PhCWs

Due to the randomness of disorder-induced scattering processes, the study of
light propagation in PhCWs requires some statistical analysis. The main statis-
tical properties of the transmitted and backreflected optical signals are discussed
in Sec. 10.1 and Sec. 10.2, respectively, and a comparison with regular optical
waveguides is also pointed out. We can anticipate here that a deep change of the
statistical properties of PhCWs is observed when the light propagation under-
goes the transition from the dispersive regime (single-scattering) to the diffusive
regime (multiple-scattering). Therefore, the statistical description of the light
transport in PhCWs requires that multiple scattering effects are carefully taken
into consideration.

10.1. Statistics of transmission

A statistical analysis of the light transmission through disordered PhCWs was
carried out by Mazoyer et al. [71] by using a coupled-Bloch-mode formalism,
based on a 3D fully vectorial Fourier Bloch-mode method (FBMM), that pro-
vides a quantitative prediction of the main statistical transport coefficients. It
was pointed out that the transmission probability density function P(T ) varies
with the group index ng and, in particular, it undergoes a strong change when
the light propagation moves for the dispersive (or ballistic) regime to the diffu-
sive regime. The corner point is when the PhCW length L equals the mean free
path length lm, this condition roughly corresponding to the end of the ballistic-
transport regime and to a moderate 50% attenuation.
Figure 24(a)-(b) shows the simulated transmission density function P(T ) of

several W1 PHCWs in which the hole radii of the two inner rows are randomly
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FIGURE 24. Simulated probability density functions P(T ) of the light trans-
mitted through W1 PhCWs for (a) a low group index (ng < 20) and (b) a
high group index ng > 30) regime. All the waveguides have 〈T 〉= 0.5, corre-
sponding to a lengths nearly equal to the effective mean free paths (L ≃ lm).
The dashed curve is (a) is a log-normal distribution with the same standard
deviation as the curve obtained for ng = 13. (c)-(d) Measured transmission
spectrum of a suspended membrane dispersion engineered PhCWs designed
according to the scheme of Fig. 11 with a length of (c) 2 mm and (d) 180
µm. Design parameters (a = 410 nm, r = 0.286a, s1=-48 nm, s2=16 nm) are
chosen to have an engineered group index of about 40. Dashed black rectan-
gles mark a 4-nm-wide region where the average transmisison is around 0.5.
(e)-(f) Probability density of the transmitted light in the region with 〈T 〉
= 0.5 for (e) the 2-mm-long PhCWs (ng = 12) shown in (c), and for (f) the
180-µm-long PhCWs (black bars, ng = 43) shown in (d). Red bars refers
to a 300-µm-long PhCWs with ng = 43 at 〈T 〉 = 0.5. ((a) a (b) reproduced
from [71])



and independently varied around a mean value (0.3a) with a statistical Gaus-
sian distribution of standard deviation σ = 3 nm. The length L and the group
index ng are chosen in such way that all the waveguides have 〈T 〉= 0.5. In the
low ng regime [Fig. 24(a)], the shape of P(T ) is Gaussian-like with a standard
deviation that shrinks as the out-of-plane leakage prevails, i.e., as ng decreases.
In the absence of backscattering, the expected probability density is symmetric
(dashed curve) [71]. The increasing asymmetry at higher ng indicates the pres-
ence of a significant amount of backscattering in the light transport. In the high
ng regime, the shape of the transmission probability density radically changes,
as shown in Fig. 24(b). Because of multiple scattering effects, P(T ) deviates
from a Gaussian statistics and resembles a standard uniform distribution. This
behaviour is inherently associated with disorder-induced Fabry-Pérot-like reso-
nances along the waveguide, resulting in strong oscillations near the band-edge
of the transmission spectrum [see Fig. 17].

The validity of these results is rather general and a similar behaviour is ex-
pected in PhCWs with different geometries. For instance, Fig. 24(c)-(d) show
the transmission spectra of two PhCWs with a dispersion curve engineered ac-
cording to the approach depicted in Fig. 11. The structures share the same
lattice constant a = 410 nm, hole radius r = 0.286a, and hole displacement pa-
rameters s1=-48 nm, s2=16 nm. These parameters are chosen in order to have
a constant group index of about 40 in the slow-light region between 1560 nm
and 1570 nm. The geometric length of the two waveguides is L = 2 mm (c)
and L = 180 µm (d). The dotted rectangle indicates the spectral region where
the average transmission 〈T 〉 is around 0.5. For the waveguide of Fig. 24(c) this
happens at wavelengths between 1550 nm and 1554 nm, where the group index
is about 12, while for the waveguide of Fig. 24(d) it occurs closer to the band
edge (between 1560 nm and 1564 nm), where the group index is about 45 and
strong oscillations take place in the transmission spectrum. Figure 24(e) shows
the normalized histograms of the intensity transmission of the 2-mm-long waveg-
uide in the wavelength region marked in 24(c). The probability density function
P(T ) is symmetric and Gaussian-shaped, with a small standard deviation σT

of about 0.076. In agreement with theoretical predictions, Fig. 24(f) shows that
P(T ) dramatically broadens in waveguides with a higher ng. Black bars show the
normalized histogram of the 180 µm-long waveguide in the wavelength region
marked in 24(d), while the red bars refer to the intensity transmission histogram
of a 300 µm-long waveguide, where 〈T 〉= 0.5 at ng = 39. The standard deviation
is found to be σT = 0.22 for L= 180 µm and σT = 0.23 for L= 300 µm, that is
about three times that one of measured in the low ng regime of Fig. 24(e), and
comparable with the standard deviation of 0.288 of a uniform distribution with
equidistributed values in the interval [0 1]. Similar results were also found on
the statistics of transmission though W1 PhCWs [131].

Despite a 3dB transmission loss can be accepted in many applications, these
results implies that the practical exploitation of PhCWs strongly depends on the
group index at which they operate. In the high index regime, multiple scattering



makes the actual transmission of a PhCW be not under control, because there is
almost the same probability of getting very high transmittance or unacceptable
high transmission losses. This sets severe constraints on the effective use of slow-
light optical processing.

10.2. Statistics of backscattering

In this section, the statistics of the backscattered light is experimentally inves-
tigated with the help of time-frequency reflectance maps (TFRM) obtained by
using a coherent OFDR technique [20]. Through the use of TFRMs, the light
backscattered by a PhCW at wavelength ranges of interest can be straigthfor-
wardly isolated and histograms can be numerically built, providing information
on the backscattering probability density in different propagation regimes. As
in the case of the transmitted light, the statical properties of backscattering
are found to dramatically change when the light propagation moves from the
dispersive regime to the diffusive regime.
Figures 25(a) and (b) show the TFRM of the 180 µm-long dispersion engi-

neered waveguide of Fig. 24(d), while Fig. 25(b) shows the TFRM of the 2-mm-
long waveguide of Fig. 24(c). The initial point of the horizontal optical length
axis corresponds to the input facet of the sample, while the position of the out-
put facet shifts versus wavelength along the optical length axis because of the
group index dispersion of the PhCW. Both PhCWs are enclosed between two
input/output ridge waveguides, whose interface with the PhCW are schemati-
cally indicated in the figure. The dotted rectangular regions marked in the top
part of the maps indicate the backscattering signal in the wavelength range be-
tween 1540 nm and 1545 nm, where transmission is maximum (T ≃ 1) and the
group index is about 7. Figure 25(c) shows the histogram of the backreflected
light intensity R measured in this wavelength range, normalized to the mean
reflectivity 〈R〉 = 0.5, for both the short waveguide (blue diamonds) and long
waveguide (green squares) waveguide of Fig. 25(a) and (b). The intensity prob-
ability densities P(R/〈R〉) nicely overlaps to an exponential model (dashed black
line), which is a signature of the backscattering statistics of single-scattering sys-
tems. The intensity probability density of the light backscattered by a regular
silicon waveguide is added for a direct comparison (red triangle). These results
confirms that, in the low ng regime, PhCWs behave as single-scattering systems
and can be realistically described by using the circuit model discussed in Sec. 9
for regular waveguides.
The dashed rectangles in the maps of Fig. 25(a) and (b) indicate the back-

scattering signal in the wavelength range where transmission is around 0.5. The
histograms of backreflected light intensity R measured in these regions are shown
in Fig. 25(d). As discussed regarding to the statistics of the transmitted light in-
tensity of Fig. 24, when T = 0.5 PhCWs can operates in very different regimes.
The 2 mm-long waveguide, exhibiting a moderately low ng = 12 in the wave-
length range between 1550 nm and 1554 nm, works in single scattering regime,
so that the probability density of backreflection P(R) (white squares) still follows



FIGURE 25. Measured TFRM of the dispersion engineered PhCWs of Fig.
25 with a length of (a) 180 µm and (b) 2 mm. Dotted rectangles indicate
the region of almost unitary transmission (T ≃ 1) and low group index (ng

= 7). Dashed rectangles mark the wavelength range where T = 0.5, this
condition occurring at ng = 45 in (a) and at ng = 12 in (b). The dashed-
dotted rectangle of (b) shows the region of localized states, where ng =
45, T << 1 and the localization length l becomes much smaller than L.
(c) In the low group index regime (ng = 7) the probability density of the
light intensity backscattered by the short PhCW (blue diamods) of (a)
and by the long PhCW (green squares) of (b) follows the exponential law
(dashed black line) of single scattering systems. Red triangles shows the
probability density of the backscattering measured in a 5-mm-long silicon
wire. (d) In the high group index regime (ng > 40), multiple scattering
makes the the probability density of backscattering strongly deviates from
the behaviour of single scattering systems (dashed black line). Measurement
of four waveguides with increasing L and operating in the multiple scattering
regimes are shown: 180 µm (blue diamonds), 300 µm (red stars), 900 µm
(black circles), and 2000 µm (green squares). White squares refer to the
2000 µm-long PhCWs in the low group index regime (ng = 12).

an exponential model (dashed curves), as in the case of Fig. 25(c). Conversely,
at wavelengths between 1560 nm and 1564 nm, the group index of the 180



µm-long waveguide is about 45 and multiple scattering effects arise, which are
clearly visible in the TFRM of Fig. 25(a) at an optical length between 8 mm
and 12 mm. As shown in Fig. 25(d), the presence of multiple scattering makes
the probability density of backreflection of the 180 µm-long waveguide (blue
diamonds) strongly deviate from the exponential law. This change in the shape
of P(R) nicely agrees with the theoretical predictions on the coherent back-
scattering statistics in disordered random media [132]. A similar behaviour was
also observed in the probability density of the 2000 µm-long waveguides (green
squares) in the region of ng = 40 [dashed dot rectangle in Fig. 25(b), 1560 nm
< λ < 1564 nm], and in waveguides with L = 300 µm (red stars) and 900 µm
(black circles) with group index in the order of 40.
A further consideration can be done about the occurrence of localized sates.

By applying the definition of localization length [133],

l =− L

〈lnT 〉 , (44)

it is found that, in the wavelength range considered in Fig. 25(d), the localization
length of the waveguides with length L = 900 µm and 2 mm is about 150 µm and
300 µm, respectively, that is much less than L. Even though the condition for
strong localization (kl < 1) is not rigorously fulfilled [133], when l << L localized
photonic states are expected to be originated into the waveguide [134–136].
Therefore, the backreflection probability density of Fig. 25(d) applies also to
PhCWs where multiple scattering originates localization phenomena.
A strong change in the probability density from the dispersive to the diffusive

regime was also observed in the statistics of the out-of-plane scattered light
intensity by Garcia et al. [134].
These results demonstrate that in the multiple scattering regime the behaviour

of PhCWs strongly deviates from that of classical waveguides. However, once
the statistics of the transmitted, back-reflected, and radiated light in the high ng

regime are known from either EM simulations or experiments, a circuit model
can be built (as in the case of the low ng regime) by following the approach
described in Sec. 9. Since the statistical properties fully characterize the PhCW
response, multiple scattering effects and the occurrence of localized states are
inherently taken into consideration in the circuit model.

11. Impact of the waveguide backscatter on circuits

Waveguide roughness can be responsible of severe degradation of the perfor-
mances of an optical integrated circuit. Counter propagating power not only
can sums up along the waveguides resulting in very high, wavelength depen-
dent, reflections as shown in Tab. 2, but also generate spurious responses, ghost
images, instabilities, and so on. Further, active components are generally the
most sensitive devices to backreflections since they can generate unwanted las-
ing effects, nonlinear amplification, resonant spectral reponses or deviation from



the optimum working point. Despite the large amount of studies devoted to the
analysis of the impact of lumped reflections on these devices, investigation of
distributed effects has not attracted the same attention to date.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

FIGURE 26. Effect of the sidewall roughness on different types of optical
resonators. (a) Disc (adapted from [137]; (b) doublet mode resonance for
disc of radius 30 µm (adapted from [138]; (c) toroid (adapted from [139]);
(d) transmission spectrum of a toroidal resonator showing optical mode-
splitting (adapted from [140]); (e) sphere (adapted from [141]); (f) spectral
transmission and reflection of a 70-µm sphere (reproduced from [142]; (g)
ring (adapted from [143]);(h) response of a ring resonator filter for different
values of backscattering (reproduced from [144])

On the contrary, the effect of backscatter have been widely investigated in lit-
erature on passive devices and in particular on resonant circuits, whose transfer
function can largely enhance even very small reflections. Micro-discs, [137,145],
toroids [140], spheres [146] and micro-rings [90, 144] are all travelling-wave op-
tical resonators which show characteristic behaviours in presence of counter-
propagating light, as those shown in Fig. 26. In all these structures each propa-
gating mode is naturally two-times degenerate since two possible propagating
directions exist (clockwise and counter-clockwise) for each of them. When part of
the power is exchanged between this two degenerate modes via a coupling mech-
anism (backsattering) a splitting of the degeneracy can be observed, as always
happen in physics in presence of coupling [142, 147]. Backscattering breaks the
unidirectional light propagation and as consequence two resonant frequencies
appear symmetrically located with respect to the natural resonant point, de-
grading the overall quality of the resonance, that is broadening the notch width.
This effect can be observed on all the aforementioned resonators as shown in
Fig. 26(b, d, f).
Another relevant effect that can be observed in presence of backscattering for

cavities working near the resonance is that the cavity operates as a narrow-band
mirror. Let’s consider the case of an SOI ring resonator all-pass filter (i.e. a ring
coupled to a single bus waveguide) with sidewall roughness, as shown in Fig.



27(a). K is the coupling coefficient, Lr the ring length and hr and ht the reflected
and transmitted time-domain signals, respectively. re refers to the reflection of
the output chip facet and the ring radius is 20µm [90].

(a) (b)

(c)

FIGURE 27. (a) Schematic of an integrated ring resonator with waveguides
with roughness on both bus and ring; (b) measured transmission (|HT |2) and
backreflection (|HR|2) for different coupling coefficients; (c) backscattering
enhancement at resonance due to the ring resonator as function of the group
index: (black squares) experiment, (red diamonds) TMM simulations, and
(blue dashed curve) numerical fit with a n2

g model (adapted from [90]).

Both the transmitted and reflected spectra |HT |2 and |HR|2 were measured for
different power coupling coefficients K as shown in Figs. 27(b). K=0 refers to
the 3mm-long isolated bus waveguide since no coupling with the cavity occurs.
In this case the backscattering level (black curve) is more than 30 dB lower
than the transmission, resulting in -35 dB/mm average backscattering. When
K=0.75 the resonator is working in a highly overcoupled regime: as expected
no resonances are observed on the transmitted power and the reflected signal
shows just a small increasing as effect of the cavity. When the coupling decreases
to K=0.2, light resonance induces sharp transmission notches. At these wave-
lengths, however, the round-trip losses cannot completely explain the notches’
depth as most of the light is scattered back to the input port resulting to a reflec-
tion level even higher than the ring transmission. For example, at a wavelength
of 1550.5 nm transmitted power is less than -15 dB while reflection is around
-5 dB with respect to the input. At different resonant wavelengths transmission
and backscatter are different because of the random nature of the reflecting



mechanism. It is also interesting to observe how the multiple round trips inside
the ring strongly correlate the backscatter which does not exhibit a white-noise-
like power spectral density as in isolated waveguides (e.g. the case K=0 or Fig.
19). Similar effects have been observed also at the ideally-isolated add port of
add-drop ring filters [148].

In [90], for all the cases shown in Fig. 27(b), a corresponding group index
of the resonator was also measured as ng = τgLr, being τg the group delay of
the ring. Since approaching the resonance the group delay increases accord-
ingly (because of the light trapping effect), a measurement of the dependence
of the backscattering on this parameter was performed. The cavity-enhanced
backscattering (ratio between the actual backsattering and that generated by a
straight waveguide) was found to scale up according to the square of the group
index. In Fig. 27(c) experimental data (black dots) are compared to transfer
matrix simulation (red dots) and fitted with n2

g. The origin of this dependence
is related to the inherent periodicity of the ring that allows the backscatter to
coherently sum up at each roundtrip with a phase-matched mechanism [144]. It
is then intrinsically different from the dependence observed in Sec. 4, where the
backscattered power has been related to the quantity (ng − ne f f )

2. In this case
the group index changes because it is “circuit related”rather than “waveguide
related”. The backscatter scales linearly with Lr and for a given product ngLr,
large rings with small ng have less backscattering than small rings with high
group index [90]. Further considerations related to the use of ring resonators as
delay lines are discussed in [149].

(b)

(c)

(a)

(d)

FIGURE 28. Simulation of a chirped Bragg Grating with sidewall roughness
standard deviation of 2 nm and length of (a) 300 nm (b) 30 nm. (c) and
(d) show, respectively, the distribution of the side lobe suppression ratio
(the labels are the average SLSRs) and the central wavelength of a uniform
grating for different roughness parameters (adapted from [150]). The dotted
lines represent the results in the ideal case.

Another integrated device which can suffer heavy impairments related to
sidewall roughness is the Bragg grating. Performances of long gratings can be
severely degraded, in particular on high-contrast waveguides such as SOI, result-
ing in distortions of the spectral response. An example of these effects has been



shown in [150] exploiting an ad-hoc simulator and is reported in Fig. 28. The
effect of the roughness standard deviation σ on the transmission of a first order
grating of length 2.8 mm and chirp rate of 14 nm/cm is shown in Fig. 28(a) for
a roughness correlation length of 30 nm. Even with σ = 4nm, a reasonable value
for most of the technological processes (see Tab. 1), the in-band behaviour of the
grating shows a significant deviation from the ideal characteristic. It is also in-
teresting to observe the results of a statistical investigation on the performances
of a set of gratings in terms of Side Lobe Suppression Ratio (SLSR) and central
wavelength when random sidewall roughness is taken into account. Figure 28
(b,c) show the Gaussian fits of the occurrence densities related to four sets of
1000 uniform gratings which differ for the roughness parameters (σ = 2,4nm,
Lc = 50,300nm). The dotted lines represent the result of an ideal uniform grat-
ing. As can be seen backscattering has a big impact on the SLSR and in the
worst case (σ = 4nm, Lc = 300nm) only 10% of the devices shown a SLSR > 3 dB
while for σ = 4nm, Lc = 50nm (reasonable case) this number grows to 55%. In
the best case (σ = 2nm, Lc = 50nm) 30% of the devices presents a SLSR > 5dB.
Backscattering affects the central wavelength as well, not in terms of average
value (which is exactly what expected in the ideal case) but as a broadening of
the probability density. These results suggest that the effect of sidewall rough-
ness must be considered during the device design in order to maximize the yield
of the production process.

12. PhCWs and coupled resonator optical waveguides (CROWs)

The statistical analysis presented in Sec. 10 demonstrates that PhCWs in the
low ng regime behave as classical waveguides; conversely, in the high ng regime,
multiple scattering and localization effects arise which have no counterpart in
classical waveguides. Therefore, one could wonders if a classical waveguide struc-
ture equivalent to a PhCW in the high ng regime does exist.

An example, it can be found in the concept of the so called coupled res-
onator optical waveguides (CROWs) [151, 152]. These structures, consisting
of a sequence of directly coupled resonators, have been realized by cascading
Fabry-Pérot cavities [153], microring resonators [154], microtoroids [155], micro-
spheres [156], cuboid microresonators [157], and photonic crystal cavities [158].
Similarly to PhCWs, CROWs can support slow light propagation. The light

can propagate through a CROW only within a discrete number of transmission
passbands, where the group velocity is reduced according to a slowdown factor S

that scales linearly with the finesse of the resonators [159]. A strict analogy exists
between the group index of CROWs (which is proportional to S) and the group
index of PhCWs. Fig. 29(a) shows the measured ng versus wavelength of the W1
PhCW of Fig. 13, while Fig. 29(b) shows the simulated S of a CROW with a
bandwidth B centered around the wavelength λ0. The simulated CROW is made
of 50 ring resonators with 9 % power coupling coefficients in the central section
of the structure, while the coupling coefficients at the input/output sections of
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FIGURE 29. Comparison between the group index of PhCWs and CROWs:
(a) measured group index versus wavelength of the W1 PhCW of Fig. 13;
(b) simulation of the typical frequency domain behaviour of the slowdown
S of a CROW, corresponding to the enhancement factor of the CROW
group index with respect to the group index of the waveguide realizing the
CROW.

the rings’ chain are apodized according to the rules given in Ref. [160]. Due to
symmetry of the CROW spectrum with respect to the central wavelength λ0,
the S curve is shown only for wavelengths larger than λ0. The S curve strongly
resembles the ng curve of the PhCW, both exhibiting a steep increase as the
wavelength approaches the band edge. This similarity implies that, despite the
evident differences between these structures, under certain operative conditions
PhCWs and CROWs can indeed share more features than expected, exhibiting
for instance similar propagation loss, slowdown factor (i.e. ng), delay tunability,
footprint and ultimately sensitivity to disorder [149]. However, it should be
noticed that within the CROW bandwidth (extending typically across a few
tens or hundreds of GHz) the waveguide mode can be assumed unaltered, while
in the case of PhCWs the ng increase is typically associated with a significant
reshaping of the Bloch mode (see Sec. 6.3).

In CROWs disorder effects arise from tolerances in the coupling coefficients
between resonators (coupling disorder) [161], misalignments of the resonant fre-
quencies due to random variations of the resonators’ optical lengths (phase dis-

order) [162] and sidewall roughness [20]. All these sources of disorder produce
similar effects on the CROW response, because they break the periodicity of
the structure, acting as partial reflectors, and contribute to the backreflection
of the device.
A comprehensive study of disorder effects in CROWs was theoretically and

experimentally carried out in the work by Ferrari et al. [162], where the contribu-
tion given by coupling and phase disorder effects were isolated and individually
studied, in order to reach a deeper comprehension of the mechanism relating
the nature and strength of disorder to the optical response of CROW devices.
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FIGURE 30. (a) Top view photograph of an 8-ring CROW with a metal
heater on each ring to independently control the resonance frequency of
each resonator and set an arbitrary degree of phase disorder. The device is
fabricated in 4.5% index contrast SiON technology. (b) Average backreflec-
tion of the eight-ring CROW for a phase disorder standard deviation σλ =
12 pm (solid blue line) and 24 pm (solid black line). Dashed curves show the
result of numerical simulations performed through transfer matrix method.
Images in (a) and (b) are adapted from [162]. (c) Top view photograph of
a tunable 8-ring CROW realized in SOI technology. (d) Measured Through

port transmission (Tx) and In port backreflection of SOI CROWs with M

= 4 (red solid curves), 6 (blue dotted curves), and 8 (black dashed curve)
coupled RRs. (e) In-band average backreflected power of SOI CROWs vs
the number M of coupled RRs. Images (d) and (e) are adapted from [90].

To this aim, the structure of Fig. 30(a) was employed, consisting of a tunable
ring-resonator CROW where the cavity round-trip phase of each resonator is
individually controlled by means of thermo-optic actuators. In this way an arbi-
trary degree of phase disorder was dynamically introduced without altering the
power coupling coefficients between the rings, that is without changing the level
of coupling disorder. The ring-based architecture enables also to separate the
back-reflection due to phase disorder (outgoing from Through port) from the
backscatter due to waveguide roughness (outgoing form the In port), because
the two contributions are spatially decoupled at the CROW output waveguides.

Results demonstrate that, similarly to PhCWs, backreflection in CROWs in-
creases with the square of the group index (that is S2) and with the square of
the degree of disorder. Fig. 30(b) shows the measured spectrum of the back-
reflection caused by phase disorder at the Through port of the CROW of Fig.
30(a). The transmission band of the CROW is 100 pm wide and is centred
around a wavelength λ0 = 1549.915 nm. In this experiment the resonance wave-
length of the rings were randomly and independently shifted according to a



normal distribution with a standard deviations σλ = 12 pm (blue solid curve)
and 24 pm (black solid curve) and the back-reflected power was averaged over a
set of 50 independent disordered configurations. Experimental data are in very
good agreement with the results of numerical simulations (dashed lines) all over
the measured wavelength range, even at the band edge and in the stop band.
The n2

g dependence of the backreflection originates the reflections peaks at the
band edges, where the group velocity is minimum. The effect is more evident
at lower disorder degree (σλ = 12 pm) because when the resonance spread of
the resonators increases, the slowdown factor itself is modified by disorder, de-
creasing significantly at the band edges, while remaining almost unchanged at
λ0 [161]. Around λ0 the backreflections increases by a factor 4 when the disorder
doubles, thus confirming also the dependence on the square of the disorder de-
gree. The negative value of the backreflections means that, in case of disorder,
transmission can occur also at wavelengths lying in the stop-band of the un-
perturbed CROW, producing a broadening of the bandwidth. A similar effect
occurs also in PhCWs, where disorder can be responsible for the creation of
band tails and, consequently, for a reduction of the band gap width [163]. In the
time domain, these distributed backreflections can give rise to detrimental ef-
fects on pulse propagation, causing for instance delay fluctuations and envelope
distortions [162].

Backreflections due to the roughness induced backscattering of the CROW
waveguide can be isolated from the coupling and phase disorder effects because
the backscattered light outgoes from the In port of the CROW. An experiment
aiming at quantifying the backscattering in CROWs was performed on devices
realized on a SOI platform, as the one shown in Fig. 30(c) [90]. The waveguide
and the bending radius of the rings are the same as for the device of Fig. 27. Fig.
30(d) shows the Through port transmission (Tx) and the In port reflection (Rx)
of CROWs made of M = 4 (black solid curves), 6 (blue dotted curves), and 8 (red
dashed curve) rings, respectively. The transmission band of the CROWs is about
0.75 nm and thermal tuning was used to make all the rings resonate at the same
wavelength of 1551.6 nm. Results show that the in-band backreflection increases
with the number or rings, while the out-of-band backreflection, which is almost
entirely due to the bus waveguide alone, is independent of M. As shown in Fig.
30(e), the average in-band reflection, averaged over the 90 GHz bandwidth of
the CROW, increases linearly with M. This additive intensity law demonstrates
that the power backscattered by each ring (scaling with the square of the ring’s
group index, as shown in Sec. 11) is uncorrelated with the backscattering of the
other rings.
Approaching the edge of the transmission band, the group velocity of CROWs

steeply decreases and ideally goes to zero. Yet, as in the case of PhCWs, the
maximum achievable slow down of the light is limited by disorder effects. As
observed by Mookherjea et al., this limitation is inherently associated to disorder
induced localization phenomena arising at wavelengths near the CROW band
edge [157]. These effects were studied on the SOI CROW of Fig. 31(a), where a
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FIGURE 31. (a) Photograph of a SOI CROW consisting of 100 cuboid
resonators realized along a silicon nanowaveguide. (b) Measured transmis-
sion of the CROW around the edge of a transmission band. The nominal
transmission band is located at wavelengths above 1576 nm. (c) Measured
profile of the optical field along the CROW at several wavelengths around
the band edge: an extended field distribution is observed at λ > 1576 nm
(lower ng), localized field distributions are observed at λ < 1576 nm (higher
ng). (Images adapted adapted from [157]).

single-mode silicon waveguide (250 nm width × 500 nm height) was periodically
loaded with 100 cuboid resonators (1.5 µm width × 1.5 µm length × 500 nm
height) with a longitudinal periodicity of 2.75 µm. Figures 31(b) and (c) show
the measured transmission and spatial distribution of the optical field along
the CROW at wavelengths near the band edge (located around a wavelength
of 1576 nm). The field profile was measured by using a modified knife-edge
method [164]. Results show that the CROW exhibits extended non-localized
field distributions in the higher-wavelength region (low ng region, λ > 1576.00
nm), while localized field distributions are observed in the lower-wavelength
(high ng region, λ < 1576.00 nm) regions.

A further confirmation of the strict relationship between localization effects in
CROW and high ng was also provided by Cooper et al [165]. In this experiment
it was demonstrated that localization-free propagation can occur in very long
chains (> 100) of coupled ring resonators, provided that the structure has a very
low slowdown factor (S ≈ 2). At higher S, phase disorder due to fabrication tol-
erances in the resonance frequencies of the rings becomes the dominant disorder
effect [162,166]. Therefore, to increase the maximum achievable ng, phase disor-



der can be compensated through an active control of the rings’ resonances, by
exploiting for instance local heating of the waveguide [166]. Recently, several set-
and-forget post-fabrication trimming techniques have been also proposed that
enables a permanent correction of effective index of the waveguides [167–174],
thereby enabling the exploitation of CROWs at higher ng regimes.

13. Discussion and conclusion

In this concluding section some of the results reviewed in the paper are summa-
rized. In particular, analogies between classical and PhC waveguides are high-
lighted about the description of the disorder, dependence of radiation loss and
backscattering on the waveguide and mode parameters and scattering regimes.
Modelling imperfections: while in classical waveguides imperfections are

essentially associated with roughness at the etched sidewalls, disorder in PhCWs
is much more intrinsic, because it includes for instance random variations of the
radius and ellipticity of the holes, as well as random displacements of the hole
position from the ideal periodic lattice. Nonetheless, in both cases, a realistic
model can be developed describing the waveguide by means of only two pa-
rameters, the roughness/disorder degree σ and the correlation length Lc, the
latter measuring the distance between two uncorrelated scattering points. In
classical waveguides, the roughness degree σ strongly depends on the waveguide
technology, spanning from a few nm in semiconductor photonic platforms to a
few tens of nm in glass platforms (see Tab. 2); regarding the correlation length,
an average value of about 50 nm is reported in the literature. In state-of-the
art PhCWs fabricated on a semiconductor membrane, σ and Lc are typically
assumed in the order of 2-3 nm and 40-50 nm, respectively, but some results sug-
gest that the scattering events generated in a disordered PhCW add coherently
along the surface of the entire hole (see Sec. 6.4).
Radiation loss: In both classical waveguides and PhCWs disorder is respon-

sible for power coupling between propagating mode and radiative modes (ra-
diation losses or out-of-plane scattering). Models have been developed in both
cases revealing how power radiation is proportional to the square of the disorder
degree σ (see Eq. (10) for classical waveguides and Eq.(27) for PhCWs). The
group index ng (or equivalently the group velocity vg = c/ng) plays a fundamen-
tal role in the scattering processes occurring in classical and PhC waveguides.
Radiation loss increase almost linearly at higher ng since the interaction time
between light and disorder grows (neglecting multiple scattering in PhCWs, see
Sec. 3.3 and 6.2). However, this relation is only approximate since in principle it
is possible to find two waveguides with the same group index and same parame-
ters of the disorder but different losses, provided that they have different mode
shape and hence different interaction between light and disorder. Moreover, for
a given waveguide any variation in the group index is always associated with a
change in the mode shape. This effect is much more pronounced in PhCWs than
in classical waveguides, even if in the latter case the sensitivity to the disorder



is related to the longitudinal component of the electric field and hence to the
mode shape (see Sec. 3.3). For classical waveguides this results in a nw model
depending on both group and phase effective indexes (ng −ne f f ).
Backscatter: Scaling rules similar to those valid for radiation loss apply

also to backscattering. In a simplified view, backscattering depends again on
the group index but now with a quadratic relation for both classical and PhC
waveguides (n2

g, Eqs. (24) and (26)). The same consideration about the mode
shape variation associated to changes of the group index ng are valid also for
backscattering. In a more precise description, the amount of backscattered power
result to be related to (ng −ne f f )

2 for classical waveguides (nw model for back-
scattering), where ne f f takes into account any variation in the mode distribution.
For PhCWs the mode shape ek(r) directly enters in the integral of Eq. (26). Also
backscattered power has a quadratic dependence on the disorder degree σ for
both types of waveguides.
Scattering regimes: The results of a comprehensive experimental analysis

carried out on different photonic platforms enable to conclude that classical
waveguides affected by sidewall roughness behave as single scattering systems,
independently of shape, size, and refractive index contrast of the waveguide,
and independently of the light polarization state. In PhCWs the single scat-
tering regime holds only in the dispersive (or ballistic) regime, that is as far
as the group index is relatively low (ng < 30). In this regime, the behaviour
of PhCWs can be effectively described by the same circuit model developed
for classical waveguides (see Sec. 9). At higher ng (diffusive regime), multiple
scattering effects in PhCWs arise that are responsible for a number of phenom-
ena (breakdown of the Beer-Lambert law, Fabry-Pérot-like resonances in the
transmission spectrum, occurrence localized states) that make the properties of
PhCWs strongly deviate from those of classical waveguides. Nonetheless, if the
the statistical properties of PhCWs are known (see Sec. 10), a realistic circuit
model for PhCWs in the diffusive regime can be developed, taking into account
the above mentioned effects. It is worthwhile to note that a strict analogy can
be observed between the properties of PhCWs operating in a high ng regime
and the response of disordered CROWs at wavelengths close to the band edge.

These results enable to identify the main features of light propagation in
real waveguides, to develop reliable models to evaluate the impact of waveguide
imperfections on the performances of optical circuits, and ultimately to point
out their limits and potentialities in practical applications.
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134. P. D. Garćıa, S. Smolka, S. Stobbe, and P. Lodahl, “Density of states controls Anderson
localization in disordered photonic crystal waveguides,” Phys. Rev. B 82, 165103 (2010).

135. S. Smolka, H. Thyrrestrup, L. Sapienza, T. B. Lehmann, K. R. Rix, L. S. Froufe-Pérez,
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