Scalable Multi-Transverse-Mode Quantum Processor
in Silicon Photonics

Kaveh (Hassan) Rahbardar Mojaver®),

Jelmer J. Renema®@

, Odile Liboiron-Ladouceur®

(M McGill University, Montréal, Canada, hassan.rahbardarmojaver@mcgill.ca

@ MESA+ Institute, University of Twente, The Netherlands, j.j.renema@utwente.nl
@) McGill University, Montréal, Canada, odile.liboiron-ladouceur@mecgill.ca

Abstract We present a multi-transverse-mode quantum processor that encodes quantum states of light
using the first two TE modes. The processor uses multi-mode thermo-optic phase shifters for
independent mode manipulation. Using the proposed processor, we can perform a 4 x 4 optical linear
transformation with only a single Mach-Zehnder interferometer. ©2023 The Author(s)

Introduction

Over the past decades, Silicon photonics
(SiPh) has garnered significant attention due to
its promising attributes, including compatibility
with complementary metal oxide semiconductor
(CMOS), which leads to higher integration
density and lower manufacturing costs [1].
Moreover, SiPh has exhibited tremendous
potential in integrated quantum computing and
quantum information [2]. By encoding single
photons in one degree of freedom, such as
polarization, path, or wavelength, optical qubits
can be generated.

In recent years, path-encoded programmable
quantum gates have been achieved in integrated
photonics, which is a significant step towards a
large-scale photonic quantum system [3].
However, encoding the information on other
degrees of freedom of single photons, such as
polarization and transverse mode, is crucial for
the scalability of the system. Recently, there have
been attempts to encode the information on
orthogonal  quasi-transverse modes and
manipulate the information using transverse
mode integrated quantum gates [4]. However, to
the best of our knowledge a programmable
gate/processor manipulating transverse modes
has not been developed yet.

This paper proposes the Transverse Mode
Encoded Programmable Quantum Processor, a
novel interferometric processor that leverages
the first two transverse electric (TE) modes of
SiPh technology. The design continues our
recent efforts on Multi-Transverse-Mode optical
processors in classical computation [5]. The main
advantage of the proposed transverse mode
encoded programmable quantum processor is its
ability to independently manipulate different
transverse modes. Additionally, the processor
can perform linear transformation with only one
fourth of the MZIs required in a single mode path
encoded counterpart. This paper will discuss the

proposed processor’s theoretical framework, its
implementation, and its potential applications in
quantum information processing.

System Level Design and Discussions

Figure 1 shows a schematic view of a 4 x 4
building block for the proposed processor. All the
components used in this block have already been
experimentally validated and are available in our
open access multi-transverse-mode process
design kit (PDK), which is compatible with
standard 220 nm thick SiPh technology [6]. The
key structure in this block is an MZI with two
multimode input waveguides, each carrying two
modes, TEO and TE1. We use two adiabatic
directional coupler-based mode
multiplexer/demultiplexers  (MUX/deMUX) for
merging and separating the modes. The MUX
converts path-encoded qubits to transverse
mode-encoded qubits in a similar way that a
polarization beam splitter converts polarization-
encoded qubits to path-encoded ones.
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Fig. 1: A Schematic illustration of 4 x 4 building block for the
Transverse Mode Encoded Programmable Quantum
Processor. The block includes a multimode TOPS consisting
of a mode insensitive and a mode-sensitive TOPS. It also
includes a mode exchanger to convert TEO to TE1 and vice
versa.
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In the input of the MUX, we have a generic
path encoded qubit represented as a|0) + b|1),
where |0) and |1) are two basis states
corresponding to the presence of a single photon
on the first and second single mode waveguides,
respectively. The single mode waveguides are
0.5 um wide, allowing only the propagation of the
fundamental TEQO mode. The MUX converts the
path-encoded state to a coherent superposition
of TEO and TE1 transverse electric mode states,
a|TEQ) + b|TE1), of a single photon propagating
in a multi-mode waveguide where |TE0) and
ITE1) are the basis states corresponding to the
propagation of the single photon on TEO and TE1
modes, respectively. The multimode waveguide
is 0.96 um wide, allowing the propagation of TEQ
and TE1. We use mode insensitive MMIs from
the PDK as splitters and combiners of the MZI.

The processor utilizes three multimode
thermo-optic phase shifters (TOPS) - namely, 0,
@, and 6. As illustrated in Fig. 1, each multimode
phase shifter comprises of two cascaded mode-
insensitive and mode-sensitive phase shifters
from the PDK. A mode-insensitive phase shifter
is a wide waveguide with a TiW heater on top. In
a previous study, we demonstrated that for a
TOPS with a width greater than 4 um, the
difference between the thermo-optic coefficients
for the first two TE modes is less than 2% [7].
Therefore, it applies a similar phase shift
(represented as ain Fig. 1) to both TEO and TE1.

We have recently developed a mode-sensitive
TOPS using subwavelength grating (SWG)
structures. These  structures offers an
approximately 1.4 times difference in the two
thermo-optic coefficients, i.e., between the TEO
and TE1 modes. The mode-sensitive TOPS

operates on the principle that TEO propagates
mainly in the 500 nm waveguide center, whereas
TE1 field pattern exhibits two lobes closer to the
waveguide  sidewalls. The  thermo-optic
coefficient of silicon is an order of magnitude
larger than that of oxide, i.e., 1.86x10* K-' and
0.95%10-5 K- for silicon and SiO2, respectively [8].
By engineering the thermo-optic coefficient of the
regions closer to the waveguide sidewalls while
keeping the waveguide center as silicon, we can
realize large difference in the thermo-optic
coefficients between TEO and TE1. The mode-
sensitive phase shifter shown in the fig. 1 applies
1.4 times larger phase shift to TEO compared to
that of TE1. For example, if the phase shift
applied to TE1 is B, TEO experiences 1.4 8 of
phase shift. By selecting appropriate values for a
and B, we can apply any arbitrary phase shifts
onto the two optical modes. For the TOPS 6, the
phase shift applied to TEO and TE1 are 67 and 6.,
respectively. The multimode TOPS is the key
component in this design enabling independent
manipulation of TEO and TE1.

The structure also includes a mode exchanger
developed using inverse design to convert TEO to
TE1 and vice versa [9]. The mode exchanger in
the lower arm provides transmission between the
different TE modes. Without the mode
exchanger, there would be no transmission from
TEO (TE1) at the inputs to TE1 (TEO) at the
outputs. By using inverse design, we achieve
optimal performance and efficient footprint for the
mode exchanger.

Applying the method discussed in [10], we can
define the transfer matrix of the structure by
multiplying the corresponding transfer matrices of
the cascaded blocks from right to left:
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wherein, E,x_TEy and EOx—TEy are the optical field

at the x input/output and y* TE mode,
respectively. p is the optical power splitting ratio
of the MMIs which is equal for TEO and TE1 due
to the mode independence behavior of the MMls.
oo, 0, and 6, are the phase shifts applied to TEO
and ¢4, 6, and §, are the phase shifts applied to
TE1 by the TOPS ¢, 6, and §, respectively. For
p = 0.5, the linear transformation matrix of the
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input optical field to the output optical field is:
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Fig. 2: A 8 x 8 Transverse Mode Encoded Programmable Quantum Processor build on a Clement mesh. This processor
can perform an 8 x 8 unitary matrix transformation with only six MZIs.

By modifying the values of the three TOPS based
on the presented transformation matrix, we can
perform a unitary transformation on the optical
fields of the two paths and two orthogonal modes.
As shown in fig. 1, the presented design performs
a 4 x 4 unitary transformation employing only a
single MZI. In a single mode path encoding
processor, a 4 x 4 unitary transformation requires
a minimum of six MZIs on Reck or Clements
Mesh and minimum of eight MZls on Bokun mesh
[11].

We can use the building block presented in
fig.1 on a larger mesh as shown in fig. 2 to realize
a linear transformation on larger dimensions. In
the presented multi-transverse-mode processor,
the number of MZIs required for an N x N

transformation on Clements mesh is N(N_z), which

is asymptotically one fourth of the MZIs required
in a single mode path encoded system (i.e,

—N(N_l)). The mesh depth (humber of consecutive

MZls in the longest path) is also half of that of
single mode path encoded system. For example,
the structure shown in fig. 2 performs 8 x 8
unitary transformation with a mesh with the depth
of four MZIs. A similar transformation requires a
mesh depth of eight in a single-mode system.

The presented design uses multimode
components such as MMIs, waveguide bends,
crossings, etc., which exhibit slightly larger
insertion loss compared to their single-mode
structure counterparts. However, due to the 50%
reduction in mesh depth, the optical insertion loss
is drastically decreased, leading to overall lower
optical loss and higher scalability. Furthermore,
there have been recent advancements in
developing SiPh multimode components for use
in mode division-multiplexing (MDM)
telecommunication systems [12]. We can
leverage this developing trend in MDM to further
decrease the insertion loss of our proposed
processor and enhance its scalability.

The presented processor is capable of
performing a linear transformation of quantum
states. By utilizing the nondeterministic,
coincidence basis method described in [13], the
presented multi-transverse mode processor can
be programmed to implement heralded quantum

logic and entangling gates. The implementation
of various gates, including heralded and non-
heralded Controlled NOT (CNOT) using universal
linear optics, has already been demonstrated in
[14].

The proposed structure offers two main
advantages compared to the transverse mode
encoded Controlled NOT (CNOT) quantum gate
presented in [4]. Thanks to the multimode TOPS,
the presented design is programmable and can
be programmed to operate as various gates,
whereas [4] can only perform the CNOT
operation. Moreover, our design is tunable,
hence, the TOPS can be adjusted to compensate
for the fabrication variations and dynamic errors
generated from thermal and electrical crosstalk..

Conclusions

We proposed a multi-transverse-mode
quantum processor that utilizes the first two TE
modes for qubit encoding. The design offers
several advantages over traditional single-mode
path-encoded processors. Specifically, our multi-
transverse-mode quantum processor offers 50%
shorter optical depth paths and almost half the
number of Mach-Zehnder interferometers
required for similar transformations. By
employing multi-mode thermo-optic phase
shifters, we can achieve independent
manipulation of optical modes, enabling
programmability  and compensation for
fabrication variations and dynamic errors.
Overall, our design provides a scalable and
versatile platform for quantum information
processing.
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