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Abstract: We experimentally demonstrate error-tolerant optical unitary processors with multiport
directional couplers. Thanks to the inherent redundancy of the multi-plane light conversion scheme,
equivalent performance is obtained in the presence of large fabrication errors. © 2022 The Author(s)

1. Introduction

An integrated optical unitary processor (OUP) can convert N mutually orthogonal modes into arbitrary N output modes
in a reconfigurable manner. The OUP can be employed in various applications, including all-optical multi-input-multi-
output (MIMO) processors in space-division-multiplexed (SDM) transmission systems, linear matrix processors for
optical neural network hardware, and quantum photonic processors for task-specific computations [1,2]. While OUPs
have conventionally been implemented by cascading 2x2 Mach-Zehnder interferometers (MZIs) in a mesh
architecture [3,4], they are generally sensitive to a small fabrication error due to the strict requirement to achieve 50:50
beam splitters at each MZI [5]. In addition, the number of MZIs scales quadratically with the matrix size N, so that
this requirement becomes more and more severe as N increases [6]. To compensate for the realistic errors, several
schemes of using redundant MZIs [7,8], global optimization [5], and local error correction [9] have been proposed.
These approaches, however, require additional components and become increasingly more difficult to implement as
N increases. Therefore, an inherently error-tolerant and scalable OUP is desirable.

As an alternative approach to realize OUP, the multi-plane light conversion (MPLC) scheme has been proposed
and demonstrated [10-15]. Unlike the MZI-based OUP (MZI-OUP), the MPLC-based OUP (MPLC-OUP) does not
require a specific transformation at each node. As a result, it has been numerically demonstrated that the overall
performance is insensitive to the exact device geometries [6,16]. However, experimental demonstration to confirm
this error tolerance of MPLC-OUP has not been reported to our knowledge.

In this paper, we experimentally investigate the error tolerance of the MPLC-OUPs with multiport directional
couplers (DCs) and demonstrate its robustness against various deviations in the waveguide geometries. By comparing
several silicon photonic 4x4 OUPs with different parameters, we show that similar performance is obtained even when
the gap G and length L of the multiport DCs deviate by 25 nm and 5 um, respectively.

2. Integrated MPLC-based OUP

The silicon photonic 4x4 OUP device fabricated in this work is shown schematically in Fig. 1. It consists of four
stages of 4-port DCs and thermo-optic (TO) phase shifter arrays. The 4x4 transfer matrix T describing the
transformation of complex amplitudes from the four input ports to the four output ports is expressed as
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Fig. 1. Schematic of 4x4 OUP using four stages of 4-port DCs.
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Fig. 2. (a) Experimental setup. Polarization states of all inputs are adjusted to TE. The microcontroller controls the MEMS switch and collects
the signals from PDs to optimize the phase shifters according to the simulated annealing algorithm. (b) Photograph of the mounted OUP.
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Fig. 3. Measured optical transmittance of the OUPs using multiport DCs with (G, L) = (250 nm, 50 pm) (a- ¢) and (275 nm, 45 pum) (d-f). (a)
and (d) show the passive transmittance without driving phase shifters. (b),(c),(e) and (f) show the cases after optimizing the phase shifters to
obtain[1000;0100;,0010;0001](b,e)and[0001;1000;0100;00 1 0] (c, f), respectively.

where M is a fixed 4x4 unitary transfer matrix describing the mode mixing in each 4-port DC, ®@; (i = 0,1, ...4) is a
diagonal matrix representing the phase shift applied at the i-th phase shifter stage. Similar to the MPLC device realized
using free-space optics [17], the integrated MPLC-OUP can implement arbitrary unitary transformations by adjusting
the phase shifters properly [11].

It is important to note that the unitary matrix M, responsible for mixing complex amplitudes, does not have to be
in a specific matrix form. Instead, it is only requested to provide substantial coupling between adjacent waveguides,
so that the multiport DCs can be designed with great flexibility. Therefore, even if the waveguide geometries of each
multiport DC deviate from the initial design, the overall performance of the OUP is insensitive [6,16].

3. Experimental setup and results

To demonstrate the robustness of the OUP with multiport DCs, we experimentally compare the performance of silicon
photonic 4x4 OUPs, having different values of gap G and length L (see Fig. 1 for definition) in their 4-port DCs. In
addition to the previously demonstrated OUP with (G, L) = (275 nm, 50 um) [12], we tested two types of OUPs with
(G, L) = (250 nm, 50 um) and (275 nm, 45 um). All OUPs were fabricated on a silicon-on-insulator (SOI) chip with
a 220-nm-thick silicon layer and 3-pm-thick buried oxide (BOX) layer. The circuit was composed of five stages of
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Table 1. Measured performance of 4x4 OUPs with 4-port DCs

Parameters of multiport DC Performance of OUP
(G [nm], L [um]) Crosstalk (dB) MSE (dB)
(275, 50) [12] -12.1 234
(250, 50) -11.5 -21.6
(275, 45) 122 245

4x4 multiport DCs. Similar to Ref. [11,12], the first stage of DC was used as a mode mixer, and four stages of phase
shifters were tuned to implement the desired matrix.

Figures 2(a) and (b) show the experimental setup and the photograph of the mounted chip, respectively. A
microcontroller was employed to sequentially select one of the four input ports by controlling a 1x4 optical micro-
electro mechanical systems (MEMS) switch and collect the signals from four photodetectors (PDs) to measure
transmittance to all output ports. After testing all input ports, the objective function f'was calculated, from which the
next phase shifter conditions were decided. Each of these iterations took around 5.6 ms, which was limited by the
switching time of the MEMS switch, while the entire optimization converged typically after around 120 seconds
(~12,600 iterations). After convergence, all phase shifters were set to the optimized condition.

Figure 3 shows the normalized total transmitted power measured at each output port before and after optimizing
phase shifters for two types of OUPs: (G, L) = (250 nm, 50 um) and (275 nm, 45 pm). Before optimizing phase shifters,
severe crosstalk is observed at output ports due to the coupling inside the mode mixer [see Fig. 3(a) and (d)]. In
contrast, Figs. 3(b) and (e) show the results under optimized phase shifter conditions to implement the unit matrix: [1
000;0100;0010;000 1]. In addition, Figs. 3(c) and (f) show the cases for a different target matrix: [0 00 1; 1
000;0100;00 1 0]. From these results, we can confirm the reconfigurable operations in both OUPs. The average
crosstalk and mean-square error (MSE) after optimization in each case are summarized in Table 1. We also list the
case of (G, W)= (275 nm, 50 pm) from the previous work [12]. In all cases, the MPLC-based OUPs show comparable
performance, implying that the MPLC-OUP with multiport DCs has excellent robustness against fabrication errors.
Since the fabrication errors can be regarded as deviations of the transfer matrix in each mode mixer, similar robustness
is expected against other types of perturbations such as wavelength shift, temperature change and so on.

4. Conclusion

We have experimentally demonstrated the robustness of integrated OUP based on the MPLC concept. By measuring
several silicon photonic 4x4 OUPs with different design parameters, we show that similar performance is obtained
even when the gap and the length of the multiport DCs change significantly. These results strongly support the inherent
robustness of MPLC-OUPs, which should be advantageous in realizing large-scale OUPs for diverse applications.
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