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Abstract

We present a novel multimode interference coupler (MM]I) that integrates two independent 50/50 splitters
and an on-chip waveguide crossing into one compact block. With four inputs and four outputs, the outer
inputs split evenly to the outer outputs, while the inner inputs split to the inner outputs. This geometry
inherently produces a waveguide crossing, removing the need for a separate crossing component.
Fabricated devices show broadband 50/50 splitting with <3% imbalance and <0.51% (-23 dB) leakage
to unintended outputs from 1530 nm to 1570 nm.

Introduction

As photonic integrated circuits (PICs) increase in complexity, efficient routing and footprint minimization
become critical design challenges. Across material platforms, low-loss signal distribution and interference-
based functionalities require robust power splitters and compact routing primitives [1, 2]. The 2x2 MMI
splitter [3] is a foundational component due to its inherent phase stability and fabrication tolerance. Over
the years, its versatile interference physics has inspired a wide range of creative MMI-based designs and
functional extensions [4-6]. Separately, waveguide crossings enable complex routing topologies without
blockages [7]. However, larger PICs often require cascaded MMIs and independent waveguide crossings,
inflating footprint, increasing loss, and complicating layout automation.

Here, we present a novel 4x4 multifunctional component that unifies two independent 2x2 MMI splitters
and an optical crossing inside a single interference region (see Fig. 1a). The device reduces component
count and supports compact routing topologies required for emerging PIC architectures such as mesh
networks and integrated coherent receivers.

Operating Principle and Design Concept

The concept extends conventional MMI self-imaging by exploiting geometric symmetry within the
multimode region [3]. The key insight is that any two input ports that are symmetric around the MMI
centerline will reproduce symmetric self-images at the output plane, preserving 50/50 power distribution.
By arranging two independent symmetric input pairs, one outer pair and one inner pair, inside the same
MMI cavity, the structure naturally behaves as two overlapping 2x2 MMIs. Because the optical paths of
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Fig. 1(a) Schematic overview of the new building block incorporating two independent 2 x2 MMIs and a waveguide
crossing. (b) Microscope picture of the fabricated devices.



these two paired systems cross inside the multimode region, the component simultaneously realizes a
waveguide crossing without requiring a dedicated crossing structure (see Fig. 1a).

The symmetry-driven design is not dependent on the absolute number of ports and can, in principle, scale
to 3-in-1, 4-in-1, or higher-order symmetric splitter multiples, offering a path toward scalable

multifunctional interference blocks.

Simulation and Fabrication

To find correct length, width, and offset parameters, we simulated the devices in an in-house circuit
simulator. The design target was to minimize footprint while maintaining low imbalance and leakage. The
optimal parameters we found are listed in Table 1.

TABLE 1
Optimal dimensions found for the simulated 4 x4 MMI incorporating two separate 2 x2 MMIs and a waveguide
crossing.
Parameter MMI width MMI length Port offset 1 Port offset 2 WG width
Value 9.8 um 410 pm +1.3 um +3.9 um 1.6 pm

To account for fabrication uncertainties, multiple MMI widths were fabricated in 100 nm increments around
the nominal design. All devices were fabricated on the SMART Photonics multi-project wafer (MPW) InP
platform, using the standard deep-etched waveguide structure for both access waveguides and MMI
regions [8]. At the cleaved facets, shallow-etched waveguides at an angle of 7 “are used to facilitate coupling
with minimal reflections into the waveguide mode. A microscope picture of the fabricated chip is shown in
Fig. 1b. Best performance was observed for the device 100 nm narrower than the simulated optimum, most
likely due to effective index estimation error and sidewall process bias.

On the same chip, two additional test structures were included: a standard 2x2 MMI for comparison and a
straight reference waveguide spanning facet to facet for coupling loss calibration.

Experimental Characterization

The devices were measured with a semi-automated setup using the modular test software framework as
described in[9]. Light was edge-coupled via polarization maintaining lensed fibers, aligned for
fundamental TE mode excitation. Transmission spectra were recorded for all port combinations using a
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Fig. 2(a) Measured transmission for the reference 2x2 MMI. (b) Measured transmission for the novel 4 x4 MMI.



tunable laser (1520-1600 nm, 10 dBm input, TE-polarized). The straight waveguide reference was used to
calibrate out coupling losses, isolating the on-chip MMI insertion loss. Measured transmission spectra for
the 2x2 and 4x4 MMI are shown in Fig. 2a and b, while extracted performance metrics: insertion loss (IL),
splitting imbalance, and leakage are summarized in Table 2.

The 4x4 MMI exhibits consistently balanced 50/50 splitting (<3% imbalance) and low unintended leakage
(<0.51%) across the full measured range. While the insertion loss is higher than that of the conventional
2x2 MMI and shows stronger wavelength dependence, the splitting ratio remains stable, indicating robust
interference behavior despite spectral loss variation. Given that InP platforms are not inherently optimized
for ultra-low-loss routing, the measured IL remains within a practical range for many integrated photonic
applications where device density and routing simplicity are higher priorities than minimizing absolute
propagation loss.

TABLE 2
Results of measurements on the 2 %2 reference MMI and novel 4x4 MMI at three different wavelengths. Values
reported are the minimum and maximum measured values from a single device (different port combinations).

Reference 2x2 MMI 4x4 MMI
A [nm] IL [dB] Imbalance [%] IL [dB] Imbalance [%] Leakage [%]
1530 1.16-1.18 3.21-3.94 1.76 —2.94 0.13-2.71 0.20-0.38
1550 0.8-0.95 2.48-3.40 0.95-1.78 0.08-2.12 0.39-0.51
1570 0.83-0.83 3.18-3.52 1.72-2.85 0.47-1.32 0.18-0.44
Conclusion

We have demonstrated a compact 4x4 MMI that unifies two 50/50 splitters and a waveguide crossing within
a single multimode section, fabricated in InP using the SMART Photonics platform. The device delivers
broadband, well-balanced splitting with minimal leakage, while eliminating the need for a discrete crossing
and additional routing, substantially improving layout compactness and reducing circuit complexity.
Although the current implementation exhibits higher and less spectrally flat insertion loss than a standard
2x2 MM, the fundamental splitting function remains stable over 1530—1570 nm, confirming the robustness
of the design principle. This multifunctional approach offers a scalable path toward higher-density, routing
efficient PICs, and is particularly promising for coherent transceivers and interferometric circuitry where
footprint, symmetry, and architectural simplicity outweigh moderate increases in loss.
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