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Abstract: We present a design criterion for high per-
formance Silicon-on-Insulator (SOI) Multi-Mode In-
terference couplers (MMIs) based on single etch step
rib waveguides. We design a shallowly etched 2 × 2
coupler with an excess loss of only 0.1dB and an im-
balance of less than 0.02dB for both TE and TM po-
larizations.

1 Introduction
Multimode inteference couplers (MMIs) [1] are com-
monly used in photonic integrated circuits (PICs) as
power splitters, combiners and directional couplers,
because of their ease of fabrication, high bandwidth,
compactness and polarization insensitivity [2].
Silicon on Insulator (SOI) in turn has attracted a lot
of attention in the last years since it offers a very high
index contrast (∆n ≈ 2) allowing for high light con-
finement and thus very compact devices. Other advan-
tages of the SOI platform are its potential compatibility
with CMOS technology [3], and the availability of high
quality wafers, since they have been used for years in
the CMOS industry.
The most commonly used waveguides on SOI are rib
waveguides (see fig. 1(a)), as they can have a large
cross section while still being practically single-moded
[4][5]. The design of rib waveguide based MMIs on
SOIs still poses some challenges: for the waveguide
to be potentially single-moded, it has to be shallowly
etched (D ≤ H

2 ), but with this type of etching it seems
to be difficult to achieve low excess loss and imbalance.
For instance, even for relatively simple MMI configu-
ration such as 1 × 2 splitter, a minimum imbalance of
0.28dB has been reported for a fabricated device in [6].
Simulations of a 1×4 splitter in [7] show an imbalance
of 0.37dB and excess losses of 1.37dB. These rela-
tively high losses are believed to be caused by imper-
fect imaging due to the shallow etching, which is why
the authors of [7] propose a two etch step design, where
both the access waveguides and the multimode section
are deeply etched. While simulations show that such
a design yields a nearly perfect imaging and very low
losses, the fact that it requires two etching steps makes
it more difficult and expensive to fabricate these de-
vices. In fact, a fabricated MMI where only the multi-
mode section is deeply etched is reported in [8], where
a specific fabrication process is developed.
In this communication we show that by adequately de-
signing the shallowly etched access waveguides it is
possible to achieve high performance MMIs with a sin-
gle etch step fabrication process. Our simulations of a
2 × 2 coupler show an excess loss of only 0.1dB and
an imbalance of less than 0.02dB for both TE and TM
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Figure 1: (a) Rib waveguide cross sectional view and
(b) MMI top view.

polarizations. In the 1.5µm to 1.6µm bandwidth they
remain lower than 0.6dB and 0.05dB, respectively.
In section 2 we briefly review some basic MMI theory,
which is further discussed for rib waveguides in section
3. From the spectral analysis of the fundamental mode
of the rib access waveguides we derive, in section 4, a
design criterion for these waveguides, which is applied
to two 2 × 2 MMIs in section 5.

2 Idealized MMI imaging
Fig. 1(b) shows a schematic top view of a 2 × 2 MMI
coupler. The access wave-guides are numbered from
1 to 4, and have a width of WW , while the multi-mode
(or imaging) region is LMMI long and WMMI wide. Light
coming into the device through one of the wavegui-
des excites several modes inside the multimode region
which, after a certain distance, interfere to form self-
images of the excitation. By placing the output wave-
guides in the position of these images the input power
is divided between the output waveguides.
In the following we briefly review the basic MMI
model established in [1], on which our further discus-
sion will be based.
Under a 2D approximation, that is, ignoring the y di-
mension, the electromagnetic field of the access wave-
guide, f (x), is completely expanded into the modes of
the multimode section, i.e., f (x) =

∑
m cmϕm(x), where

ϕm(x) may be approximated as

ϕm(x) = sin
(

mπ
WMMI

x
)
, m = 1, 2, 3, ... (1)

The imaging then takes place at certain propagation
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distances because the propagation constants βm of the
ϕm(x) modes are related by a parabolic law, namely
βm = β1 − (m2 − 1) × const. If this relationship is not
fulfilled no perfect imaging is possible.
The excitation coefficients cm are calculated by means
of the overlap integral

cm =
2

WMMI

∫ WMMI

0
f (x) sin

(
mπ

WMMI
x
)

dx (2)

Please note that, according to this definition, cm are
also the Fourier coefficients of f (x).

3 MMI imaging in rib waveguides
In this section we will study to which extent the con-
ditions for perfect imaging can be met in rib wave-
guides. In order to do so, we will study into which
kind of modes of the multimode section the input field
of the access waveguides can be expanded. We shall
only consider imaging in the x direction, which is de-
sired in most practical devices, as opposed to 3D imag-
ing that also takes place in the y direction [9]. In the
following we will use TXm,n to refer to rib waveguide
modes with m half cycles in the lateral direction and n
half-cycles in the vertical direction of both TE and TM
polarizations. Let us consider the two TE modes of a
rib multimode section shown in fig. 2(a) and 2(b).
In a 2D approximation where the height of the device
is “compressed” to zero, the TE41 mode in fig. 2(a)
would be well approximated by a sine function like
ϕ4(x) (see eq. 1). Obviously, the same is true for all
TXm,1 modes, which means that their propagation con-
stants will follow the parabolic law required for imag-
ing. Thus, we will call such modes “imaging modes”,
because if only these modes were excited we would be
in the same situation as in the 2D case (section 2), and
imaging would be virtually perfect.
On the contrary, the TE12 mode in fig. 2(b) is a “non-
imaging mode”, because due to its two half-cycles in
the y direction, its propagation constant cannot fit the
parabolic law of the imaging modes. Consequently, if
this mode were excited, it would propagate through the
multi-mode region along with the imaging modes, but
it would not properly contribute to image formation,
thus deteriorating the image quality and the device’s
performance. Generally, any TXm,n mode with n ≥ 2
is a non-imaging mode.1

In conclusion, for imaging to work properly, we have
to make sure that all the power of the input excitation
is coupled into imaging modes, that is, guided modes
with one half-cycle in the vertical direction. How
the power of the input is distributed into the different
modes of the imaging region depends on the shape of
the input field, which will be analyzed in the next sec-
tion.

4 Input mode field spectrum
We will now derive a criterion for the input waveguide
dimensions which ensures that only imaging modes are

1This is only true when no 3D imaging is considered.

excited in the multimode region. The input excitation
is supposed to be the fundamental mode of the access
waveguide. Fig. 2(c) shows the fundamental TE mode
of single-mode rib waveguide (its dimensions fulfill
Soref’s condition [4]).
In order to find out what kind of modes this field ex-
cites inside the imaging region one option is to solve
the discontinuity between the access waveguide and
the imaging section. This can be done for example
with a software like Fimmprop 2, but while this yields
the rigorous result, it gives little insight into the prob-
lem. This is why we also use a second approach, based
on an idealized (rectangular) imaging section of width
WMMI and height H that supports an infinite number of
sine like modes

ϕm,n(x, y)=sin
(

mπ
WMMI

x
)

sin
(nπ

H
y
)
, m, n=1, 2, 3, ...

(3)
whose excitation coefficients are given by

cm,n =
4

HWMMI

∫ WMMI

0

∫ H

0
Ed(x, y)ϕm,n(x, y)dxdy (4)

where Ed is the dominant field component of the mode,
that is Ex for TE polarization and Ey for TM polar-
ization. Note that eq. (3) and (4) are simply exten-
sion of eq. (1) and (2) and that ϕm,1 are the imaging
modes. Since the cm,n coefficients can be interpreted
as the (bidimensional) Fourier coefficients of Ed, the
quantities

pn =

∑
m |cm,n|

2∑
m
∑

n |cm,n|
2 × 100% (5)

are the fraction of power of the input field that, in an
idealized imaging region, would couple into all modes
that have n half-cycles in the vertical direction. Partic-
ularly, the fraction of power that would couple into the
imaging modes ϕm,1 is given by p1.
If we analyze the mode of a typical single mode rib
waveguide as the one in fig. 2(c) we get p1 = 93%,
p2 = 6.6%, p3 = 0.1%. That means that even in a ide-
alized imaging section only 93% of the power would
couple into imaging modes so that a power loss of at
least −10 log10(0.93) ≈ 0.3dB is to be expected. It
is also very interesting to note that nearly all the re-
maining power couples into ϕm,2 modes, that is, modes
of the same type as the one shown in fig. 2(b). This
fact can be exploited to estimate more easily the frac-
tion of power that couples into imaging modes. All the
ϕm,n modes with n odd are symmetrical with respect
to y = H

2 , whereas the modes with n even are anti-
symmetrical. Since virtually all the power that couples
into symmetric modes couples into the imaging modes
(p1 � p3), their power may be estimated as the power
in the symmetric part of the input field:

psymm=

!
Ω
|Ed(x, y) + Ed(x,H − y)|2 dxdy

4
!
Ω
|Ed(x, y)|2 dxdy

×100% (6)

2Fimmprop is an eigenmode expansion based tool and is part of
the Fimmwave package by Photon Design: www.photond.com
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Figure 2: (a) and (b): Two modes of a shallowly etched multimode section (WMMI = 7.5µm) (a) Example of
an imaging mode (TE41) (b) Example of a non-imaging mode (TE12). (c): TE11 mode of a single mode access
waveguide (WW = 1.3µm); In all three figures H = 1.5µm, D = 0.7µm. .
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Figure 3: Fraction of power coupled from the TE11
mode of a rib waveguide into the imaging modes of a
WMMI = 7.5µm wide multimode section as a function
of WW (H = 1.5µm, D = 0.7µm.) .

where Ω is the waveguide’s cross-section. This re-
sult is actually rather intuitive: since all the imaging
modes are symmetric with respect to y = H

2 , their
superposition can only represent excitations with the
same kind of symmetry. Fig. 3 illustrates how the fun-
damental mode of a shallowly etched rib waveguide
becomes more symmetrical as the waveguide width
(WW ) is increased, so that more power couples into
the imaging modes of the idealized multimode sec-
tion (curves psymm and p1). The data labeled ”Real
MMI” in fig. 3 represents the fraction of power cou-
pled into the imaging modes of the real (rib) multi-
mode section as simulated with Fimmprop. For small
widths the real coupling is lower than predicted by the
idealized model, but this is simply because the num-
ber of imaging modes supported by the rib structure is
limited, so that its resolution is too low to completely
represent the symmetric part of the input field. Ac-
tually, if we convert the rib multimode section into a
slab waveguide using the effective index method, cal-
culate the number of modes (M) it supports, and de-
fine pM

1 =
∑M

m=1 |cm,n|
2/

∑
m
∑

n |cm,n|
2 × 100%, we ob-

tain a much better agreement between the model and
the simulated data (curve pM

1 in fig. 3). Anyhow, by
the time the input fields becomes highly symmetric
(psymm ≥ 98%), it is also wide enough to be faithfully
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Figure 4: Symmetry factor psymm [eq. (6)] as a func-
tion of the rib aspect ratios WW/H and D/H (solid
lines: H = 1.5µm, dashed lines: H = 2.2µm) .

represented by the real imaging modes.
The conclusion of this section and one of the main
points of this communication is thus that for imag-
ing to work properly, the input waveguides have to
be designed so that their fundamental TE and TM
modes are highly symmetric in the vertical direction
(psymm → 100%) [eq. (6)].

5 Design
At this point we are ready to design two MMIs based
on the criterion established in the previous section. We
start by calculating the symmetry factor psymm for a set
of common rib aspect ratios and for two different sub-
strate heights. From the results shown in fig. 4 it is
clear that the symmetry is higher for wider wavegui-
des (as already observed in fig. 3), but also for deeply
etched waveguides, which explains the good perfor-
mance of deeply etched MMIs. It is also noticeable
that psymm only weekly depends on the absolute sub-
strate height H, so that the chart is probably also use-
ful for other values of H. It has to be pointed out that
the results are given only for the TE polarization, as we
have found that the TM modes always have a slightly
higher symmetry factor (probably because their con-
finement is better), so that the TE polarization is actu-
ally the worst case.
For our design we chose a substrate height of H =
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Table 1: Dimensions of the optimized general and
paired interference based MMIs (all values are in µm).

WMMI LMMI WW s
General 7.5 274 2.8 1.5
Paired 12.8 256 2.8 1.5

1.5µm and an etching depth of D = 0.7µm, so that
a waveguide with WW < 1.4µm is single-moded [4].
While such a single mode waveguide is useful as in in-
terconnecting waveguide within a larger circuit [10], it
is not adequate as MMI access waveguide, because its
fundamental mode has a low symmetry factor. Actu-
ally, according to fig. 4, since D/H ≈ 0.46, to achieve
psymm ≥ 99% one has to choose WW ≥ 1.6 × 1.5 ≈ 2.4.
In order to make the design somewhat tolerant to etch-
ing depth fluctuations, we set WW = 2.8µm, so that the
required symmetry is maintained even if the etching
depth were only D = 0.6µm. Obviously this requires
an adiabatic taper between the interconnecting single
mode waveguide and the MMI access waveguide; we
intend to address this issue in the near future.
The next step in the design of the MMI is to determine
the minimum separation between the access wavegui-
des to avoid coupling between them. Using Fimmprop,
we found that a separation of s = 1.5µm (see fig. 1(b))
yields satisfactory values.
We designed two 2 × 2 couplers, one based on general
interference and another one based on paired interfer-
ence [2], whose minimum widths are given by WG

MMI =

2WW + s = 7.1µm and WP
MMI = 3(WW + s) = 12.9µm.

To numerically optimize the width and length of the
devices, we have used the fact that length scans are
very fast in Fimmprop so that the following procedure
could be used:

1. For the initial width, find the optimum length of
the device, in the sense of a tradeoff between min-
imum excess loss and minimum imbalance.

2. Decrease the width by 0.1µm and find the opti-
mum length of the device. If the tradeoff between
excess losses and imbalance is improved, repeat
this step until no further improvement is achieved.
If the performance is worse, increase the width.

Excess loss and imbalance are defined as usual, EL =
−10 log10

(
P3+P4

P1

)
and IB = −10 log10

(
P3
P4

)
, where Pi

denotes the power of the fundamental mode in access
waveguide i (see fig. 1(b)), and the excitation was
launched from waveguide 1.
The final dimensions of the devices are given in table
1 and their performance is shown in fig. 5. While both
devices exhibit very low excess losses and imbalance
for both polarizations, it can be seen that the general
interference based MMI has slightly lower excess loss
in the extremes of the bandwidth, whereas the paired
interference based device offers a better imbalance.
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Figure 5: (a) Excess losses and (b) imbalance of the
designed MMIs as a function of wavelength.

Conclusion
We have presented a design procedure for single etch
step, high performance MMIs based on the symme-
try factor of their access waveguides [eq. (6)]. Two
devices with potentially single mode access wavegui-
des have been designed, and optimized via simulations,
yielding very promising values of excess loss and im-
balance, which can easily compete with those reported
for the two etch step design in [7].
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