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Distributed backscatter in optical waveguides has a relevant impact in losses and distor-
tion of the spectral circuit response and its analysis is of primary importance for circuit
design. Here we present a modelling approach based on the definition of an equivalent
circuit to describe the statistical properties of this phenomenon. Results achieved with the
implementation of the model in a circuit simulator are compared to Optical Frequency
Domain Reflectometry measurements which allow to space resolve backreflections along
the waveguide.

Introduction
Sidewall roughness is an unavoidable effect strongly related to the etching process ex-
ploited for the production of photonic integrated circuit. This variation of the refractive
index profile generates mainly losses (due to the coupling with radiative modes) and the
backcoupling of the optical power into counter-propagating modes. Although the fabri-
cation process can be optimised in order to reduce this phenomenon, even a very small
roughness could have a significant and detrimental effect on the functionalities of a cir-
cuit. In this contribution we investigate the statistical properties of this distributed back-
reflection, providing also an efficient modelling approach and its implementation inside a
circuit simulator. This allows the analysis of the effects of backscattering on the overall
response of the circuit, regardless of its complexity. The presented model has a general
validity and can be applied to any kind of optical waveguide. In the next sections we re-
port on examples focused on InP-based technology and more specifically on a 3-mm-long
InP optical waveguide with air cladding, core height of 0.35µm and etch depth of 4µm.

Analysis of the backscatter characteristics
Backscatter can be defined as the fraction of the optical power which couples with a
counter-propagating mode with respect to the considered propagation direction. The
physical system which acts as “coupling structure”, as already mentioned, is a random
perturbation of the refractive index profile of the waveguide [1, 2]. This kind of rough-
ness has been proved to behave as a single scattering system, independently of shape,
size, refractive index contrast and light polarization state [3]. The properties of this sys-
tem can be described by means of a complex function hR(z) [4] (or its Fourier transform
HR(λ)), 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). Fig. 1(a) shows the measured probability density function (PDF)
of the real part of HR(λ) (normalized to the standard deviation, written in the inset) for
different waveguide width from 1.0µm to 1.5µm. Results refer to TE mode but almost
identical behaviour has been observed for TM polarized light. The experimental data
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Figure 1: Probability density function for (a) the measured real part of HR(λ), normalized
to the standard deviation, and (b) for the measured backscattering length, normalized to
the total waveguide length Lw (different waveguide widths). Results refer to TE mode.

were obtained with Optical Frequency Domain Reflectometry (OFDR), which allows to
measure the back-reflected light as function of the position inside the waveguide [4]. The
random variable ℜ{HR(λ)} has been found to be distributed according to a zero-mean
normal probability density function for both polarization states and for each waveguide
width. The standard deviation σ of this variable is related to the total backscattered op-
tical power as consequence of waveguide roughness. Similar results were obtained for
the imaginary part ℑ{HR(λ)} and are not shown here. Furthermore, we investigated the
properties of the group delay of the backscattered light. Fig. 1(b) shows, for the TE states
of polarization, the statistic of the backscattering length zB normalized to the total waveg-
uide length Lw for the different waveguide widths. The maximum of the PDF is located
at 〈zB〉 = Le f f /2, where Le f f = [1− exp(−2αLw)]/2α is the waveguide effective length
[3]. 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). This condition arises from the
fact that, with no losses and constant optical properties along the propagation direction,
the light has the same probability to be reflected in each point of the waveguide and then
the average of the PDF will be located at Lw/2. In Fig. 1(b) the maximum of the PDF
is slightly shifted from this position, highlighting a small but not negligible effect of the
losses. 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 [3].

Equivalent circuit model for a rough waveguide
The analysis described in the previous section has been exploited to build up a model
for a rough waveguide, implemented inside a circuit simulator. The transfer function
of the waveguide results from the combination of two different phenomena: the pure
waveguide propagation (with losses) and the backscatter. The random perturbation of the
refractive index profile of the waveguide induced by the sidewall roughness, according to
Fourier theory, can be described as the superposition of infinite sinusoidal profiles, each
one basically acting as a Bragg grating [1]. As discussed in [5], the equivalent circuit
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of a grating can be modeled as a partially reflecting mirror (with complex reflectivity
r ·e jφ) placed between two propagating sections of length Lw/2 (being Lw the total length
of the grating), refractive index ne f f , group index ng and attenuation α. In the case of
the sidewall roughness of real optical waveguides each sinusoidal component has an am-
plitude 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 function HR(λ), derived by Fourier transforming hR(z). Moreover the analysis
of the group delay distribution (in the case of negligible losses) shows that the power re-
flection is placed, on average, in the middle of the waveguide (see Fig. 1(b)), confirming
the intuition based on the Bragg grating analogy. According to this theoretical descrip-
tion, a suitable equivalent circuit of a rough waveguide is obtained by assembling the
transmission matrices of the three different sections, as shown in Fig. 2.

rough waveguide

Lw

(a)

P PR

(b)

Figure 2: Comparison between (a) a physical rough waveguide of length Lw and (b) the
equivalent circuit. P is the transmission matrix of a Lw/2-long waveguide while R is the
transmission matrix of a random mirror.

The first and last sections (matrix P) describe the propagation through the ideal half-long
waveguide, without any backscatter. These propagation sections add a phase contribution
φ = (β(λ)− jα)Lw/2, where β is the propagation constant (which take into account both
the phase effective index ne f f and the group index ng) and α the field propagation losses.
The matrix P can therefore be written as

P =

[
e− jφ 0

0 −e jφ

]
(1)

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 normal probability density
function (see previous section). The matrix R is defined as

R =
j

T

[
1 −Re− jψ

Re jψ −1

]
(2)

being HR = Re jψ and T =
√

1−R2. Finally, the total equivalent transmission matrix for
a rough waveguide can be calculated as T = P ·R ·P. The described approach has been
implemented inside the commercial circuit simulator Aspic 1 to allow the investigation

1Web site: www.aspicdesign.com
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of the impact of the backscatter on the global response of a circuit. As a demonstra-
tion of the functionalities of the proposed circuit model for the sidewall roughness, the
power reflected by the rough Fabry-Pérot cavity induced by the chip facets on one of the
described waveguide (width 1.5µm) has been simulated. The facets (with anti-reflective
coating) had an internal reflectivity of -30 dB and a measured waveguide propagation
losses of 3 dB/cm has been considered (TE mode has been taken into account). The aver-
age backscattered power has been adjusted in order to match the measured value. Results
of the simulation, compared to measured data, are shown in Fig. 3(a) by means of the
autocorrelation traces generated through OFDR technique.
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Figure 3: Measured and simulated backscattering of a rough waveguide are compared
through autocorrelation traces (a) and statistic of the normalized length (b). Results refer
to TE mode.

A good agreement can be observed between the two curves in terms of backscatter level
and variance along the waveguide. The statistic of the backscattering length of both simu-
lated and measured data has been compared as well (Fig. 3(b)). As can be seen simulated
data (black dots) present the same PDF of the measured backscattering (red dots), with
the same standard deviation and position of the function maximum, confirming the cor-
rectness of the performed simulation.
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