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Abstract—A low-loss and broadband multimode interference
(MMI)-based wavelength multi/demultiplexer in Si3 N4 /SiO2
technology for erbium-doped lasing and amplifying applications
is presented. The structural parameters of a 2 × 1 Si3 N4 MMI
multi/demultiplexer are optimized to minimize losses. The design
and analysis of the MMI multi/demultiplexer are carried out using a hybrid approach, which combines a modified effective index
method, the 2D film mode matching method, and the 2D beam
propagation method, with lower impact in the computing requirements and simulation time than 3D methods. Simulated total losses
of 0.19 and 0.23 dB at 980 and 1550 nm, respectively were obtained
for the optimized MMI multi/demultiplexer. The measurements of
our fabricated couplers, with 110 nm thick Si3 N4 layer, show good
agreement with our design. As multiplexers, the average losses of
the MMI were measured to be 0.4 ± 0.3 dB for both 976 and
1550 nm wavelengths, and less than 1 dB across the whole C-band.
As demultiplexers, the measured average extinction ratio of the
fabricated MMI was found to be 21.4 ± 1.2 and 26.3 ± 0.8 dB for
pump and signal wavelengths, respectively.
Index Terms—Beam propagation and laser couplers, integrated optoelectronics, multi/demultiplexer, multimode interference (MMI), silicon nitride (Si3 N4 ).

I. INTRODUCTION
TOICHIOMETRIC silicon nitride (Si3 N4 ) layers grown
by low-pressure chemical vapor deposition (LPCVD) on
oxidized silicon wafers have properties such as ultra-low propagation loss (0.1 dB/m at 1550 nm), high refractive index contrast, and large transmission window extending from ∼400 to
2350 nm [1]. Such attributes make the Si3 N4 /SiO2 platform a
promising candidate for the hybrid integration with other platforms such as silicon-on-insulator (SOI) [2] and rare-earth ion
doped platforms [3]–[5]. The high refractive index contrast in
comparison with the SiO2 /Si or polymer platforms leads to compact devices. The large transparency window is ideally suited to
allow for the simultaneous propagation of the widely spectrally
separated pump and signal fields typically used in rare-earth
doped devices (i.e., 808/1064 nm for Nd3+ , 980/1030 nm for
Yb3+ , 980/1550 nm for Er3+ , 790/2000 nm for Tm3+ ). The
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integration of rare-earth doped materials with the Si3 N4 platform will enable the realization of lasers and amplifiers exhibiting properties such as narrow linewidth [6], high power [7],
tunability [8] and high gain [9] capable of high bit rate amplification [10] not easily achievable with other types of gain material.
Furthermore, the large spectral separation between the pump
and signal required for the pumping of Er3+ -doped devices lies
within the transparency window of the Si3 N4 platform. Instead
of externally combining the pump and signal wavelengths at the
input of the active devices or splitting the residual pump from
the amplified/emitted signal at the output of the chip [4], [11],
an low-loss and broadband multi/demultiplexer is significantly
beneficial for densely integrated hybrid devices.
The most common device structures that have been proposed for combining and splitting different wavelengths include
directional couplers (DC) [2], [12], asymmetric Y-junctions
[13]–[15], Mach–Zehnder interferometers (MZI) [16], and multimode interference (MMI) devices [17]–[19]. Amongst them,
directional couplers are very sensitive to fabrication errors,
while the devices based on asymmetric Y-branches and MZI’s
are typically long and exhibit relatively high insertion losses
(i.e., >1 dB). MMI-based devices can produce compact, low
loss wavelength multi/demultiplexers with higher tolerance to
fabrication errors than directional couplers. Many MMI designs
have been implemented in the SOI platform to achieve tunable
splitting ratios [20], [21], low-loss (∼0.2 dB) [22] and compact
[23], [24] devices. A dual-channel MMI multiplexer with silicon oxynitride (SiON) core [25] was simulated to have signal
(1550 nm) and pump (980 nm) losses of 0.28 and 0.63 dB respectively, nevertheless it had a large span with the device length
of ∼2.5 mm. Comparing to SOI platforms, the work on MMI
based on Si3 N4 platforms is limited.
Different numerical methods, such as the vectorial beam
propagation method (BPM), the finite-difference time-domain
method, the eigenmode expansion method (EME) and the finiteelement mode propagation analysis have been typically used
for designing MMI couplers [26]–[28]. The implementation of
these methods in three-dimensions (3D) usually provides higher
simulation accuracy in comparison with the 2D counterpart, especially when the structures have wide propagation angles and
large refractive index contrast.
However, the main disadvantages of 3D simulations are time
and memory requirements, leading to excessive computation
cost for the optimization of the MMI multi/demultiplexer, which
involves multiple design parameters, such as port widths and locations. The effective index method (EIM) is typically used
to convert the 3D structures [29] to 2D planar structures with
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Fig. 1. (a) Schematic top view of the proposed MMI coupler. Input and output
ports are tapered with W e n d , i = 1 μm (i = 1, 2, 3). (b) Cross-section of the
buried MMI coupler.

taper is employed for the output port. The ends of the tapers are
connected to 1 μm wide straight waveguides in order to ensure
single-mode propagation at the input/output of the device for
both the pump and signal wavelengths. To maintain the adiabatic
condition, both the length of the tapered cosine bends (Lb end )
at the inputs of the MMI and the length of the linear taper
(Ltap er,3 ) at its output are set to 800 μm, based on the result of
simulations. The lateral distance between the center of the MMI
and the center of each of its ports is denoted as Li (i = 1, 2, 3).
According to the self-imaging principle [32], the multiple
confined modes in the multimode region of the MMI device
interfere at the end of the structure producing single or multiple
images of the launched field in the MMI. The field profile at
position L along the propagation direction, z, can be expressed
as the superposition of the field distributions of the different
guided modes supported by the multimode region
ψ(y, L) =

calculated effective indices. However, the effective indices of
regions where no mode exists are not accurate enough for precision applications [30], such as for the estimation of the field
patterns in the MMI with thin Si3 N4 layer. Several approaches
have been used to numerically modify the indices including the
optimization of the cladding effective refractive index to achieve
the same performance of the 3D model [27], and adjusting both
cladding and core indices by comparing the results calculated
with 2D and 3D simulations [31].
In this paper, a low-loss and broadband 2 × 1 Si3 N4 MMIbased multi/demultiplexer with optimized structure is proposed
to combine/split the 980 nm pump (λp ) and 1550 nm signal
(λs ) for the hybrid integration of erbium-doped devices with
the Si3 N4 platform. A field mode matching (FMM) method, a
modified EIM, and a fully vectorial 2D BPM are combined to
achieve a fast and reliable optimization process. The designed
MMI multi/demultiplexer theoretically exhibits total losses of
0.19 dB at 980 nm and 0.23 dB at 1550 nm. The MMI couplers
were fabricated on 110 nm thick Si3 N4 layer. As mutiplexer, the
fabricated the MMI couplers show average losses of 0.4 ± 0.3 dB
for both the 976 nm pump and the 1550 nm signal wavelengths.
The losses of the optimal MMI coupler for the whole C-band
were measured to be less than 1 dB. As demultiplexer, the
average measured extinction ratios of the fabricated MMI are
21.4 ± 1.2 dB for the pump and 26.3 ± 0.8 dB for the signal. In
both cases, the experimental results show good agreement with
the simulations.
II. MMI STRUCTURE DESIGN
A schematic structure of the proposed 2 × 1 MMI coupler is
shown in Fig. 1(a). The cross-section of the waveguide structure
is shown in Fig. 1(b). A dual-port, asymmetric, non-center fed
design was selected as it allows for reversible operation (i.e.,
combiner in the left-right direction of Fig. 1(a) and divider in
the right-left direction) with low insertion losses.
Tapered cosine S-bends are used to separate the input ports
to match an input fiber array (i.e., 127 μm pitch), and a linear

m
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v =0



v(v + 2)π
cv ψv (y) exp i
L ,
3Lπ

(1)

where v is the mode order, m is the number of modes supported
by the multimode region, cv is the modal excitation coefficient,
L is the propagation distance of the field inside the MMI section,
and Lπ is beat length. Lπ can be calculated as
Lπ =

π
β0 − β1

(2)

where β0 and β1 are the propagation constants of the two lowest
order modes of the multimode region. The field profile, ψ(y, L),
is therefore determined by cv and the phase factor. The modal
excitation coefficients, cv can be numerically calculated as the
overlap integral between the fundamental mode of the input port
and the v-th order mode of the MMI section. Self-imaging of the
input field will take place at propagation distances L = N (3Lπ ),
where N = 0, 1, 2 . . . ., with direct images occurring for even
N numbers and mirrored images for odd N numbers. If the
remainder of v(v + 2)/3 is equal to zero, paired interference is
obtained. In this case, self-imaging can be realized at three times
shorter propagation distances [L = N (Lπ )]. Such excitation
condition can be achieved if the lateral offset (Li , i = 1, 2, 3)
is theoretically equal to one-sixth of the effective width of the
MMI, which takes into account the penetration depth of the
electromagnetic field into the cladding. In order for the MMI
device to work in both directions as a coupler (forward direction)
and a splitter (backward propagation direction) for the pump and
signal wavelengths, the same values of Li (i.e., L1 = L2 = L3 )
are selected in the design.
For the MMI coupler depicted in Fig. 1(a) to work as a
wavelength combiner, the length of the MMI section, LM M I ,
should be selected so that a mirrored image is obtained from
port 1 (i.e., 1550 nm signal, λs ) to port 3 and a direct image
is achieved from port 2 (i.e., 980 nm pump, λp .) to port 3. As
discussed above, paired interference requires that the length of
λ
the MMI is selected as LM M I = p(Lπp ) with p an even integer (p = 2, 4, 6 . . .) to achieve a direct image for the pump
and LM M I = q(Lλπs ) with q an odd integer (q = 1, 3, 5 . . . ) to
obtain a mirrored image for the signal. Therefore, the length of
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TABLE I
RELEVANT REFRACTIVE INDEX VALUES USED IN THE SIMULATIONS
Wavelength
(nm)
980
1550

Material

n material
(TE)

ne f f of two
lowest TE modes

Beat length (μm) @
WM M I = 12 μm

SiO2
Si3 N4
SiO2
Si3 N4

1.4492
1.9936
1.4456
1.9835

1.5604
1.5589
1.4957
1.4921

323.8
215.7

ne f f of the two lowest order modes used to calculate the beat length. Device parameters:
WM M I = 12 μm, LM M I = 647 μm, tS i 3 N 4 = 110 nm. TE Polarization.

TABLE II
BEAT LENGTHS
Fig. 2.

Beat length ratio as a function of Si3 N4 width.
Wavelength (nm)
λ

the MMI should verify LM M I = p (Lπp ) = q(Lλπs ) in order to
work as a wavelength combiner/splitter for λp and λs .

nc o r e
nc l a d
Lπ (μm) (WM M I = 4 μm)
Lπ (μm) (WM M I = 8 μm)

III. SIMULATION RESULTS
In this work, a hybrid design method including a FMM algorithm, followed by a modified EIM and 2D BPM is utilized
to optimize a multi/demultiplexer in Si3 N4 /SiO2 waveguide
technology working for transverse-electric (TE) polarization. A
2D-BPM algorithm was chosen over the EME because it considers all the modes of the multimode MMI region while presenting
a small advantage in simulation time.
As a first step, a 2D-FMM algorithm (FieldDesigner, PhoeniX
B.V.) is utilized to select the width and length of the MMI region.
The propagation constants of the different modes supported by
MMI cross-sections of different widths (WM M I ) are calculated
for both λp = 980 nm and λs = 1550 nm wavelengths. The
beat lengths (Lπ ) for both signal and pump wavelengths are calculated using Eq. (2). The ratio of the beat lengths of pump and
signal is then computed to determine the width of the MMI section. As discussed above, Lπ λp /Lπ λs = q/p in order to achieve
the correct direct (for the pump) and mirrored (for the signal)
image at the output of the MMI, which is necessary to achieve
a wavelength combiner.
Fig. 2 shows that for a thickness of the Si3 N4 layer of 110 nm,
a ratio of 1.5 (i.e., p = 2, q = 3) can be achieved for an MMI
width of ∼12 μm, which supports 10 and 6 confined TE modes
for 980 and 1550 nm, respectively. A ratio of 1.5 means that
the input signal field will be mirrored and the pump input field
will form a direct image after a propagation distance of 647 μm
(L = 2Lπ λp ≈ 3Lπ λs ). Table I shows the refractive indices of
the materials used in the simulations. The effective refractive
indices of two lowest order modes of the MMI region as well as
the resulting beat length are also shown.
Once the width and length of the multimode region of the
MMI device have been fixed, the next step involves the use of a
2D-BPM algorithm (OptoDesigner, PhoeniX B.V.) to optimize
the dimensions of the input and output ports as well as their
exact locations. A modified EIM is employed in order to obtain reliable effective indices (neﬀ ) to be used for the core and
cladding regions in the 2D BPM model.

Lπ (μm) (WM M I = 12 μm)
Lπ (μm) (WM M I = 20 μm)

980

1550

1.5609
1.3918
40.26 (2D FMM)
40.19 (EIM)
147.99 (2D FMM)
147.97 (EIM)
323.8 (2D FMM)
323.8 (EIM)
879.32 (2D FMM)
879.33 (EIM)

1.4969
1.420
33.46 (2D FMM)
32.80 (EIM)
103.44 (2D FMM)
103.3 (EIM)
215.68 (2D FMM)
215.68 (EIM)
564.25 (2D FMM)
564.41 (EIM)

Comparison of beat lengths calculated using the 2D FMM and modifiedEIM methods for various WM M I . Device parameters: tS i 3 N 4 = 110 nm.
TE Polarization.

In this work, the effective refractive index of the cladding,
nclad , is modified. The refractive index utilized for the core,
ncore , is the 1D effective index of the nS iO 2 /nS i3N 4 /nS iO 2
stack. Our algorithm modifies nclad until the respective beat
lengths calculated with the EIM and 2D FMM converges. The
convergence test is implemented in parallel for a number of
Si3 N4 core widths ranging from 4 to 20 μm. Table II shows a
comparison of beat lengths calculated by the modified EIM and
by FMM. The finally optimized refractive index values for the
cladding region are 1.3918 at 980 nm and 1.420 at 1550 nm,
which are used in the 2D BPM model for the optimization of the
input and output ports as described in the following sections.
In order to investigate the influence of the width and location of each input port, only one input port is considered in
each simulation. The input field is launched at the end of the
tapered input port [i.e., port 1 for λs , and port 2 for λp , see
Fig. 1(a)]. The loss of the MMI coupler is computed from the
simulated power at the end of the tapered output port, P3 , as
−10 × log10 (P3 /P1,2 ). Figs. 3 and 4 show the simulated MMI
losses (in dB) for different widths of the relevant port (i.e., W1,2 )
and offset (ΔL) of the location of each port with respect to the
“nominal” WM M I /6 for 980 nm pump and the 1550 nm signal wavelengths, respectively. ΔL is positive since the effective
width (i.e., considering the penetration depth of the electromagnetic field into the cladding) is larger than the waveguide width
WM M I . As shown in both figures, the wider the input port, the
lower the MMI losses for both wavelengths. Furthermore, as the
width of the input port becomes larger, the range of offset values (ΔL) for which low losses are achieved increases. Multiple
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Fig. 3. MMI loss (in dB) for 980 nm pump through input port 2, as a function of
port 2 width (W2 ) and offset (ΔL) with respect to nominal location at WM M I /6.
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Fig. 6. Total MMI loss as a function of the optimal device length and width
at 980 nm.

Fig. 7. Total MMI loss as a function of the optimal device length and width
at 1550 nm.
Fig. 4. MMI loss for 1550 nm signal through input port 1 as a
function of port 1 width (W1 ) and offset (ΔL) with respect to nominal location
at WM M I /6.

Fig. 8. Total MMI loss for ±10 nm variations of Si3 N4 thickness for 980 μm
and 1550 nm.

Fig. 5. (a) Field profile of the designed MMI coupler for 980 nm pump
wavelength. (b) Field profile of the designed MMI coupler for 1550 nm signal
wavelength. Device parameters: W M M I = 12 μm, L M M I = 647 μm, W 1 =
3.6 μm, W 2 = 3.0 μm, W 3 = 4 μm and ΔL = 0.1 μm. TE polarization.

values of W3 were investigated, from which W3 = 4 μm was
found to have the best performance.
Cross-talk between the two input ports occurs as the distance between them decreases. The maximum values of W1 and
W2 that avoid cross-talk were calculated using the 2D FMM
method to be W1 < 3.8 μm and W2 < 3.2 μm. W1 = 3.6 μm,
W2 = 3.0 μm, W3 = 4 μm and ΔL = 0.1 μm were adopted in
the optimal design. The propagating fields in the optimal MMI
coupler are displayed in Fig. 5(a) and (b), for pump and signal
wavelengths respectively.

Prior to fabrication, the robustness of the design to fabrication errors was investigated by varying the different fabrication
parameters such as the width and length of the MMI section,
and the thickness of the Si3 N4 layer. Figs. 6 and 7 show the loss
of the device in dB as a function of both WM M I and LM M I for
the pump and signal respectively. As seen from Figs. 6 and 7,
the MMI coupler is more tolerant to changes of the length than
to changes of the width for both pump and signal wavelengths.
Furthermore, the effect of the Si3 N4 layer thickness variation
on the total MMI loss is shown in Fig. 8. For a ±10 nm variation
range, the total losses of the device are below 0.34 dB for both
wavelengths. At the selected dimensions (i.e. 12 μm width,
647 μm length and 110 nm thickness), the simulated MMI losses
are ∼0.19 dB at 980 nm and ∼0.23 dB at 1550 nm.
IV. FABRICATION
Due to the high sensitivity of the performance of the device
to variations of its width (WM M I ), the designed MMI width
was varied from 11.5 μm to 12.5 in steps of 0.1 μm. The
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Fig. 9. Schematic of the waveguide fabrication process. (a) A 110 nm Si3 N4
layer is deposited using LPCVD. (b) Waveguide structures are fabricated by
conventional photolithography followed by RIE etching. (c) LPCVD SiO2 is
deposited on the top of the structure. (d) The surface is polished using CMP.
(e) A SiO2 layer is deposited using PECVD.

waveguides were fabricated using standard microfabrication
process technology [33] as shown in Fig. 9.
Firstly, a 110 nm thick Si3 N4 layer was deposited by LPCVD
on a thermally oxidized silicon substrate with 15 μm of thermal oxide, which avoids leaking of the propagating TE0 mode
into the silicon substrate. The thickness of the LPCVD Si3 N4
layers can be controlled to be within 5 nm. The measured thickness (Woollam M-20000UI ellipsometer) of the deposited Si3 N4
layer was 112.4 ± 0.4 nm. The MMI structures were then patterned using lithography with vacuum contact mode, after which
a reflow process was utilized in order to smooth the edges. Reactive ion etching (RIE) was used to fabricate the waveguide structure. The dimensions of the devices can be typically controlled
to be ±0.2 μm. However, the measured fabricated widths were
about 0.3 μm smaller than the designed values. After etching,
a layer of LPCVD SiO2 (∼200 nm thick) was deposited on the
top of the waveguide as upper cladding. The wafer was annealed
at about 1150 °C and gradually cooled down to room temperature (∼20 °C) to avoid cracking. The protrusion of SiO2 on the
top was removed by chemical–mechanical polishing (CMP). A
micrometer scale SiO2 layer was further deposited by plasma
enhanced chemical vapor deposition (PECVD) followed by the
same annealing process.
The devices were diced perpendicularly (Loadpoint Micro
Ace 3, Disco NBC-Z blade) to the input and output waveguides.
No antireflection coating was applied to the end-facets.
V. CHARACTERIZATION
The fabricated MMI couplers were characterized in the Cband (1530-1565 nm) using a tunable laser (Agilent 8164B),
and at 976 nm with a diode laser. A single mode polarization
maintaining fiber (PM980-XP) was used to couple TE polarized light into the waveguides, since the devices under test are
polarization sensitive and were designed to work for TE polarization. The waveguide output was coupled into a single-mode
fiber (UHNA3) connected to a power meter. The width of the
input/output Si3 N4 waveguide is 1 μm, which only supports a
single mode for both the pump and C-band wavelengths. The
higher order modes of the tapered regions can be sufficiently
suppressed during input/output coupling.
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Fig. 10. Measured power without the chip, after MMI coupler (width 12 μm)
and after reference straight waveguide (width 1 μm) besides the MMI coupler.

Fig. 10 shows the transmitted power in the C-band without
the chip (∼−12.4 dBm), the output power after a reference
straight-waveguide and the MMI coupler. The reference waveguide insertion loss, obtained by subtracting the system transmission in the C-band from the transmission of the reference
waveguide, varies from ∼4.3 dB at 1530 nm to ∼3.7 dB at
1565 nm. The propagation loss of a single mode Si3 N4 waveguide is <0.1 dB/cm. The reference waveguide propagation
loss is therefore <0.05 dB. The insertion loss of the straight
reference waveguide (1 μm width, 112 nm thick) placed next
to the MMI structures is mainly caused by the mode mismatch
between the input fiber and the waveguide, which introduces
coupling losses. At 1550 nm, the mode field diameter of the
input fiber is considered as 10 ± 0.5 μm and the one of the output fiber is 4.1 ± 0.3 μm. The total theoretical coupling losses
caused by the mode mismatch between the input and output
fibers and waveguides are calculated to be ∼3.9 dB. The measured reference waveguide insertion losses match very closely
the calculated ones. The MMI coupler can be assumed to have
the same input/output coupling loss as its neighboring reference waveguide. Therefore, the total loss of the MMI coupler
was calculated by subtracting the insertion loss of the reference
waveguide from the insertion loss of the MMI coupler [Fig.
11(a)]. Furthermore, some oscillations are visible in the transmission measurements of Fig. 10. The oscillations are almost
identical for both the transmission measurements of the reference waveguide and MMI device. Their origin is therefore not
from the device under test. When performing Fourier analysis
on the transmission measurement of the system without chip,
the same frequency component is found. The amplitude of the
oscillations dramatically increases when introducing the device
under test and they reduce when introducing a circulator prior to
the chip The most probably origin of the oscillations is therefore
back-reflections into the tunable laser cavity.
The total losses across the C-band of the MMI coupler with
12 μm width are shown in Fig. 11(a). The simulated losses are
also plotted (dotted line). The total losses were 0.4 ± 0.3 dB at
1550 nm, and less than 1 dB for all wavelengths of the C-band.
Fig. 11(b) and (c) show the total losses for pump and signal as a
function of MMI width respectively. A good agreement between
simulated and measured values can be seen. The MMI coupler
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Fig. 11. (a) Total MMI losses of an MMI coupler across all C-band wavelengths (W M M I = 12 μm, L M M I = 647 μm, tM M I = 112 nm). Total MMI losses
as a function of W M M I at (b) 976 nm and (c) 1550 nm. Shadows depict measurement deviation.

Eigenmode expansion simulation package from Lumerical
MODE was used to calculate the power reflected from the
MMI structure. The reflection coefficient can be extracted from
the s11 component of the scattering matrix. A power reflection coefficient was calculated to be ∼10–31 , which can be
negligible.
VI. CONCLUSION

Fig. 12. A comparison of the measured and simulated ER (in dB) of the MMI
couplers as a function of W M M I .

is sensitive to variations of the width of the multimode region.
In order to keep the device losses below 1 dB, the width of the
multimode region should be controlled within ±0.14 μm.
To estimate the performance of the MMI couplers working
reversely as splitters, both λp and λs were launched into port 3
and the output fibers for pump and signal were aligned to the
corresponding ports 2 and 1 respectively. When launching the
pump into port 3, the transmitted power to both port 2 (P2,p ) and
port 1 (P1,p ) were measured. In the same way, the signal power
transmitted to both output ports, P1,s and P2,s were measured.
Then the ER values for the pump and signal were calculated as
10 × log10 (P2,p /P1,p ) and 10 × log10 (P1,s /P2,s ) respectively.
A comparison between the experimental and simulated ERs
is shown in Fig. 12. The maximum average ER value for the
signal was 26.3 dB for the MMI at fabricated width of 12.1 μm
while the maximum ER for the pump was 21.4 dB for the MMI
with fabricated width 12.0 μm. The measured ER values are
lower than the simulated ones, which are attributed to low levels
of stray lights arriving to ports 1 and 2 respectively.
Furthermore, scattering due to imperfection in the propagation region of MMI could affect more on the pump than the
signal due to the wavelength. Ideally, a series of cascaded MMIs
should be characterized in order to obtain a more accurate ER
value.
Since the proposed device is intended to be integrated with
active devices, reflections of the MMI structure back to the active material could affect the performance of the active devices.

A low-loss and broadband multi/demultiplexer for erbiumdoped lasing and amplifying applications is presented. The
110 nm thick Si3 N4 multi/demultiplexer is designed by combining the modified EIM, 2D-FMM and 2D-BPM methods, which
avoids the time-consuming 3D simulations, and enables to determine an optimal MMI structure with restricted port configurations and variation multiple design parameters. The calculated
losses of the optimal coupler were found to be 0.19 dB at 980 nm
wavelength and 0.23 dB at 1550 nm. The characterization was
carried out at 976 nm and at all wavelengths in the C-band. As
combiners, the total losses of the MMI coupler were measured
as 0.4 ± 0.3 dB for both pump and signal wavelengths, and
less than 1 dB for all the other wavelengths in C-band. As splitters, the average extinction ratios were measured to be 21.4 and
26.3 dB for pump and signal respectively.
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