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1× N Multimode Interference Beam Splitter Design
Techniques for On-Chip Optical Interconnections
Amir Hosseini, Student Member, IEEE, David N. Kwong, Yang Zhang, Harish Subbaraman, Xiaochuan Xu,

and Ray T. Chen, Fellow, IEEE

Abstract—We derive an analytical relation for the maximum
number of output channels for high-performance multimode in-
terference (MMI)-based 1 × N optical beam splitters for a given
MMI width. Using eigenvalue-expansion-based simulation results,
we validate the analytical relation. Experimental data from MMIs
fabricated on silicon nanomembrane also confirm the effectiveness
of the design methodology for on-chip optical beam splitter designs.

Index Terms—Multimode interference coupler, optical intercon-
nects, optical, silicon photonics, waveguide theory.

I. INTRODUCTION

O
N-CHIP optical interconnections are being considered as

a solution for the looming interconnection bottlenecks

of limited bandwidth and large latencies. A network of on-chip

optical interconnects in integrated photonic circuits (PICs) needs

efficient optical beam-splitting and beam-shaping components

as building blocks.

The self-imaging properties of multimode optical waveguides

have been utilized in N×M multimode interference (MMI) cou-

plers. The theory of self-imaging in multimode optical waveg-

uides has been the subject of several studies [1]–[6]. The res-

olution and contrast of the images formed in the multimode

waveguide determine the uniformity and insertion loss (or equiv-

alently the total transmitted power) of MMI splitter devices [1].

It has been shown that 1 × N MMI couplers with a large num-

ber of outputs (N) normally result in poor output uniformity

and high insertion loss [2]. It has been shown that optimizing

the core/cladding index contrast [2], [3] can improve the MMI

performance.

A design methodology is required for on-chip high-

performance MMIs for which the choice of tuning index contrast

is not an option. Additionally, despite the advances in computer-

aided design (CAD) tools for integrated electronic components,

there has been little work on design tools for on-chip optical
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components. We aim to find design rules that can be reliably

used for on-chip efficient beam splitters without the need for

time-consuming and computationally expensive simulations for

each individual component.

In this paper, we first analyze the modal phase errors in sym-

metrically excited 1 × N MMIs by investigating the modal

dispersion relations. Then, we present a technique to minimize

deviations of the modal dispersion relations from those required

for ideal self-imaging. Finally, we derive a relation for the max-

imum number of output channels for a given MMI width that

can still result in an acceptable MMI performance.

Silicon nanomembrane-based optical devices in silicon-on-

insulator (SOI) substrates can be integrated with silicon elec-

tronics using techniques such as localized substrate removal [7].

Localized oxidized SOI from bulk silicon has been also used as

potential platform to integrate silicon photonics and electron-

ics [8]. We designed and fabricated several MMIs based on sili-

con nanomembrane rib waveguides. Experimental results show

that the analytical formulas derived in this paper can be used as

guidelines for on-chip MMI designs. Therefore, the presented

design methodology can be easily implemented in CAD tools.

II. MAXIMUM NUMBER OF OUTPUT CHANNELS

Fig. 1 shows a schematic of a 1 × N MMI splitter. The

multimode waveguide section consists of a WMMI wide and

LMMI long core with refractive index nc . In the case of channel

waveguides, an equivalent 2-D representation can be made by

techniques such as the effective index method or the spectral

index method [7]. Ww is the input/output channel waveguide

width. Assume that neff is the effective index of the fundamental

mode of an infinite slab waveguide with same thickness and

claddings. For each mode p (0 ≤ p ≤ M) of an MMI that can

support (M + 1) modes, the dispersion relation is given as [1]

β2
m + κ2

xp =

(

2πnneff ,1-D

λ0

)2

(1)

where βm is the propagation constant of the mth mode, λ0 is

the free-space wavelength. κxm is the lateral wave number of

the mth mode given as κxm = π(m + 1)/We where We is the ef-

fective width including the penetration depth due to the Goose–

Hahnchen shift [4]. We use the effective width for generality;

however, due to the high index contrast, We = WMMI is a good

approximation in silicon photonics. neff ,1-D is the effective in-

dex of the fundamental mode of an infinite slab waveguide with

same thickness and claddings from the effective index method.

In the theory of self-imaging, βm is approximated from (1)

1077-260X/$26.00 © 2011 IEEE
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Fig. 1. (a) Schematic of a 1 × N MMI beam splitter. Inset is a cross-
sectional schematic of the SOI waveguiding structure. nSi = 3.47, nSiO2 =
1.45, nSiO2(PECVD) = 1.46. (b) Relative error in calculation of modal propa-
gation constant βm when evaluated using (2) compared to the exact values from
(1), for WM M I = 30 µm and λ0 = 1.55 µm for different silicon nanomem-
brane thicknesses (h) and bulk silicon (infinite h). A schematic of the waveguide
structure cross section is shown in the inset.

as [1]

βm ≈ β0 −
m(m − 2)

3Lπ

(2)

where Lπ = π/(β0 − β1) ≈ 4neff ,1-DWe
2 /3λ0 . Note that the βm

values given by (2) are necessary for ideal self-imaging at the

output of the MMI coupler. In the case of symmetric excitation,

such as a 1× N coupler excited by the fundamental mode of the

input waveguide, using the approximation in (2), one can show

that the required length for such a coupler is LMMI = 3iLπ /4N,

where i is an integer.

This approximation results in errors in evaluated βm values,

as shown in Fig. 1(b). Interestingly, as the thickness of the silicon

nanomembranes is reduced, the error introduced by the approxi-

mation becomes larger. Therefore, addressing the induced phase

errors is more critical in rib silicon waveguides than in the case

of ridge waveguides, such as the ones investigated in [9].

When using (2), the error in the calculated propagation con-

stant can be estimated by the third term in the Taylor Expansion

of βm , given by (1) as ∆βm ≈ 2(κxm λ0 /4πneff ,1-D )4 . Devia-

tion of the propagation constant values from those needed for

ideal self-imaging results in deviation of the phase values ϕm of

the modes propagating inside the multimode waveguide at the

output of the MMI coupler from the modal phase values needed

for ideal self-imaging. After propagating along the MMI, the

resulting modal phase errors at the output are given as

∆φm = ∆βm LMMI =
πλ

2
0(m + 1)4

64Nn2
neff ,1-DW 2

e

. (3)

For a high-quality image, we restrict the maximum ∆ϕm to π/2,

which gives q, which is the maximum allowed mode number

p. Note that for single-fold self-imaging, all ϕm values must

be integer multiples of 2π. Thus, modal phase errors ∆ϕm >

π/2 flip the sign of the real part of the modal fields. In the

case of multifold self-imaging, the restriction is not less severe.

The numerical simulations of the MMI coupler performance

confirm the effectiveness of the restriction of the maximum

allowed modal phase error to π/2.

We choose Ww so that the highest order mode excited in the

multimode region can satisfy this restriction. To do so, we pick

Ww to be equal to the lateral wavelength (2π/κxq ) of the high-

est allowed mode given by ∆ϕm < π/2. In the case of modes

for which m ≫ q, the resulting modal phase errors are large.

However, letting Ww = 2π/κxq guarantees negligible excitation.

Because several periods of these modes fall within the input ex-

citation field, the resulting overlap integrals are thus negligible.

For the other modes with order higher than q (for example, with

orders q + 2, q + 4. etc.) that have a period that is just a little

smaller than the input excitation field, the excitation is not neg-

ligible, but is little less than that of the mode q. However, the

modal phase error values are just little larger than π/2 as well.

By equating Ww,min = 2π/κxq , we get

Ww,min =
1

4
√

2N

√

λ0We

nneff ,1-D
. (4)

Ww,min decreases as N increases. This is due to the fact that

MMI’s length decreases linearly with increasing N. Therefore,

the accumulated phase errors ∆ϕm = LMMI∆βm are also re-

duced with increasing N. Increasing access waveguide width for

improving MMI performance was proposed in [9] without any

notes on how wide the access waveguides should be. Equation

(4) gives the minimum Ww for an acceptable MMI performance

in terms of the insertion loss and output uniformity.

We note that that the output channel-to-channel spacing is

We /N. Therefore, we can derive an upper bound on the max-

imum number of channels for which the image quality is still

acceptable by Ww,min < We /N given as

Nmax ≤

⎢

⎢

⎢

⎣

3

√

2n2
neff ,1-DW 2

e

λ
2
0

⎥

⎥

⎥

⎦ . (5)

The result is quite general (optimistic) and gives an upper bound

for Nmax for any waveguiding structure. For more realistic Nmax ,

one needs to consider

Nmax ≤
⌊

We

Ww,min + smin

⌋

(6)

where smin depends on the waveguiding structure and is the min-

imum required side-to-side spacing between the output waveg-

uides to avoid channel-to-channel coupling and/or required by

the geometrical restrictions of the devices connected to the
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Fig. 2. (a) Variation of the maximum number of the output channels versus
MMI width. (b) Variations of the optimum channel width for 1 × Nm ax MMIs
versus MMI width.

MMI’s output channels, as well as the limitations of the fab-

rication technique.

Fig. 2(a) shows Nmax as a function of WMMI for smin = 0

(5), smin = 0.5 µm, and smin = 1.0 µm. neff ,1-D = 2.85, which

corresponds to h = 230 nm at λ0 = 1.55 µm in Fig. 1(b) inset.

smin = 1.0 µm is chosen to avoid optical coupling in thin silicon

rib waveguides of the MMIs’ outputs and also to minimize the

effects of the proximity effect during the e-beam writing as

presented. Fig. 2(b) demonstrates variations of Ww,min versus

WMMI for an MMI with Nmax output channels.

From (5), Nmax is a sublinear function of WMMI even in

the most optimistic case, where smin = 0. This is also evident

from Fig. 2. In other words, if an MMI design with WMMI

and N results in a good MMI performance, in general, an MMI

design with RWMMI and RN does not necessary exhibit a good

performance, where R is an integer number equal to or greater

than 2. This is an important consideration for scalability of

MMI-based devices.

Equations (4) and (5) guarantee good MMI performance with-

out a need to apply the other performance-enhancing techniques

such as index contrast tuning [2], [10], multimode section in-

put taper [3], or LMMI and output access waveguide position

optimization [11]. We will investigate this claim using eigen-

TABLE I
1 × N MMI-BASED OPTICAL BEAM SPLITTERS’ LENGTH AND CHANNEL

WIDTH DIMENSIONS FOR h = 230 nm AT λ0 = 1.55 µm (LM M I VALUES

ARE CALCULATED USING LM M I = 3rLπ /4N)

mode decomposition-based simulations in Section III and rib

waveguide MMIs in Section IV.

III. SIMULATIONS AND DISCUSSIONS

In order to investigate the effect of Ww on the quality of the

N-fold self-imaging, we used the eigenmode expansion (EME)

simulator in the FIMMPROP module from Photon Design. The

EME method is based on a rigorous solution of Maxwell’s equa-

tions, and therefore, the results approach the exact solution for

a large number of modes in the expansion. The algorithm is

inherently bidirectional and fully vectorial [13]. We assumed

SOI substrate as shown in Fig. 1 inset, where the thickness

of the silicon slab is h = 230 nm, nSi = 3.47, nSiO2 = 1.45,

nSiO2(PECVD) = 1.46, and neff ,1-D = 2.85. Throughout this

paper, λ0 = 1.55 µm.

Let us consider MMIs with WMMI = 30 µm and with required

smin = 1.0 µm and different N (see Table I). The maximum

number of outputs for which [see Fig. 2(a)] high-quality self-

imaging of the input is possible is Nmax = 11. For any N >

11, the condition Ww,min < We /N – smin cannot be fulfilled. In

other words, Ww is forced to be smaller than the Ww,min value

from (4), as indicated in Table I.

Fig. 3(a)–(f) shows the output field [abs(Ex )] profile of 1 ×
6, 1 × 8, 1 × 10, 1 × 12, 1 × 14, and 1 × 16 MMIs, re-

spectively. Fig. 3(g) and (h) shows the insertion loss and the

output uniformity, respectively. Insertion loss is the ratio of the

total output power to the input power. Uniformity is calculated

as 10log(Pmin /Pmax ), where Pmax and Pmin are the maximum

and minimum power (norm of the fundamental mode) of the

MMI output channels, respectively. In our simulations, we let

75 modes to propagate in the multimode section. We noticed

that increasing the number of modes resulted in less than 0.1%

difference in the calculated insertion loss and uniformity values.

Fig. 3 shows that as N increases, the degradation in the MMI

performance is minimal as long as Ww = Ww,min . However,

as Ww becomes increasingly smaller than the required Ww,min ,

the MMI performance is rapidly degraded due to increasing

phase errors discussed before. One can note that the predicted

Nmax = 11 from (6) corresponds to the “knee point” in both

the output uniformity and insertion loss versus the number of

output channels (N). Therefore, the EME simulations are in

good agreement with the theoretical predictions.
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Fig. 3. (a)–(d) abs(Ex ) at the MMIs’ outputs in the middle of the output
channel (height-wise). (e) Total (all channels) output power (normalized with
respect to the input power) versus the output channel number (N). (f) Output
uniformity versus output channel number.

IV. EXPERIMENTAL DATA FROM RIB WAVEGUIDES

We fabricated 1 × 6, 1 × 8, 1 × 10, 1 × 12, 1 × 14, and 1 ×
16 MMIs (WMMI = 30 µm) with Ww and LMMI values shown

in Table I. The MMIs are fabricated on a SOI substrate with

3-µm buried oxide layer and 250-nm top silicon layer. Light

oxidation creates a 45-nm top oxide layer that will serve as an

etch mask. This oxidation consumes 20 nm of silicon, giving

a final silicon layer of 230 nm. The MMIs are patterned using

a JEOL JBX600 electron beam lithography system, followed

by an HBr/Cl2-based reactive ion etching and plasma-enhanced

chemical vapor deposition (PECVD) of a 1-µm thick silicon

dioxide film for the top cladding. The refractive index of this

PECVD cladding film was found to be nPECVD = 1.46.

All the input and output channels are tapered to 2.50 µm

to match the output coupling lensed fiber. There is an s-bend

Fig. 4. SEM pictures of the fabricated SOI-based MMIs: (a) 1 × 6, (b) 1 × 8,
(c) 1 × 10, (d) 1 × 12, (e) 1 × 14, and (f) 1 × 16. (g) Picture of the entire chip
showing different MMI devices. The input s-bends and the fanned-out output
channels are on the bottom and top sides of the chip, respectively.

before each MMI input to avoid background noise from the

input fiber during characterization of the output channels’ near

field. The output channels are fanned out for 30-µm center-to-

center separation so that we are able to capture clear images of

the near field at the output waveguide facets using a 10× IR

lens. SEM pictures of the fabricated MMIs and a picture of the

SOI chip are shown in Fig. 4.

Transverse electric field from an external cavity tunable laser

source is coupled into the input waveguides through a tapered

and lensed polarization maintaining fiber. A CCD camera, con-

nected to a tunable magnification IR lens (max 10×), captured

top-down images of the scattered light at the cleaved output

waveguide facets as shown in Fig. 5.

In order to characterize the MMIs’ performance, a single-

mode output fiber is scanned at output side across each output

channel cross section for maximum output coupling. At least

two samples of each MMI are tested. The results of the fiber-

scanning measurements are summarized in Fig. 3(g) and (h). As

shown in Fig. 3(g) and (h) and 5(a)–(f), the MMIs’ performance
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Fig. 5. Top-down IR images of MMI output waveguides’ facets for (a) 1
× 6, (b) 1 × 8, (c) 1 × 10, (d) 1 × 12, (e) 1 × 14, and (f) 1 × 16. The
channel-to-channel separations at the output facet is 30 µm in all cases.

rapidly degrades with the number of output channels for N > 11.

Therefore, experiments also validate the theoretical predictions.

V. CONCLUSION

We derived a design rule for the maximum number of out-

put channels of MMI-based beam splitters for a given MMI

width. Highly accurate EME simulations confirmed the analyt-

ical relations for the maximum output channel number. Optical

characterization of MMI beam splitter devices fabricated on SOI

using silicon nanomembranes experimentally demonstrates the

validity of the theoretical predictions for the maximum output

channel number. Equations (4)–(6) can be used as a guideline

for high-performance on-chip optical beam splitter design.
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