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Design and Performance Evaluation of 1-by-64
Multimode Interference Power Splitter
for Optical Communications

Thomas Rasmussen, Jesper Kiel Rasmussen, and Jgrn Hedegaard Povisen

Abstract—A 1-by-64 multimode interference power splitter in
SiO. has been designed for use in fiber-optics communication
systems. The splitter exhibits a minimum loss of 0.5 dB and a
uniformity of 1.7 dB at a wavelength of 1.55 ym. The polarization
sensitivity is below 0.14 dB, the reflection level below —55 dB, and
the optical bandwidth 30 nm. The fabrication tolerances are +0.1
mm on the length and +3.5 zm on the width of the multimode
section of the splitter. In comparison with a branching-type
splitter it is found that the designed device is approximately 30%
shorter than the branching-type device for comparable losses.

I. INTRODUCTION

N OPTICAL communication networks for distribution pur-

poses (for instance Cable-TV) there is a need for 1-by-
N optical power splitters. Typical numbers of splittings N
would be from 16 to 256 or more. Some of the important
performance characteristics of such splitters are; low losses
and reflections, compatibility with optical single-mode fibers,
uniform distribution of the output power on the N waveguides
and a low price.

For low numbers of splittings (N < 16) the splitter could
be made as a fused bundle of optical fibers [1] but, for
larger numbers of splittings integrated optical solutions [2]—[4]
become attractive. The most obviuos way of designing an
optical waveguide power splitter would be to make it as a
cascade of 1-by-two waveguide branches [2]. However, the
processing of the branching point, where the two waveguides
start to separate, is technologically very difficult [5]. This
generally leads to problems with the uniformity over all
the output waveguides of the power and with uniformity
among different samples. Recently, the self- and multiimaging
effect [6] in optical multimode waveguides have been used to
perform 1-by-N optical power splitting [9], [10]. Such devices
are denoted multimode interference (MMI) power splitters.
In this design the sharp edges near the branching points
are avoided thus leading to a more procestolerant design.
Furthermore, the MMI power splitters are potentially shorter
than their branching-type counterparts {11].

Most of the MMI-devices presented so far have been made
in relatively strong guidance waveguide structures, such as
arises in many III-V semiconductor technologies. In this
paper we will however concentrate on weakly guiding glass

Manuscript received December 8, 1994; revised June 7, 1995. This work
was supported by the National Agency of Industry and Trade and the Danish
Technical Research Council.

The authors are with the Electromagnetics Institute, Technical University

of Denmark, DK-2800 Lyngby, Denmark.
IEEE Log Number 9414414.

waveguides with step refractive index profile. This structure
is inherent in the silica-on-silicon technology used to produce
fiber-compatible integrated optical devices [12]. We will de-
sign a 1-by-64 MMI power splitter and characterize it with
respect to polarization sensitivity, reflection level, wavelength
response and proces tolerances. Thereby, we will expose the
predicted performance of MMI power splitters and discuss this
performance in relation to typical demmands in optical fiber
communications.

II. DESIGN

In this section we will describe the design of a 1-by-64
multimode interference power splitter. In Fig. 1 the geometry
of the splitter is shown. Fig. 1 also defines the characteristic
parameters for the power splitter. a is the core width of the
single-mode waveguides, n; and no the refractive index of
the core and cladding, respectively, W and Ly the width
and length of the multimode waveguide section, respectively,
LY™! the length of the output S-bends, and D is the center-
to-center distance between the waveguides at the output. The
distance between neighboring output waveguides at the end of
the multimode section is W/64 as described in [6].

The power splitter will be designed for the third telecom-
munication window, i.e., a wavelength, A, of 1.55 ym. For
compatibility with optical single-mode fibers the core width
a is chosen to 6 um, the effective refractive index difference
to 0.005, and the base material (the cladding) to SiO2. At a
wavelength of 1.55 um the cladding refractive index is thus
1.445. D is chosen to 250 pym to allow for fiber connections
taken into account the typical cladding thickness of optical
fibers of 125 pm.

The analysis of Ulrich and Ankele [7] showed that the length
of the multimode section may be calculated approximately by

2
NA
where, in our case, the number of splittings, IV, equals 64. This
equation is found under the assumption that the propagation
constant of the optical modes depends quadratically on the
mode number. This is a very good approximation as illustrated
on Fig. 2.

We used the finite difference beam propagation method
(FDBPM) [14] to calculate the field evolution through the
structure. As described in [14] we use a nonequidistant mesh
for the discretisation that is fine near the waveguide cores
and gradually gets harsher when moving away from the cores.

Lyt =
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Fig. 1. Geometry of 1-by-64 MMI power splitter. The cladding refractive
index is ng and the core refractive index is nj.
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Fig. 3. Uniformity and excess loss of the multimode section of a 1-by-64
MMI power splitter as a function of the waveguide width W. The length
Lamvr has been adjusted for every value of W to obtain minimum loss.
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Fig. 2. Mode index for the guided modes of a slab waveguide of width 50
pm at a wavelength of 1.55 um as a function of the mode number squared.
The core and cladding refractive index is 1.450 and 1.445, respectively. The
crosses indicate the actual mode indices while the solid line is a linear fit.

Thus, the array sizes and computer time needed are limited
even for the larger multimode interference splitters. The reason
for using the FDBPM is that all the guided and nonguided
modes are automatically included in the calculations. There-
fore, the coupling between the modes propagating in the output
waveguide array is calculated accurately by the FDBPM. We
checked the accuracy of the FDBPM by comparing results
obtained by this method with results obtained by a propagating
mode method, where only the guided modes of the multimode
section were included. The results were almost identical.

In Fig. 3 we have shown the uniformity, defined as the max-
imum output power divided by the minimum output power,
and the total excess loss; both as functions of the width, W,
with the length, Ly adjusted to give the best (lowest) loss.
As seen from Fig. 3 the loss is almost independent on the width
W while the uniformity exhibits a more complex dependence
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Fig. 4. Distribution of output power on the 64 output waveguide as a
function of the waveguide number width the length of the multimode section
as parameter. The waveguides 1 and 64 are the outermost waveguides. The
width of the multimode section is 1.105 mm.

on W. The overall behavior although, is a decreasing function
of W.

We have chosen W =1.105 mm for the 1-by-64 power
splitter. The corresponding length of the multimode section is
Lyivr = 17.953 mm. For this design the loss at a wavelength
of 1.55 pm is 0.4 dB and the uniformity is 1.7 dB. Using 1 we
get Lyovr = 17.848 mm, thus 1 and the BPM-simulations are
in close agreement. In Fig. 4 we have shown the distribution
of output power on the 64 output waveguides for W = 1.105
mm and four different values of Ly at and just below 17.95
mm. As seen, the uniformity is best (0.5 dB) at a length of
around 17.85 mm. However, the loss at this length is 1.8 dB.
Furthermore, as will become evident from the analysis of the
bandwidth and tolerances in the following sections, our choice
of the design with the lowest loss leads to a less critical device
performance than the design where the lowest uniformity is
chosen.

The length of the S-bends in the output array where the
waveguides is branched from a separation of W/64 = 17.3
pm to 250 pm is found by requiring a maximum bending loss
of 0.1 dB in each bend. As shown in [13] cosine-shaped S-
bends is characterized by the normalized parameter F, (B, ),
where B = 2ay/n? — nZ/) is the normalized frequency, and

—-Atthoerized licensed use limited to: Danmarks Tekniske Informationscenter. Downtoagee-or-—ebruary-9, 2010 at 11:37 from IEEE Xplore. Restrictions apply. -—



RASMUSSEN et al.: 1-BY-64 MULTIMODE INTERFERENCE POWER SPLITTER FOR OPTICAL COMMUNICATIONS

50 . 11 LJ 11 ! Ly I 11
] ) 5
- . 2 5
0] % _______ g
| |- ;
SR -
20
] :
1\ \g=0014B g
10 ’
] SN . -
] 5 =0.1dB\-\4:
0 L I T LI LELEEL
06 038 1.0 12 1.4
B

Fig. 5. The characteristic parameter of an S-bend Fs as a function of the
normalized frequency B with the acceptable loss of the bend as parameter.
The S-bend is defined on the inset.

TABLE 1
DATA FOR THE DESIGNED 1-BY-64 MMI POWER SPLITTER
Design
D 250 pm
Lymr 17.95 mm
W 1.105 mm
a 6.0 um
An 0.005
LMMI 23.92 mm
Total dimensions | 41.87 x 15.76 mm?

« is the loss. In Fig. 5 F; is shown as a function of B with
the acceptable loss of the S-bend as parameter.

The length of the S-bend is connected to F, the offset d,
and the other waveguide parameters by [13]

_ Fsd)\(’n,z)l/2
L= ﬂ'” W (2)

In the present case the largest loss must be expected for
the outermost waveguides for which d = 7.33 mm. The
normalized frequency is calculated to 0.93. From Fig. 5 we
read F, = 3.0 at this value of B and from 2 we finally
get LY™MI = 23.92 mm. The total length of the splitter thus
becomes 41.87 mm while the total width is 15.76 mm. In
Table I we have summarized the design of the 1-by-64 MMI
power splitter.

III. PERFORMANCE

A. Polarization Dependence

As the waveguide structure we are considering is weakly
guiding it must be expected that the structure is almost polar-
ization independent. We calculated the birefringence induced
by the waveguide geometry to be below 1 x 10™5 between the
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two othogonal polarizations (TE and TM). However, the differ-
ent expansion coefficient of silica and silicon leads to a stress
induced birefrigence of typically 4 x 107% [15]. The calcula-
tions presented in the previous section were for the transverse
electrical (TE) polarized modes (Anegte = 0.0050). The
corresponding effective refractive index difference for the
transverse magnetic (TM) modes is Aneg, v = 0.0046. We
did also calculate the excess loss and the uniformity for the TM
fundamental mode as input. The result was 1.848 dB for the
uniformity and 0.408 dB for the loss. This should be compared
with a uniformity of 1.712 dB and a loss of 0.373 dB for the
TE-polarization. The polarization dependence of this device is
thus 0.035 dB for the loss and 0.136 dB for the uniformity.

B. Reflections

Due to the abrupt change in waveguide width from the
input single-mode waveguide to the multimode waveguide a
reflected field must be expected. This reflection will however
be small due to the small difference between the core and
cladding refractive index (0.005). For plane waves in SiO;
with perpendicular incidence on a refractive index step of
0.005 the power reflection is —55 dB. We calculated the
reflected field at the input of the device by the 2-dimensional
Fourier-expansion method [16] and found that the reflection
was below —40 dB, which was the accuracy of our method.
Thus, the reflection from a MMI-power splitter must be
expected to be —55 dB or less.

C. Wavelength Response

In Fig. 6 we have shown the uniformity and loss of the
designed 1-by-64 power splitter (see Table I) as a function of
the wavelength. If a uniformity of 2 dB is accepted we see that
the optical bandwidth is around 30 nm. This narrow bandwidth
is due to the fact that the multiple-imaging process is very
phase sensitive. As seen, the uniformity may be lower than the
1.7 dB at the center wavelength of 1.55 um, by using 1.538
or 1.560 pm as center wavelength. However, this will lead to
an asymmetric wavelength response with a very critical lower
or upper tolerance on the wavelength. From the approximate
formula 1 we see that Lyvr and A are equivalent. Therefore,
this problem is identical to the one that was discussed in
Section II in connection with Fig. 4 about whether the choice
of Ly should be the one leading to the lowest loss or the
lowest uniformity.

D. Tolerances

To evaluate the fabrication tolerances on the MMI-power
splitter we have calculated the loss and uniformity for fixed
W and varying Ly and vice versa. The results are shown on
Figs. 7 and 8. As seen, the most critical parameter is the loss. If
an extra loss of 1.0 dB is accepted we see that this correponds
to a change in the length of the multimode section of +0.1 mm
for fixed width, W = 1.105 mm. Correspondingly, the width
should be controlled within +3.5 pm to keep the excess loss
below 1.0 dB when Lymr is fixed at 17.593 mm. Thus, the
width is the most critical parameter, as was also found for other
waveguide geometries [5]. As have alredy been mentioned,
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Fig. 6. Wavelength response of the designed 1-by-64 MMI power splitter.
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Fig. 8. Loss and uniformity versus the width of the multimode section of
the 1-by-64 MMI power splitter with the length fixed at 17.953 mm.

the uniformity at 1.55 um may be improved by using a length
Ly or width W different from the one leading to the lowest
loss. However, Figs. 7 and 8 clearly illustrates that the choice
that we have made leads to the most process tolerant device.

IV. DISCUSSION

In this section we will discuss the performance of the
designed MMI-power splitter in the context of optical commu-
nications. Furthermore, we shall compare the size and optical
bandwidth of this MMI-device with the size and bandwidth of
a branching-type power splitter with comparable loss.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 13, NO. 10, OCTOBER 1995

A. Performance Evaluation

The requirements for optical components for optical com-
munication systems are rather strict. Guidelines may be found
in [17] and [18]. With respect to the polarization sensitivity, the
deviation in uniformity of 0.14 dB between the two orthogonal
polarizations found in Section III-A is generally a minor
problem. If neccesary, the birefringence may be reduced by
etching stress releasing grooves on each side of the splitter
[15].

For digital communication systems the typical requirements
on the acceptable reflection level from optical components is
in the order of —30 dB. For analog systems the requirement
may be a reflection 25 dB lower. In both cases the designed
MMI-splitter meets the requirements.

In Section III-B we found that the optical bandwidth of
the splitter is around 30 nm centered at a wavelength of 1.55
pum. This bandwidth nearly coincides with the amplification
bandwidth of Erbium-doped fiber amplifiers which are needed
for loss compensation in distribution networks. Therefore, the
limited optical bandwidth will not pose a problem in a practical
system.

Finally, the tolerances of £0.1 mm on the length and 3.5
pm on the width of the multimode section is obtainable using
standard photo-lithographical methods.

B. Comparison with Branching-Type Power Splitter

As mentioned in the introduction the most straightforward
design of a multibranch power splitter consist of a cascading
of 1-by-2 Y -branches. This is scematically shown on Fig. 9.
In [11] we found that the ratio of the length of a multimode
interference splitter to the length of a branching-type splitter
may be expressed by

MMI _ N
L’ _(va-n¥2 Ul
Ltot 1- 1/\/]—V_

X {K———1—+
NN -1

for comparable losses, where

1- W/(ND)} 3)

2n2 W2
TA

K = 4)

For N = 64 and W = 1.105 mm we get LMM! = 0.7 xLE7.
Thus the MMI-device is 30% shorter than it branching-type
counterpart.

Ideally the uniformity of the branching-type splitter is 0 dB.
However, as discussed in the introduction, the fabrication of
the sharp branching point is very difficult and the uniformity
will in practical components deviate from 0 dB. A typical value
for the uniformity is 0.6 dB for a 1-by-16 power splitter [19].

In contrast to the MMI-type splitter the branching-type
splitter is a mono-mode component. Ideally the power is
maintained in the fundamental supermode of the structure
throughout the device. Therefore, the optical bandwidth of the
branching-type splitter must be expected to be much larger
than the bandwidth of the MMI-splitter. In Fig. 10 we have
shown the loss of a two-branch power splitter as a function of
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Fig. 10. Wavelength response of symmetric Y -branch. The splitter is 2 mm
long with a maximum separation of 50 um between the two waveguides.
The cores have square cross sections of 6 X 6 ym? and the refractive index
difference is 0.005.

the wavelength calculated with the beam propagation method
[14]. The device parameters are given in the figure caption.
As just discussed, the optical bandwidth is seen to be very
large. For a 1-by-64 power splitter we need 6 branch sections
(24+4+8+16+32 = 62 Y-splitters). If a total loss of 2 dB
is accepted we get an optical bandwidth of 1000 nm which
should be compared to the 30 nm found for the MMI-
splitter. Thus, the same branching-type splitter may be used
for both the second (1.31 pum) and the third (1.55 pm)
telecommunication window. This transparancy is off course
important for systems where both wavelengths are to be used.

V. CONCLUSION

We have designed a 1-by-64 multimode interference (MMI)
power splitter for use in fiber-optics communication systems at
a wavelength of 1.55 ym. The total dimensions of the device is
a length of 41.87 mm and a width of 15.76 mm. The insertion
loss is calculated to 0.5 dB, while the uniformity, defined as
the ratio between the maximum power in an output waveguide
and the minimum power in an output waveguide, is 1.7 dB.

With respect to the performance of this device the polariza-
tion sensitivity has been found to be below 0.14 dB and the
reflection level below —55 dB. The optical bandwidth is 30
nm centered at a wavelength of 1.55 um, and the fabrication

tolerances, accepting a penalty of 1.0 dB, is 0.1 mm on the
length and +3.5 um on the width of the multimode section of
the splitter. This performance shows that the MMI-type splitter
will meet the requirements for optical communication systems.
Especially, the bandwidth of 30 nm nearly coincides with the
amplification bandwidth of erbium-doped fiber amplifiers.

Finally, we have compared the size and the banidwidth of
the designed 1-by-64 MMI power splitter with a corresponding
multibranch splitter and found that the MMlI-type is 30%
shorter than its branching-type counterpart. The bandwidth
of the branching-type power splitter is found to be 1000 nm
which should be compared to the 30 nm bandwidth of the
MMI-type splitter. Thus, thé former type of splitter may be
used simultaneously for the second (1.31 pm) and the third
(1.55 pm) telecommunication window, while the MMI-type
must be designed for either of the two windows.
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