
super-modes that are confined on a single waveguide as the
conventional modes. A first demonstration of this possibility
is given in [9] where five modes were supported in five coupled
single-mode waveguides realized in SOI with a maximum cross-
talk as low as −30 dB for 1 μm period and −20 dB for 0.8 μm
period. A more compact solution is realized in [10], which
demonstrates five modes (three TE and two TM) on three
coupled waveguides with an adiabatic spacing widening from
100 to 800 nm to enable separation of the waveguides for de-
multiplexing.

This paper aims to investigate the super-mode domain to
understand its performance in terms of crosstalk and scalability.
To this aim, arrays of closely spaced waveguides are considered.
A theoretical approach is proposed for understanding the con-
ditions (i.e., geometrical rules) governing the super-modes in
waveguide arrays and their impact on the mode distribution.
First, the theory of MDM, space division multiplexing
(SDM), and Bloch modes are consolidated and discussed for
uniform arrays of waveguides (UAW). Then, the impact of per-
turbing the uniformity of UAW is assessed, making it possible
to derive the set of conditions that regulate the different mode
propagation mechanisms. Finally, such results are applied to
design nonuniform arrays of waveguides (NAW) with the ob-
jective of exciting quasi-orthogonal super-modes with low
crosstalk.

The presented theoretical approach is supported by the ex-
perimental results obtained on a SOI-based UAW, perturbed
UAW, and NAW [11,12]. The final outcome of the paper
is a comparison with state-of-the-art MDM, indicating that
the proposed closely spaced NAWs achieve higher scalability
and lower crosstalk on a wider band.

2. UNIFORM ARRAY OF WAVEGUIDES

This section focuses on arrays of identical and equally spaced
waveguides, i.e., UAW. In particular 220 nm high SOI strip
waveguides covered by a silica cladding are considered for op-
erations in C-band. To understand how the optical signal prop-
agates in a UAW, let us first review the case of a single
waveguide in isolation, as shown in Fig. 1(a). Depending on
the waveguide width, one or multiple propagation modes
can be supported. More specifically, for a single waveguide
in isolation, the variation of the effective refractive index
(neff ) of guided modes as a function of the width is shown
in Fig. 2. For small width (i.e., below around 500 nm) the
waveguide supports only one TE propagation mode, i.e., sin-
gle-mode or monomodal condition. As the waveguide becomes
wider, further modes start to be guided, leading to the multi-

mode condition. Also, TM modes can be excited (e.g., TM0 in
Fig. 2) [13].

When other waveguides are placed in parallel realizing a
UAW of N identical and equally spaced waveguides, as shown
in Fig. 1(b), the mode distribution and the effective indices
change as a function of the waveguide center-to-center distance
(i.e., period) and spacing (i.e., gap). The effective indices for a
UAW constituted of five (N � 5) 440-nm wide waveguides are
shown in Fig. 3 as a function of the waveguide gap or, equiv-
alently, of the waveguide period computed between the center
position of two waveguides. For a null gap, the UAW degen-
erates into a single waveguide that is 440 · N � 2200 nm wide
[Fig. 1(a)]. Thus the modes have the effective indices, as shown
on the right border of Fig. 2. This represents the conventional
MDM case. When increasing the waveguide gap up to around
the waveguide width, the effective indices of the modes are still
different; more specifically the higher-mode indices sharply
drop with the gap. When further increasing the gap, the
UAW behaves as a set of isolated waveguides; thus the effective

(a)

(b)

Fig. 1. Transverse UAW section: (a) from a single waveguide to
(b) an array of identical equally spaced waveguides.
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Fig. 2. Effective indices of the TE modes and the fundamental TM
mode supported by a 220 nm high SOI strip waveguide with silica
cladding as a function of the width. Dashed vertical and horizontal
lines indicate the effective index of a 440 nm wide waveguide.
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Fig. 3. Effective indices of the TE modes supported by a UAW of
five 440 nm wide waveguides as a function of the gap or equivalently
the period. On the right-hand side, the overlap integral defined by
Eq. (3) is plotted.

498 Vol. 34, No. 2 / February 2017 / Journal of the Optical Society of America B Research Article


