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Abstract—An exponentially tapered structure is introduced into
multimode interference (MMI) devices. Compared with a parabolically
tapered structure, which has been successfully used in MMI devices,
this structure can further reduce the length of these devices.
The performances of the 1 x 2 MMI coupler with exponentially
tapered structure, such as the optical transmission, the wavelength
response and the fabrication tolerance, are investigated by the 2D
finite difference beam propagation method. Results show that the
exponentially tapered MMI coupler exhibits a similar property to that
with a parabolically tapered structure.

1. INTRODUCTION

As an important element in integrated optics, 1 x 2 couplers are
widely used as optical splitter and optical combiner. In recent
years, multimode interference (MMI) couplers based on self-imaging
effects have attracted more and more popularity in the design of
integrated optical circuits due to its advantages such as compactness,
better manufacturing tolerances, insensitivity to polarization, and
large bandwidth [1]. The MMI technology main drawback is that
couplers tend to be large if we are trying to obtain low loss and
high accuracy. In order to reduce the MMI device size, a new
kind of MMI structure with a parabolically tapered width has been
proposed [2,3]. Such tapered MMI couplers based on InP-InGaAsP
and silicon-on-insulator (SOI) waveguides have been realized [4-7].
Compared with the conventional MMI structures, the parabolically
tapered structure can reduce the length of the MMI devices. The
benefits and drawbacks of the use of the parabolically tapered in MMI
devices, in comparison with the straight MMI devices, have also been
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investigated [8-10]. In [11], we propose another exponentially tapered
structure for the same purpose. The use of exponential tapers for
the design of more ultracompact 4 x 4 MMI photonic switch has been
reported [12]. But such kind of tapered waveguide is just a special
example of our proposed exponentially tapered structure. Compared
with the parabolically tapered, which has been successfully used in the
MMI devices, this structure can further reduce the length of the MMI
devices. In this article, a detailed analysis of the performance of this
kind of MMI devices is presented. It is shown that the performance of
the MMI couplers with the exponentially tapered structure is similar
to the devices with the parabolically tapered structure.

Many numerical approaches have been developed to analyze
general dielectric waveguides in different aspects [13-26]. Compared
with other numerical techniques, the beam propagation method (BPM)
which automatically includes the effects of both guided and radiating
fields as well as mode coupling and conversion, is the most popular
and powerful numerical technique for modeling guided-wave photonic
devices and most commercial software for such modeling is based on
it [26]. To date numerous algorithms for BPM have been proposed and
successfully applied to a very wide class of dielectric optical waveguide
structures. In this paper, the 2D finite difference beam propagation
method (FD-BPM) is used in the simulation.

2. THEORY

The 1 x 2 MMI coupler is composed of a single-mode input waveguide,
a multimode waveguide, and two single-mode output waveguides. The
structure of the compact tapered 3-dB MMI coupler is illustrated in
Figure 1. In Figure 1, d is the offset for output waveguides from the

Figure 1. Schematic diagram of a 1 x 2 tapered MMI coupler.
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center of the multimode waveguide. The multimode waveguide width
is exponentially tapered according to

vvu):m4+AFm%¢§;>—1] (1)
A= (Wo—Wi)/(exp(g) — 1) (2)

where z is the direction of propagation of the light, Ly is the length
of the tapered MMI section, W is the width of the MMI section at
z = 0 and W, is that at z = Ly, and g is a parameter associated
with the shape of the profile. The input waveguide is located at the
center of the start wall of the tapered MMI section, and the two output
waveguides are located at W, /4 and 3W, /4, respectively, on the end
wall of the tapered MMI section. For Eq. (1), if g is In(W,/W};), then
the tapered structure here mentioned become the exponential structure
which has been used [12].

Assuming the multimode waveguide supports m lateral modes
with mode numbers v =0, 1, 2, ..., (m—1) at a free space wavelength
A, the effective index of the multimode waveguide section and the
lateral confinement section is n, and n.. According to the dispersion
equation, the lateral wave number, £,,, and the propagation constant
0, are related as follows

ki + By = kgn? (3)

where, ko = 21/, kyy = (v + 1)m/We(z), and We(z) is the effective
width of the MMI section

We(z) =W (2) + W, (4)

The Gooss-Hanchen shift W, is determined by

wo=(3) ()"t -t) 5

where o = 0 for transverse electric (TE) mode and o = 1 for transverse
magnetic (TM) mode.
The propagation constants 3, can be deduced from Eq. (3)

N (v+1)>7A
ﬁv ~ kony — Wg(z) (6)

Therefore, the phase change between the v order mode and the
fundamental mode over the exponentially tapered waveguide can be
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given by
Ly
A¢ = (Bo — Bv) Lt = /0 (Bo — Buv)dz

X\ Lvvr
— v(v+2)4—nr/0 . (7)

Substitute Egs. (1), (2), (4) and (5) into Eq. (6) yields

v(v+2) Ty

ﬁ(] - ﬁv = 4an02 (8)
where
_ w2 B w2 In Wy + W,
T Wt Wi AR g Wyt Wi— A\ Wy + Wi
o VVO2 (WO - VI/I) (9)
Q(Wg+m—A)(Wg+Wo)(Wg+m)
The beat length, L%, of the two lowest-order modes is
4n, W2
e T  An, W5 (10)

T Bo—B1 37\

For the parabolically tapered structure, the beat length of the two
lowest-order modes can similarly obtained

T 4An, W2
T Bo— B 3a (11)
where
we e tan~! [(Wo—W0) /Wyt W2 )

a= +
2 (Wt W) (Wot Wo) 2 (W Wi) 72 (W, W)/

For the structure shown in Figure 1, the input single-mode waveguide
is located at the center of the start wall of tapered MMI section, and
only even-symmetric modes are excited in the tapered MMI section.
Then two symmetric interference images can be formed, with a length

of
it = (3/8) L (13)

where ¢ is e and p for the exponentially tapered structure and the
parabolically tapered structure respectively.
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Comparing (10) and (11), we can see the difference of the beat
length of the two lowest-order modes between the parabolically and
the exponentially tapered structure. The beat length has relationship
with the parameters v and «. Obviously, the larger the value of 7 (or
«) is, the shorter the length of the MMI section is. Figure 2 illustrates
profiles of v and « as a functions of the normalized width variation
dQ, dQ = (W, — W;)/W,, for TE mode. In our calculation, a value
of n, = 1.47 and n. = 1.40 is chosen, the width of the tapered MMI
section at z = Ly, Wo, is 24 um, and g is 5. It can be seen from
Figure 2, v is larger than «. Then for the MMI couplers with same
width at the start wall and the end wall of the tapered MMI section,
the length of MMI section with exponential taper is shorter than the
length of that with parabolic taper. It is very favorable for realizing of
ultracompact MMI devices. So this exponentially tapered structure
will be a good candidate compared with the parabolically tapered
structure, which has been successfully used in many MMI devices.
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3. NUMERICAL SIMULATION AND RESULTS

In order to demonstrate the performance of the exponentially tapered
structure, a 1x2 MMI coupler is simulated with a 2D beam propagation
method (BPM) based on the finite-difference method. The simulations
utilized the Padé (2, 2) approximation in order to minimize phase errors
in the propagation equation at wide angles. In addition, in order to
prevent spurious reflection from the computational window edges, the
transparent boundary (TBC) is used. In our calculation, the free space
wavelength is 1.55 um and only TE modes are considered. The other
parameters are same as those used in Figure 2.
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with normalized width variation.  versus offset d.

The Variation of the MMI length for a 3-dB tapered MMI coupler
with the normalized width is shown in Figure 3. For each df), the
imaging length, Ly, is obtained via a series of simulations in which
Ly is allowed to vary in order to maximize the total power, defined
as the sum of the powers in each of the output ports. The sum of
the powers at this particular imaging length of the device at each
value of df) is also presented in Figure 4. As can be see from the
Figure 3, the parabolically tapered structure gives the longest devices,
as expected, for all the normalized width variation values except at
dQ) = 0, and the exponentially tapered structure with ¢ = 5 yield
the shortest devices length. For all the tapered MMI devices, the
imaging length Ly varies approximately linearly with df) as show in
Figure 3. The properties of optical transmission of the MMI devices
with different tapered structure as a function of the normalized width
variation are similar (see Figure 4). The transmission losses increase
with df). But the loss rate is different for these devices. Though the
exponentially tapered structure with ¢ = 5 has the lowest imaging
length, it has the largest transmission loss when the df2 exceeds 0.2.

In above simulation, the location of the output waveguides keeps
at Wo/4 and 3W,/4, ie., offset d = 6pum. The location of the
output imaging obtained from the self-imaging theory usually has
a shift compared with practical imaging location. As MMI devices
are sensitive to the phase changes, the tapered structure makes this
shift more serious. In Figure 5, the sum of the powers in the output
waveguides as a function offset d at d{2 = 0.4 is given. The simulation
results show that the tapered structure has an influence on the imaging
location. For each kind of tapered MMI devices, we can see from
Figure 5, there is an optimum value, at which the MMI devices have
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the smallest transmission loss. We can also see from Figure 5, for each
optimum output waveguide location, the sum of output powers of the
exponentially tapered MMI devices is larger than the sum of that of
the parabolically tapered MMI device.

Furthermore, the wavelength response characteristics of the
tapered MMI devices at d) = 0.4 are also obtained and shown in
Figure 6. In our calculation, the optimum output waveguide location
and the practical imaging length are used. The results show that
the MMI devices with the exponentially tapered structure and the
parabolically tapered structure have the same wavelength response
characteristics.

Next, the width tolerances for the tapered MMI devices are also
investigated and the sum of output powers with the width variation
AW is shown in Figure 7. In our calculation, both the initial with W};
and the end width W, of MMI section vary simultaneously. The results
show that all of the examined devices exhibit same width tolerances
sensitivity to the width variation. It can also be noticed that all the
examined devices are fond to be less sensitivity to the positive width
variation. So, during the devices fabrication, enlarging the width of
the tapered MMI devices can’t have large influence on the performance
of the tapered MMI devices.
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4. CONCLUSION

In order to reduce the scale, an exponentially tapered multimode
waveguide is proposed to be used in the MMI devices. The relation
between the length of the multimode waveguide and the parameters
of the tapered structure is analyzed in theory. Compared with the
parabolically tapered structure, which has been successfully used in
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the MMI devices, this structure can further reduce the length of
the MMI devices. The results of the simulation given by the wide-
angle finite difference beam propagation method (FD-BPM) show that
the performance of the MMI couplers with the exponentially tapered
structure is similar to the devices with the parabolically tapered
structure. As a result, the exponentially tapered structure will be
a good candidate compared with the parabolically tapered structure.
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