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Abstract: We propose a novel type of mode coupler consisting of two
identical rectangular few-mode waveguides with different orientations.
Numerical simulation indicates that mode extinction ratio exceeding
20 dB can be achieved by well-aligned waveguides.
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1 Introduction

Optical communication systems have long been based on single-mode fibers
(SMFs) to eliminate the bandwidth limitation imposed by the intermodal
dispersion of multi-mode fibers (MMFs). With dense wavelength division
multiplexing (DWDM) technology and advanced modulation formats, the
transmission capacity of SMF has now exceeded 100 Tbit/s [1]. The next ap-
proach for expanding transmission capacity is based on space division multi-
plexing [2, 3]. Two kinds of concepts have been studied as regards the space
division multiplexing of optical fiber communication systems. One uses multi
core fiber [4, 5] where a fiber consists of a number of single mode cores. The
other is mode division multiplexing (MDM) [6, 7, 8, 9] where each fiber mode
acts as a different data channel. Both techniques have coupled and uncou-
pled regimes. In coupled transmissions, transmitted multiple data signals can
be mixed during propagation and a mathematical procedure such as MIMO
must be incorporated to separate the signals. In uncoupled transmissions, the
multiplicity is limited to ensure that no mode coupling occurs. The coupling
may occur not only at transmission fibers but also at couplers and connec-
tors. In spite of these limitations, the uncoupled system has an advantage in
that a conventional transmission scheme, without signal processing, can be
applied in each channel [4]. Polarization maintaining flat-core few-mode fiber
(FMF) is a potential uncoupled transmission line. In this paper we propose
a T-shaped mode coupler for two mode MDM, consisting of two identical flat
few-mode waveguides. It acts as a directional coupler for the fundamental
mode as usual. But it does not affect the transmission of E12 and E21 modes
because mode overlapping between waveguides is negligible in these modes.

2 Waveguide Structure

Figure 1 (a) shows a schematic cross section of the proposed coupler. In
this coupler, two identical rectangular few-mode waveguides are placed in
a T-shape. Figure 1 (b) shows the top view of the coupler. It has two
input ports, ports 1 and 2, and two output ports, ports 3 and 4. The mode
multiplexed input signal from two mode fiber, which consists of LP01 and
LP11 modes, is fed into one of the two input ports. The LP01 mode couples
to E11 mode (fundamental mode) of the waveguide. Two components of LP11

mode, LP11x and LP11y modes, couples to E12 and E21 modes, respectively.
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Dimension of the waveguides are 12 × 16 μm and a relative index Δ of 0.3%
to supports E11, E12 and E21 modes at an operating wavelength λ of 1.55μm.
After propagating an appropriate distance, the fundamental mode component
of the input signal is transferred to the opposite waveguide as shown in
Fig. 1 (b), and it appears at port 3 as an output signal. The rest of the input
signal components remain in the first waveguide, and appear at port 4 as an
output signal.

Fig. 1. Schematic drawing of T-shaped mode coupler.
(a) Top view and (b) cross section.

3 Numerical results

First, we investigate the coupling strength change induced by the core ori-
entation. Simulations were performed using FIMMPROP ver. 4. Here we
neglected the propagation loss and nonlinearity, and set the operating wave-
length at 1.55 μm. We adopted the effective index difference as a measure of
the coupling strength. Each core has the same optical property; the effective
index is the same even if there is no mode coupling. When two waveguides
are placed near each other, the same mode of each waveguide forms a coupled
mode. The coupled mode supports even and odd modes, each of which has
a slightly different effective index, and strong coupling results in large index
difference.

Figure 2 shows dependence of the coupling strengths of the waveguide
modes on the core distance for three different core orientations. The solid,
dotted and broken lines indicate T-shape, parallel, and in-line orientations,
respectively. The symbol shapes indicate the mode number where the circles,
squares, and triangles correspond to the E11, E12 and E21 modes, respec-
tively. With parallel and inline orientations, the coupling strengths of the
E12 and E21 modes are stronger than that of the E11 mode because these
modes have broader spatial distributions than the E11 mode. The coupling
strength of the E11 modes is almost independent of the core orientation,
where as those of the E12 and E21 modes are more than 5 times less for the
T-shape orientation than for the parallel orientation. As the modal profiles of
the E12 and E21 modes have odd symmetries as shown in Fig. 2 (b) and (c),
the field strength along one of the perpendicular bisectors of the waveguide
is zero. Thus the coupling strength is reduced by the T-shaped orientation.
The coupling length of each mode is estimated by Lc = λ/2(ne−no). The Lc
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Fig. 2. (a) Effective index difference of three propagation
modes along with core distance for three core ori-
entations. Circles: E11 mode, squares: E12 mode,
triangles: E21 mode. (b), (c) Schematic mode
profiles of the E12 and E21 modes.

values of the E11, E12 and E21 modes calculated from Fig. 2 are 25.3, 170.6,
and 51.8 mm, respectively.

Figure 3 shows the transmission characteristics of the proposed coupler
as a function of device length and core misalignment. The core distance
is set at 7 μm and the device length includes 5 mm-long tapered waveguide
sections at the input and output. The thick blue line in Fig. 3 (a) indicates
the coupling characteristics of the fundamental mode with port 3. Almost
100% coupling was obtained by adjusting the device length. The thin blue
and dotted blue lines indicate the coupling characteristics of the E12 and E21

modes to port 3. These components cause the modal crosstalk of port 3. The
figure indicates that the crosstalk is less than −30 dB at the optimum device
length of 32.2 mm. The red dotted and red dashed lines indicate the coupling
characteristics of the E11, and E12 and E21 modes with port 4, respectively.
The intensity is almost constant for the E12 and E21 modes. The intensity
of the E11 mode is more than 30 dB less than that of the E12 and E21 modes
at the optimum device length. This means the mode crosstalk in port 4
is also better than −30 dB. The coupling length of the fundamental mode
obtained from Fig. 3 (a) is 25.1 mm, which is consistent with that obtained
from Fig. 2. It should be noted that no mode coupling occurs in the E12 and
E21 modes despite the fact that the coupling length estimated from Fig. 2 is
finite. Because of the odd symmetric mode profile, the coupling from each
half is canceled out in T- shaped orientations, which means that the overlap
integral is very small.

As the mode selection mechanism of the coupler is based on the anti-
symmetric mode profile of high order modes, the extinction ratio depends on
the alignment of the two waveguides as shown in Fig. 3 (b). The coupling
length of the E11 mode shown by the black line is affected little by a small
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Fig. 3. Transmission characteristics of T-shaped mode
coupler. (a) Transmittance as a function of de-
vice length for ideal core alignment. (b) Rela-
tive intensity (blue line) and coupling length (red
line) of the E12 mode as a function of the core off-
set. The green broken line indicates the estimated
crosstalk at a device length of 32.2 mm. The cou-
pling length of the E11 mode (black line) is also
shown in the figure. Input signals from two-mode
fiber were fed into port 2.

misalignment. The coupling length of the E12 mode (red line) decreases when
we increase the offset amount. As the power exchange between two waveg-
uides is the sinusoidal dependence of the device length z of sin2(πz/2Lc),
we evaluated the crosstalk at the optimum device length (broken green line)
from the peak coupled power (blue line) and the coupling length. The green
line indicates that the two waveguides must align with an accuracy of better
than 0.2μm, or 1% of the long side of the waveguide cross-section, to obtain
a 20 dB extinction ratio.

4 Conclusion

We proposed a novel mode coupler based on the spatial mode profile differ-
ence between the fundamental and high order modes. This coupler works as
a directional coupler only for the fundamental mode when the waveguide sup-
ports up to three modes. A numerical simulation indicated that well-aligned
waveguides can achieve a mode extinction ratio of more than 30 dB.c© IEICE 2011
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