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a b s t r a c t

A polarization-insensitive 2 × 2 multimode interference coupler based on double strip silicon nitride waveguides
is proposed and optimized by using the three-dimensional finite difference time domain method. By optimizing
the device’s structure parameters in detail, polarization independent excess loss of −0.32dB is obtained, and
negligible output uniformities of −0.02dB and −0.03dB could be achieved for the TE and TM mode, respectively.
The optimized polarization-insensitive 2 × 2 multimode interference coupler could be served as a building block
on the double strip silicon nitride waveguides platform.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the optical waveguide platform based on silicon nitride
(Si3N4) has emerged as an alternative to the silicon on insulator (SOI)
platform for integrated photonic circuits. Silicon nitride has been chosen
as the dielectric waveguide material due to its low propagation loss,
wide transparent window (transparent for wavelength from 0.4 μm up
to 2.35 μm) and CMOS compatible fabrication [1], all of which provide
the maximum flexibility from an integration standpoint [2]. Due to the
above advantages, Si3N4 has been used to fabricate many devices [3],
such as add–drop filters [4], vertical directional coupler [5], switch [6]
and so on. Typically, there are three types of Si3N4 waveguides, includ-
ing the box shape, double strip and single strip waveguides, which can
be fabricated with the general CMOS fabrication process [7]. Among
them, the double strip Si3N4 waveguide is most attractive because it
can well balance the integration density and insertion loss. As far as
we know, polarizing beam splitter [8], optical delay lines [9], ring
resonator [10], etc. have been designed and fabricated with the double
strip Si3N4 waveguide, while the Multimode interference (MMI) coupler
based on the double strip Si3N4 waveguide has not been reported. And in
integrated photonic platform, the MMI coupler is a basic passive build-
ing block, which can be used to construct splitter [11], Mach–Zehnder
interferometer (MZI) [12], waveguide crossing [13], etc. More than
this, an active MMI structure was also introduced into the active region
of the super luminescent diodes (SLEDs) to reduce the thermal resistance
and increase the output power, and a maximum output power of 115mW
was obtained experimentally, which corresponds to a 54% improvement
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compared to the regular single mode SLED [14–16]. And comparing
with directional couplers, MMI coupler has larger fabrication tolerance,
lower optical loss, and lower polarization sensitivity [17]. Typically, the
common requirements for MMI coupler are low excess loss, large optical
bandwidth, small output imbalance and compact size. Until now, MMI
couplers on the SOI platform have been extensively studied [18,19]. But
as far as we know, the 2×2 MMI coupler based on the double strip Si3N4
waveguide has not been proposed and its polarization dependence has
not been optimized. In this paper, a polarization-insensitive 2 × 2 MMI
coupler based on the double strip Si3N4 waveguide was proposed and
optimized by using the three-dimensional finite difference time domain
method.

2. 𝟐 × 𝟐 MMI coupler based on double strip silicon nitride waveg-
uide

The cross-section of the double strip Si3N4 waveguide used to
construct 2×2 MMI is shown in Fig. 1(a), where Si3N4 (𝑛1 = 2) and SiO2
(𝑛2 = 1.446) are chosen as the waveguide core and cladding materials,
respectively. The height and width of the two Si3N4 waveguide cores are
𝐻 = 0.17 μm and 𝑊 = 1.2 μm, respectively. And 𝐺 = 0.5 μm is the gap
size between the two Si3N4 waveguide cores. The single mode condition
of 𝑊 <1.5 μm can be obtained from the dispersion relation of the double
strip Si3N4 waveguide at 1.55 μm wavelength as shown in Fig. 1(b). And
the corresponding electric field distributions of the fundamental TE and
TM modes are shown in Fig. 1(c) and Fig. 1(d), respectively.
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Fig. 1. (a) The waveguide cross-section of the double strip Si3N4waveguide. (b) The mode dispersion relation of the double strip Si3N4 waveguide. (c) |E|2 distribution of the fundamental
TE mode. (d) |E|2 distribution of the fundamental TM mode.

Fig. 2. (a) Conventional 2 × 2 MMI. (b) Optimized 2 × 2 MMI with linear tapers.

It is well known the working mechanism of MMI coupler is the self-
imaging effect, where an input optical field profile is reproduced in
single or multiple images at periodic intervals along the propagation
direction [20]. A typical structure of 2 × 2 MMI coupler is shown in
Fig. 2(a), where 𝑊MMI and 𝐿MMI are the width and length of the MMI
region, respectively. A serious mode mismatch loss will occur at the
junction between the single mode input/output waveguides and the
MMI region. In order to reduce this mode mismatch loss, four linear
taper waveguides were added between the input/output waveguides
and the MMI region, just as shown in Fig. 2(b), where 𝑊𝑡𝑎𝑝𝑒𝑟 and 𝐿𝑡𝑎𝑝𝑒𝑟
are the width and length of the taper.

A fundamental mode in one of the input ports can stimulate a set
of modes 𝜙𝑚 in the MMI region (𝑚 = 0,… ,𝑀 − 1), with the mode
propagation constants 𝛽𝑚 = 2𝜋𝑛eff ,m∕𝜆, where 𝑛eff ,m is the effective

mode index of the m order mode. For perfect (error-free) imaging,
it is required that mode propagation constants satisfied the following
relationship [20,21]:

𝛥𝛽𝑚 = 𝛽0 − 𝛽𝑚 =
𝑚 (𝑚 + 2)𝜋

3𝐿𝜋
(1)

Where 𝐿𝜋 = 𝜋/(𝛽0-𝛽1) is the beat length between the two lowest order
modes, which can be rewritten as:

𝐿𝜋 (𝜆) =
𝜆

2
[

𝑛𝑒𝑓𝑓 ,0 (𝜆) − 𝑛𝑒𝑓𝑓 ,1 (𝜆)
] (2)

Which can be approximated as:

𝐿𝜋 (𝜆) ≈
4𝑛𝑒𝑓𝑓 ,0𝑊 2

MMI
3𝜆

(3)

Where 𝑛eff ,0 is the fundamental mode effective index of MMI region.
The three interference types in the MMI region are the general inter-

ference, paired interference and symmetric interference, respectively.
In order to make the device compact, the proposed 2 × 2 MMI coupler
is based on the paired interference, which can reduce the length of the
MMI coupler to 𝐿MMI = 𝐿𝜋/2, which is 1/3 of the general interference
length [21]. And according to the self-image principle [20], the input
and output waveguides of the 2×2 MMI coupler with 3dB splitting ratio
should be located at 𝑊e/3 and 2𝑊e∕3 of the MMI region, respectively.
Where 𝑊𝑒 is the effective width of the MMI region and is approximately
equal to the width of MMI region:

𝑊MMI ≈ 𝑊𝑒 = 3𝐷 (4)

𝐷 = 𝑆 +𝑊𝑡𝑎𝑝𝑒𝑟 (5)

560



H. Yang et al. Optics Communications 410 (2018) 559–564

Fig. 3. The relation between the mode mismatch loss and the linear taper length. (a) 𝑊taper = 2 μm. (b) 𝑊taper = 3 μm. (c) 𝑊taper = 4 μm. (d) 𝑊taper = 5 μm.

Where D is the center to center distance between two input/output
waveguides. And in order to lower the fabrication costs, a minimum gap
size of 𝑆 = 2 μm is chosen, which can be achieved with conventional
contact lithography. A set of 𝑊MMI (12 μm, 15 μm, 18 μm, 21 μm) were
chosen to optimize the polarization dependences of the proposed MMI
coupler, and according to Eqs. (4) and (5), the corresponding 𝑊𝑡𝑎𝑝𝑒𝑟 of
2 μm, 3 μm, 4 μm and 5 μm were obtained, respectively. And adiabatic
taper is added to avoid the mode mismatch loss between the single
mode input/output waveguide and the MMI region. The adiabatic tapers
for the four 𝑊𝑡𝑎𝑝𝑒𝑟 cases were optimized and the results are shown in
Fig. 3. And in order to keep the mode mismatch loss less than 0.01%,
the optimized 𝐿𝑡𝑎𝑝𝑒𝑟 was chosen as 14 μm, 30 μm, 35 μm, 60 μm when
𝑊𝑡𝑎𝑝𝑒𝑟 is 2 μm, 3 μm, 4 μm, 5 μm, respectively.

Because 𝑛1 and G are constant as shown in Fig. 1(a), therefore the
polarization characteristics of the proposed 2 × 2 MMI based on the
double strip Si3N4 waveguide only depend on 𝑊MMI. It is well known
that the difference between the beat lengths 𝐿𝜋 of the two polarizations
should be zero (𝛥𝐿𝜋 = 𝐿𝜋(𝑇𝐸)-𝐿𝜋(TM) = 0) for a polarization insensitive
MMI coupler [22]. So the relationship between 𝑊MMI and 𝐿𝜋 of the two
polarizations was simulated and the results are shown in Fig. 4.

From Ref. [22], it is well known that the requirement of obtaining
a polarization independent MMI is the beat lengths (𝐿𝜋) of the two
polarizations are equal (𝛥𝐿𝜋 = 𝐿𝜋 (𝑇𝐸) − 𝐿𝜋 (TM) = 0). In other words,
the two-fold imaging positions 𝐿MMI= 𝐿𝜋∕2 of the two polarizations
should be equal, too. But with the inherent polarization dependence
of the multimode waveguide caused by the different waveguide width
and waveguide height, the two-fold imaging positions of the TE and
TM modes are different, which can be shown in Fig. 4. This is the
main reason why the proposed 2 × 2 MMI based on the double
strip Si3N4 waveguides cannot be completely polarization-independent,
which needs LMMI of the two polarizations be equal. The polarization
dependence of the adiabatic taper waveguide is also a reason that
makes the proposed MMI not completely polarization-independent.
From Fig. 3, it can be observed that if we further increase the taper
length, the taper polarization dependence of TE and TM mode will
decrease thus the polarization dependence of the proposed MMI will be

Fig. 4. The relationship between 𝑊MMI and 𝐿𝜋 of the two polarizations.

even decreased. But the increased taper length will increase the device
size, which is not beneficial for high density integration. In order to
decrease the polarization dependence of the proposed MMI coupler, the
excess loss and the output uniformity were chosen to characterize the
device’s polarization dependence.

𝐸𝑥𝑐𝑒𝑠𝑠𝐿𝑜𝑠𝑠 = 10𝐿𝑜𝑔
(

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

)

(6)

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 = 10𝐿𝑜𝑔
(

𝑃min
𝑃max

)

(7)

Where 𝑃𝑜𝑢𝑡 is the total optical power of the two output ports, 𝑃𝑚𝑖𝑛 and
𝑃𝑚𝑎𝑥 are the minimum and maximum output power of two output ports,
respectively. The excess loss and the output uniformity of the 2×2 MMI
coupler with different 𝐿MMI were simulated and shown in Fig. 5.

In Figs. 5(a, c, e, g), it is obvious that the minimum excess losses of
both the fundamental TE and TM modes decrease when 𝑊MMI increases.
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Fig. 5. (a, c, e, g) The relation between the excess loss and 𝐿MMI with different 𝑊MMI. (b, d, f, h) The relation between the uniformity and 𝐿MMI with different 𝑊MMI.

And when 𝑊MMI was chosen as 12 μm, 15 μm, 18 μm, equal excess
losses of the fundamental TE and TM mode can be obtained when
𝐿MMI is 103.6 μm, 158 μm and 224.8 μm, respectively. So at these
conditions the 2 × 2 MMI coupler can be considered as excess loss
polarization insensitive. But when 𝑊MMI = 21 μm, it is difficult to
achieve excess loss polarization insensitive as shown in Fig. 5(g). On
the other hand, the output uniformity is also a polarization dependent

parameter of the MMI coupler, which needs to be optimized. As shown
in Figs. 5(b, d, f, h), the output uniformities of both the TE and TM
modes decrease when 𝑊MMI increases. And for the case of 𝐿MMI =
224.8 μm and 𝑊MMI = 18 μm, which corresponds to the excess loss
polarization insensitive condition shown in Fig. 5(e), the obtained
output uniformity is as low as −0.02 dB and −0.03 dB for the TE and TM
mode, respectively. According to the self-imaging principle of the MMI,
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Table 1
The optimized device parameters.

𝑊MMI 𝐿MMI 𝑆 𝐷 𝑊taper 𝐿taper

18 μm 224.8 μm 2 μm 6 μm 4 μm 35 μm

Fig. 6. The | E|2 distribution of the optimized MMI coupler for the (a) TE mode (b) TM
mode.

the larger 𝑊MMI is, the more waveguide modes could be excited in the
multimode region. And by exciting more waveguide modes, the two-fold
imaging could be much more similar with the incident optical mode field
because the self-imaging could be regarded as a sum of the weighted
modes in the multimode waveguide [20]. With this improved two-fold
imaging quality, the excess loss could even be reduced. But in the other
hand, the polarization-dependence will increase because the multimode
waveguide becomes much more asymmetric. So here 𝑊MMI = 18 μm
was chosen to balance this tradeoff. Based on the above results, an
approximate polarization-independent 2 × 2 MMI based on double strip
Si3N4 waveguides can be obtained with the optimized device parameters
shown in Table 1.

With the optimized structure parameters shown in Table 1, the TE
and TM electric field distributions in the optimized MMI coupler are
shown in Fig. 6. With the adiabatic taper, both the fundamental TE
and TM modes can effectively excite multiple modes in the multimode
waveguide with negligible mode mismatch loss. And according to the
self-imaging principle, a two-fold imaging is formed at the end of the
multimode waveguide, where negligible radiation loss is obtained by
using two output waveguides with adiabatic tapers. Besides, with the
polarization independent optimization, good output uniformities are
obtained for the TE and TM mode simultaneously. With the optimized
structure parameters, a polarization-independent excess loss of −0.32 dB
is obtained, and negligible output uniformities of −0.02 dB and −0.03 dB
could be achieved for the TE and TM mode, respectively. It shows the
good performance of the proposed MMI.

Finally, the wavelength dependence of the proposed MMI is also
investigated the results are shown in Fig. 7. In the wavelength range
of 1.52 μm∼1.57 μm, the excess loss is −0.098 dB∼−0.538 dB and
−0.247 dB∼−0.416 dB for the TE and TM mode, respectively.

Fig. 7. Excess loss for TE and TM modes versus wavelength.

3. Conclusion

In summary, polarization-insensitive 2 × 2 MMI coupler based on
the double strip Si3N4 waveguides was proposed. According to silicon
nitride double strip waveguides structure characteristics, we studied
and optimized the polarization dependence of the 2 × 2 MMI coupler
based on double strip silicon nitride waveguides. Finally, an optimized
polarization-insensitive 2 × 2 MMI coupler was obtained when 𝑊MMI =
18 μm and 𝐿MMI = 224.8 μm are satisfied, the achieved polarization-
insensitive excess loss is −0.32 dB, and the output uniformity was
−0.02 dB and −0.03 dB for the TE and TM mode, respectively.
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