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Tapered Multi-Mode Interference Waveguide for
High-Power Self-Organizing Single-Mode

Semiconductor Laser Arrays
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Abstract— A 1 × N , tapered, multi-mode interference (MMI)
coupler is numerically studied for use in a self-organizing
semiconductor laser-array system. The MMI structure is linearly
tapered in a way such that the single-port side is wider than the
N-port side. The single-port waveguide is N times wider than
the other ports to maintain intensity similar to that in each of
the N-port waveguides. Using such a device, the N-ports of a
semiconductor laser array can be coherently combined in a self-
organizing architecture. This modified MMI design increases the
output power threshold for catastrophic optical damage while
maintaining only single-mode excitation of a wide single port
output. The device is nonadiabatic with a single-pass power
transmission of 98%. A power imbalance up to 40% in a single
port reduces the device efficiency by less than 1%, while a
waveguide roughness as large as 70 nm rms detracts only 3%
from the device efficiency. When designed to work at 1 µm
wavelength, the structure has a full-width half-maximum pass-
band of 10 nm, which can provide wavelength selectability when
used in a self-organized semiconductor laser-array system.

Index Terms— Broad-area lasers, high-power lasers, laser
beam combining, multi-mode interference coupler, semiconductor
lasers.

I. INTRODUCTION

SEMICONDUCTOR lasers are highly desirable for their
high efficiency, compact size, high reliability, and ability

to convert electrons directly into photons. However, effects
such as thermal rollover, catastrophic optical damage, and
other nonlinear effects limit the laser power that can be pro-
duced by semiconductor lasers [1]. Coherent beam combining
(CBC) via evanescent wave coupling [2], common resonator
coupling [3], injection locking [4], and self-organizing [5]
methods can reduce the power demand and heat generated by
any individual laser by combining the output of multiple lasers
into a single coherent beam. In this work, a self-organizing
cavity is proposed which uses a tapered planar multi-mode
interference (MMI) coupler to coherently combine single-
mode semiconductor lasers into the fundamental mode of a
wide-output waveguide.
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The principles behind an MMI coupler are similar to those
of the Talbot effect [6]. The nearly free-space propagation of
light in the multi-mode region generates scaled self-images of
the input at various lengths down the multi-mode region due
to the periodicity induced by the reflecting walls of the region.
This effect can be used to create a power splitting/combining
device that can serve as part of a semiconductor laser-array
cavity, as shown in Fig. 1. When inputs with the correct phase
relation are applied to the MMI, the power in each of the ports
of an N × 1 coupler will combine from the multiple port side
into the opposing single port provided the length is chosen
properly. Upon reflection at the output coupler, the power
will redistribute among the N ports after propagating through
the MMI region once again. This redistribution provides each
gain element feedback from the other gain elements, coupling
all of the elements together. When used as part of the laser
cavity, only the wavelength and phase relations that provide
the proper coupling between opposing ends of the MMI region
will allow sufficient feedback to reach lasing threshold. This
is the concept of a self-organized laser array [5]. There has
been recent work in multi-mode interference (MMI) coherent
beam combining [7]–[10].

A successfully combined laser will still have a problem with
the intensity of light at the output coupler causing catastrophic
optical damage; the power at the output is N times higher
than each individual element yet has the same beam size. To
compensate for this shortcoming, a tapered MMI region is
proposed to allow for a wider output coupler. Fig. 2 shows
this modified version, tapered in the manner relevant to this
work. This solution offers rugged, non-free-space CBC while
avoiding catastrophic optical damage at the combined output
and maintaining fundamental mode output.

This paper is organized as follows. The physical design
and modeling of this device are described in Section II. The
physical operation of the device is described in Section III.
The performance attributes of this device, particularly with
respect to practical fabrication and operation issues are
described in Section IV. A discussion and concluding remarks
are provided in Section V.

II. NUMERICAL MODEL

Beam propagation in two dimensions is described by
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Fig. 1. Schematic of a 1 × 4 self-organized MMI laser architecture.

where E is the electric field, z is the axial dimension, x is
the transverse dimension, nr is a reference index, n(x, z) is
the spatially resolved refractive index structure that defines
the waveguide, and λ is the free space wavelength. To
underscore the inherent scaling of such the proposed MMI
device, consider normalizing the spatial coordinates by defin-
ing Z = z/(nr /λ) and X = x/(nr /λ). Letting nr be the cladding
index, assuming a small index step �n(x,z) in the core, and
normalizing the spatial coordinates yields an equation that is
only depends on the relative refractive index step:

∂ E

∂ Z
= i

4π
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nclad

)
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This equation clearly shows that any waveguide can be scaled
in dimension by the factor (λ/nr ) provided the index step
�n/nr remains constant. Such a realization allows the selection
of all physical factors with impunity without losing generality
of the analysis. A specific example demonstrating this effect
will be presented in Section III.

The MMI waveguide couplers were modeled in 2-D using
the beam propagation method and RSoft’s commercial pack-
age [11] to compute Eqn. (1). Fully transparent boundary
conditions and 4th order Pade approximations were used with
computation steps of 0.1 microns in the transverse direc-
tion and 1 micron in the propagation direction. The MMI
waveguide couplers are of a 1× N form. The N number ports
are 5-microns wide to match the mode size of commercial
single-mode laser diodes. The single-port waveguide is N
times wider than the opposing N ports. The step above
ambient index used is 0.01, which is easily attainable in a
rib waveguide, over a base index of unity used for gener-
alized analysis. The design wavelength was also chosen to
be 1 micron for generality, and lossless transmission was
assumed.

The width of the MMI section at the multi-port end of
the waveguide is selected to be nominally 50 microns per
port. Selecting a narrower MMI section by allowing the
narrow ports to be closer together will result in a shorter
device; however, placing the ports too close together will cause
undesirable coupling between the ports prior to entering the
MMI region. A linear taper is used to change the width of the

5 µm waveguides
50.6 µm separation

200 µm wide

450 µm wide

20 µm waveguide

26.9 mm

Fig. 2. Schematic of a 1×4 tapered MMI coupler as described in this paper.
It is important to keep in mind that in all representations of MMI couplers
presented, the vertical and horizontal scales are significantly different.

MMI region to a larger size at the single port-side, giving the
MMI region a flared appearance.

Multiple tapered MMI structures were studied, with 1 × 2,
1×4, and 1×8 geometries. The N ports were distributed with
equal spacing about the center of the MMI region. When the
port spacing was allowed to vary to optimize transmission, the
port pitch was changed to 51.2, 50.6, and 50.3 microns for
1 × 2, 1 × 4, and 1 × 8 couplers, respectively. The flared
width and coupler length were varied in each design to
find the maximum transmission of the fundamental mode
launched in the wide output port. Though initially modeled
for transmission from 1 to N ports, the system exhibits natural
reciprocity, as is demonstrated in Section IV.

III. DEVICE PHYSICS

Modeling the 1 ×2, 1 ×4, and 1 ×8 tapered MMI couplers
all followed the same method. The number of ports and their
initial pitch determines the width of the multi-port side of the
device. The width of the MMI region at the single-port side
was varied and the optimum length was found for each width.
The term “flare ratio” is used to describe the ratio of the width
of the MMI waveguide of the single-port side to that of the
multi-port side. The transmission of the device is specified as
single-mode transmission and is defined by the ratio of power
in the fundamental mode at the output of the device to the
total power launched into the input of the device. The power
in the fundamental mode at the output is determined by a mode
overlap integral of the propagated complex field at the output
with the fundamental mode of the output waveguide.

Fig. 3 (solid) shows the fundamental mode transmission
for the 1 × 8 coupler optimized at various flare ratios. The
maximum simulated value for the 1 × 8 coupler was found to
be at a flare ratio of 5 with a fundamental mode transmission
of 98%. Although not plotted, the maximum transmission
values for the 1 × 4 and 1 × 2 couplers were also around
98% at flare ratios of 2.63 and 1.5 respectively. These results
demonstrate that the optimum flare ratio for coupling to an
N × 5 micron waveguide is not N, thus implying that the
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Fig. 3. Simulated maximized fundamental mode transmission (solid) and
length required to maximize the transmission (dashed) as a function of flare
ratio for a 1 × 8 flared MMI coupler.

taper is not performing an adiabatic transformation. In this
1-to-N configuration, the remaining power is radiated out of
the coupler at the narrow end of the MMI region. In an
N-to-1 configuration ∼1.5% of the power is radiated from
the waveguide, with the remaining power coupling into higher
order modes of the broad-area waveguide.

Fig. 4(a) shows an intensity map of light in a 1 × 8
tapered MMI coupler when light is launched into the fun-
damental mode of the wide port. Fig. 4(b) shows an intensity
map of light in a standard 1 × 8 MMI coupler when excited
in the same manner. Fig. 4(c) shows the same image of the
tapered MMI coupler where the dimensions have been skewed
so that the boundaries of the MMI region match those of the
rectangular MMI coupler. This results in the two patterns being
nearly identical. This could suggest adiabaticity or geometrical
similarity, but additional details presented later indicate the
latter.

For the 1 × 8 coupler, the optimum length as a function of
the flare ratio is shown in Fig. 3 (dotted). This plot shows a
linear relation, which means a specific angle of the sidewalls is
required for optimum transmission. Fig. 5 shows the optimized
flare ratio plotted as a function of the number of ports in
the multi-port end of the MMI coupler. Although these data
points fall in nearly a straight line, the slope (∼0.75) is not the
unity value that would be expected from an adiabatic process;
doubling the number of ports and thus the width of the broad-
area port does not result in a doubling of the flare ratio.

Similar calculations were performed for a 1 × 8 MMI
coupler with an exponential taper. Fig. 6 shows the peak
fundamental mode transmission as a function of flare ratio
by optimizing the length of the device at each flare ratio. The
length of the MMI section at the simulated maximum trans-
mission was 43.6 mm at a flare ratio of 2.5. The fundamental
mode transmission efficiency peaks at 60%, far lower than
that of the linearly tapered MMI coupler, with a significant
amount of the remaining power radiated out of the waveguide
at the narrow end of the taper in a 1-to-N configuration. In an
N-to-1 configuration significant fractions of the remaining
power either couple into higher-order even modes or radiate
out of the waveguide at the broad-area waveguide junction.
The results of the exponential taper simulations further prove
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Fig. 4. Intensity maps of (a) flared, (b) standard 1 × 8 MMI couplers, and
(c) skewed intensity map of the flared coupler in (a) with a resulting pattern
that matches the standard coupler in (b).

that the widening of the single self-image at the output coupler
side of the MMI is not the result of an adiabatic process.

Free-space emission from a discrete array of emitters was
simulated by turning the simulation around, launching light
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Fig. 5. Optimum flare ratio as a function of the number of ports N in a
1 × N flared MMI coupler.
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Fig. 6. Simulated fraction of power transmitted into the fundamental mode
of the 40-micron-wide port of a 1 × 8 exponentially flared MMI coupler.

into the 8 ports of the multi-port side of the device with the
proper phase relations, and removing the waveguide edges in
the multi-mode section of the device. Fig. 7 shows the intensity
map of the emitter array for the tapered and non-tapered MMI
geometries for which the diffraction emission lobes are clearly
visible. Using the free-space angle of the first emission lobe,
one can calculate that inserting the waveguide edge causes
total internal reflection of the first lobe so that it crosses the
central lobe at the maximum efficiency length, as depicted in
Fig. 7. Lobes at higher diffraction orders experience multiple
reflections at the total internal reflection interfaces to also
arrive at the same location. The linear scaling shown in Fig. 3
(dotted) is the result of this folding process, which constrains
the angle of the waveguide walls, while the resulting diffracted
beam size constrains the optimal flare ratio for the coupler, as
shown in Fig. 3 (solid). Taken together, these data show that
the tapered device is folding the far field of the system rather
than adiabatically stretching the coherent MMI propagation
behavior.

IV. PERFORMANCE AND TOLERANCES

Further simulations were carried out to determine other
performance characteristics of the 1 × 8 coupler. In these
simulations, the entire structure was flipped about the axis
perpendicular to the direction of propagation in order to
demonstrate the reciprocity of the system. The coupler, now in
an 8×1 configuration, was excited with uniform power across
the eight ports using the output phase distribution obtained
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Fig. 7. Intensity map of free space propagation with MMI overlay for
(a) a tapered MMI, and (b) a standard MMI. The MMI boundary lines are
overlaid to show that when the lobes are reflected at an imposed boundary
they will converge on the single-port output.

from the 1 × 8 case. The phases of the launched waves,
relative to the innermost pair, are symmetrical about the axis of
propagation and are 0, −π /20, −3π /20, −6π /20 radians from
the innermost to the outermost pairs respectively. Analysis of
these launch phases reveals the pattern 0: �θ : 3�θ : 6�θ ,
which is the same pattern as that of a standard MMI coupler,
though with a different numerical value for �θ .

The 8 × 1 transmission as a function of wavelength is
shown in Fig. 8. The transmission spectrum is centered on the
design wavelength with a ∼10 nm full-width half-maximum.
The device can be designed for other operating wavelengths,
allowing the coupler to control the feedback wavelength and
thereby the lasing frequency of the semiconductor laser array.
The resulting shape of the curve will provide wavelength
selectability in a lasing system by providing progressively
higher cavity loss in the system for wavelengths further from
the transmission peak. No other comparable maxima were
obtained between 0.4 and 2 micron wavelengths when using
a 3 nm separation of data points across the range.

In a typical MMI, the balance of power in the ports affects
the overall transmission of the structure because the design
depends on the coherent addition of each input. This issue
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Fig. 8. Simulated transmission as a function of free space wavelength for
an 8 × 1 flared MMI coupler.
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Fig. 9. Fraction of fundamental-mode power transmitted by the 8 × 1 flared
MMI when (a) power in the leftmost port is varied, and (b) power in the port
just left of center is varied.

may be particularly detrimental when using this coupler with
a laser array where input powers cannot be ideally controlled.
Fig. 9 shows the change in transmission of the total injected
power after the powers of individual ports are varied. Although
two different ports were varied in Fig. 9(a) and (b), the
results are nearly identical. Moderate fluctuations in a single
coupled device have little performance impact on the coupler.
For example, a 30% change in power in the center left port
causes only a 0.4% loss in transmission efficiency. Should
a single laser element completely fail, it would affect the
output by an approximately 12% loss in one-way efficiency
of the remaining power being injected into the coupler. The
majority of this lost power is radiated out of the waveguide
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Fig. 10. Fundamental mode transmission for an 8 × 1 flared MMI as a
function of the variance of the surface roughness.

but a small fraction resides in a higher-order odd mode of
the broad-area waveguide. This result is similar to that of
standard MMI couplers that have been simulated in the course
of this study. Further, the transmission efficiency as a function
of power imbalance is of the same form predicted by the
analytical expression for beam combining [12]. This analytic
model predicts that a missing element in the coupler results
in 87.5% transmission efficiency for the remaining elements.

Fabrication imperfections of such waveguide devices may
also impact the tapered MMI performance. The lithographic
resolution of the waveguide fabrication process was simulated
by dividing the waveguides into a grid whose dimensions
are determined by the resolution parameter. The effect of
lithographic roughness was simulated by adding a perturbation
function to both the position and width of the waveguide at
each point in the propagation direction z. This perturbation
function h(z) is determined by lithographic roughness and
correlation length parameters. The autocorrelation function
R(u) is defined as:

R(u) =
∞∫

−∞
h(z)h(z − u)dz (3)

where the autocorrelation function is at its maximum when
u = 0. For two positions along the z direction, z and z + u,
R(u) describes the degree to which the positions are corre-
lated. A useful model for the autocorrelation function in the
waveguide fabrication process is [13]:

R(u) = σ̄ 2e−|u|/D (4)

where σ̄ = √
R(0) is the rms deviation and D is the

correlation length. Within the correlation length, the function
h(z) is not changing randomly. The transverse position and
width of the waveguide are perturbed by functions �x(z) and
�w(z), which are generated using the correlation function.
These functions are added to the nominal values resulting in
asymmetrically perturbed final waveguide positions [13]:

x(z) = x0(z) + �x(z) (5)

w(z) = w0(z) + �w(z). (6)

Using a 0.25-micron resolution and a 1-micron correlation
length, the transmission as a function of roughness was sim-
ulated and the results are plotted in Fig. 10. This figure spans
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the range from state-of-the-art waveguide processing (10 nm
rms deviation) to 100 nm rms deviation [14]. The transmission
stays above 95% until a 70 nm rms deviation is reached, which
is seven times worse than state-of-the-art. This data suggests
state-of-the-art processing sidewall roughness will have little
impact on the performance of the MMI coupler.

V. CONCLUSION

To underscore the generality of the analysis, a specific
example was considered: combining eight 980-nm pump
diodes using a 1 ×8 MMI GaAs waveguide. Using the appro-
priate base index of 3.52, the optimized length of the device
scales ∼28 mm (∼3.5 smaller than the original optimized
device length calculated in Fig. 3) producing the same ultra-
high transmission found in the generalized analysis presented
in Fig 3. Such simulations validate the scaling laws presented
in Section II.

One of the principal problems with MMI couplers in gen-
eral is their long length and the difficulties associated with
fabricating and handling structures of large length-to-width
ratio. The increasing length-to-width ratio of the device as
it scales will make it fragile. Additionally, imaging a mask of
such a long structure across a substrate is difficult to achieve
accurately. It has been shown that an MMI coupler with a
narrower MMI region will have a shorter length compared to
wider MMI couplers [15]. In the case modeled here, making
a narrower MMI region will require a reduction in the pitch
between the ports on the multi-port end, but will also result
in a shorter optimized device; however, care must be taken
to avoid coupling between the input ports prior to entering
the MMI section. One possible solution to the problem of
length may lie in the use of total internal reflection to fold the
MMI section into an S-like curve, thereby reducing its physical
aspect ratio [16]. This solution will likely reduce the efficiency
of the device, because light that would normally interact with
the side-walls in the region of the fold will be lost.

In principle, the modeling presented here indicates that this
tapered MMI concept is scalable to a larger number of input
ports. However self-organizing diode laser systems have to
date been restricted to approximately 10 elements due to the
inability of the laser system to obtain and maintain the proper
phase relation between the ports [5]. Even with this limitation,
the combination of eight, commercially available, 0.75-watt,
single-mode laser diodes could be combined via the tapered
MMI to make a 6-watt, single-mode semiconductor laser.

In conclusion, a 1 × N , tapered, MMI coupler was numeri-
cally studied for use in a self-organizing semiconductor laser-
array system. The MMI structure is linearly tapered in a
way such that the single-port side is wider than the N-port
side. The single-port waveguide is N times wider than the
other ports to maintain intensity similar to that in each of
the N-port waveguides. Using such a device, the N-ports
of a semiconductor laser array can be coherently combined
in a self-organizing architecture. This modified MMI design
increases the output power threshold for catastrophic optical
damage while maintaining only single mode excitation of a
wide single port output. The device is non-adiabatic with a

single-pass power transmission of 98%. A power imbalance
up to 40% in a single port reduces the device efficiency by less
than 1%, while a waveguide roughness as large as 70 nm rms
detracts only 3% from the device efficiency. When designed to
work at 1 um wavelength, the structure has a full-width half-
maximum pass-band of 10 nm, which can provide wavelength
selectability when used in a self-organized semiconductor
laser-array system.
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