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ABSTRACT

A method of generating a revised layout for implementing a universal linear optical mesh is
defined. The method comprises starting with a known layout of a universal optical mesh,
wherein: the known layout of the universal linear optical mesh comprises: a plurality of
waveguides; and a plurality of couplers distributed over a plurality of interaction stages,
wherein each coupler couples two of the waveguides. The method further comprises
generating the revised layout by: identifying in the known layout a first arrangement of three
couplers across three consecutive waveguides and obtaining the revised layout by replacing

the first arrangement of three couplers with a second arrangement of three couplers.
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Finding new practical implementations of universal linear optical meshes

Background

[0001] A universal linear optical mesh is an arrangement of waveguides, couplers and, in
some cases, phase shifters that can be used to implement any suitable sized unitary operations
on input light signals by mapping the unitary operation to the components of the universal
linear optical mesh. Such universal linear optical meshes can be used for quantum computing,
optical networking and routing and other optical applications. However, there are only a
couple of known designs/layouts for universal linear optical meshes such as the Reck
triangular scheme. Such designs/layouts may not map well to existing optical hardware,
particularly when manufacturing constraints mean not all components in the optical hardware
are performing at the expected level. In addition, existing universal linear optical mesh
layouts can have known disadvantages, for example in the Reck scheme light in a first
waveguide passes through a least number of couplers while light in an nth waveguide passes
through a maximum number of couplers causing an unequal loss and phase distribution of
light in different waveguides. In addition, the Reck scheme has a relatively large optical path
length as the overall path length is 2n. Thus, it would be useful to have a technique for
generating new layouts for universal linear optical meshes that map better to optical

hardware.

[0002] The embodiments described below are not limited to implementations which solve

any or all of the disadvantages of known universal linear optical mesh layouts.

Summary

[0003] This Summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed subject matter, nor is it intended to

be used as an aid in determining the scope of the claimed subject matter.

[0004] A first aspect provides a method of generating a revised layout for implementing a
universal linear optical mesh. The method comprises starting with a known layout of a
universal optical mesh, wherein: the known layout of the universal linear optical mesh
comprises an arrangement of: a plurality of waveguides; and a plurality of couplers

distributed over a plurality of interaction stages, wherein each coupler couples two of the
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waveguides. The method further comprises either: generating the revised layout by:
identifying in the known layout a first arrangement of three couplers across three consecutive
waveguides numbered k, k+1 and k+2, wherein a first coupler and a third coupler of the three
couplers couple waveguides k+1 and k+2, and a second coupler of the three couplers couples
waveguides k and k+1, wherein the second coupler is positioned between the first coupler
and the third coupler, and wherein no other couplers positioned between the first coupler and
the third coupler couple waveguides k, k+1 or k+2 to another waveguide; and obtaining the
revised layout by replacing the first arrangement of three couplers with a second arrangement
of three couplers, wherein the second arrangement of three couplers comprises a first coupler
and a third coupler that couple waveguides k and k+1 and a second coupler, positioned
between the first coupler and the second coupler, that couples waveguides k+1 and k+2.
Alternatively, the method further comprises generating the revised layout by: identifying in
the known layout a first arrangement of three couplers across three consecutive waveguides
numbered k, k+1 and k+2, wherein a first coupler and third coupler of the three couplers
couple waveguides k and k+1 and a second coupler of the three couplers couples waveguides
k+1 and k+2, wherein the second coupler is positioned between the first and third coupler,
and wherein no other couplers positioned between the first coupler and the third coupler
couple waveguides k+1 or k+2 to another waveguide; and obtaining the revised layout by
replacing the first arrangement of three couplers with a second arrangement of three couplers,
wherein the second arrangement of three couplers comprises a first coupler and a third
coupler that couple waveguides k+1 and k+2 and a second coupler, positioned between the
first coupler and the second coupler, that couples waveguides k and k+1. The above method
provides a way of generating/identifying a candidate arrangement/layout for a universal
linear optical mesh from a known arrangement/layout for a universal linear optical mesh.
This provides increased options for implementing universal linear optical meshes that can

then be used for quantum computing or other optical switching or routing operations.

[0005] In some examples the method further comprises either building optical hardware
based on the revised layout; or mapping the revised layout onto existing optical hardware.
The optical hardware comprises a physical layout of waveguides and couplers. In some
examples, an optical hardware may exist and mapping the revised layout onto the optical
hardware comprises choosing which couplers and waveguides of the optical hardware to
actively use and which to have act as null, unitary or throughput elements based on the

revised layout. In other examples, a new optical hardware may be formed by building a
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system of waveguides and couplers based on the revised layout. This allows the revised

layout to be used practically as universal linear optical mesh.

[0006] In some examples, the known layout of the universal optical mesh is a Reck triangular
mesh. This provides a suitable starting point for the method in that it provides an example of

a known layout of a universal optical mesh that can be used to generate revised layouts.

[0007] In some examples, the method comprises replacing the first arrangement of three
couplers with a second arrangement of three couplers, and the second arrangement of three
couplers comprises a first coupler and a third coupler that couple waveguides k+1 and k+2
and a second coupler, positioned between the first coupler and the second coupler, that
couples waveguides k and k+1. In these examples, the method may further comprise if at a
specific interaction stage containing the first coupler of the first arrangement another coupler
couples waveguides k-1 and k, then in the second arrangement positioning the first coupler in
an interaction stage subsequent to an interaction stage containing the another coupler; and if
at a specific interaction stage containing the third coupler of the first arrangement another
coupler couplers waveguides k-1 and k, then in the second arrangement positioning the third
coupler in an interaction stage preceding an interaction stage containing the another coupler.
This ensures that when the second arrangement is used to replace the first arrangement, no
couplers already in the layout impact the second arrangement by coupling to a waveguide
within the second arrangement within the interaction stages making up the second

arrangement. This ensures the replacement works correctly.

[0008] In other examples, the method comprises replacing the first arrangement of three
couplers with a second arrangement of three couplers, and the second arrangement of three
couplers comprises a first coupler and a third coupler that couple waveguides k and k+1 and a
second coupler, positioned between the first coupler and the first coupler, that couples
waveguides k+1 and k+2. In these examples, the method may further comprise if at a specific
interaction stage containing the first coupler of the first arrangement another coupler couples
waveguides k+2 and k+3, then in the second arrangement positioning the first coupler in an
interaction stage subsequent to the interaction stage containing the another coupler; and if at a
specific interaction stage containing the third coupler of the first arrangement another coupler
couplers waveguides k+2 and k+3, then in the second arrangement positioning the third
coupler in an interaction stage preceding the interaction stage containing the another coupler.

This ensures that when the second arrangement is used to replace the first arrangement, no
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couplers already in the layout impact the second arrangement by coupling to a waveguide
within the second arrangement within the interaction stages making up the second

arrangement. This ensures the replacement works correctly.

[0009] In some examples, the method further comprises compressing the revised layout by if
after the replacing the first arrangement of three couplers with the second arrangement of
three couplers (a) a specific coupler couples waveguides 1 and I+1 and another coupler
couples waveguides 1+2 and 143 at different interaction stages and (b) no other coupler
couples to waveguides I, 1+1, 142 or I+3 at an interaction stage between the different
interaction stages, then further revising the revised layout so that the specific coupler and the
another coupler are within the same interaction stage. Once a revised layout has been
generated, the layout can be compressed to take as few interaction stages as possible. This

allows the universal linear optical mesh to be implemented using a lower optical depth.

[0010] In some examples, the method further comprising generating multiple potential
revised layouts for implementing a universal linear optical mesh. This can be done by either
generating the multiple potential revised layouts by iteratively: starting from a previous
revised layout; identifying in the previous revised layout a first arrangement of three couplers
across three consecutive waveguides numbered k, k+1 and k+2, wherein a first coupler and a
third coupler of the three couplers couple waveguides k+1 and k+2, and a second coupler of
the three couplers couples waveguides k and k+1, wherein the second coupler is positioned
between the first coupler and the third coupler, and wherein no other couplers positioned
between the first coupler and the third coupler couple waveguides k, k+1, or k+2 to another
waveguide; and obtaining an updated revised layout by replacing the first arrangement of
three couplers with a second arrangement of three couplers, wherein the second arrangement
of three couplers comprises a first coupler and a third coupler that couple waveguides k and
k+1 and a second coupler, positioned between the first coupler and the second coupler, that
couples waveguides k+1 and k+2. Alternatively, this can be done by iteratively: starting from
a previous revised layout; identifying in the previous revised layout a first arrangement of
three couplers across three consecutive waveguides numbered k, k+1 and k+2, wherein a first
coupler and third coupler of the three couplers couple waveguides k and k+1 and a second
coupler of the three couplers couples waveguides k+1 and k+2, wherein the second coupler is
positioned between the first and third coupler, and wherein no other couplers positioned

between the first coupler and the third coupler couple waveguides k, k+1 or k+2 to another
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waveguide; and obtaining an updated revised layout by replacing the first arrangement of
three couplers with a second arrangement of three couplers, wherein the second arrangement
of three couplers comprises a first coupler and a third coupler that couple waveguides k+1
and k+2 and a second coupler, positioned between the first coupler and the second coupler,
that couples waveguides k and k+1. Thus the method described above can be repeated to
provide multiple options or revised layouts for a universal linear optical mesh. The multiple
options for the revised layouts can be analysed and a most suitable option for implementing
the universal linear optical mesh layout chosen to practically/physically implement the
universal linear optical mesh. In some cases, iterations may repeat until the result is a second
known layout for a universal linear optical mesh. In other cases, iterations may repeat until no
more first arrangements of the form from the iteration can be found in the previous revised
layout. In yet other cases, a fixed number of iterations may be performed to obtain a suitable
number of potential revised layouts for further analysis. Alternatively, the number of

iterations may be the same as the number of modes of waveguides.

[0011] In some examples, the method further comprises mapping each of the multiple
potential revised layouts onto an optical hardware comprising a plurality of waveguides and a
plurality of couplers, wherein each coupler of the plurality of couplers couples two
waveguides from the plurality of waveguides. The optical hardware can comprise existing
optical hardware. The mapping the potential revised layouts onto the optical hardware
comprises mapping the arrangement of waveguides and couplers from each potential revised
layout onto the actual waveguides and couplers of the optical hardware such that the optical
hardware can be used to implement practically and physically the universal linear optical

mesh.

[0012] In some examples, the optical hardware comprises a fully connected linear optical
mesh comprising n waveguides, wherein the waveguides are numbered consecutively from 1
to n, and n is a positive integer of at least 3; and a plurality of couplers, wherein: at a first
series of interaction stages in the fully connected linear optical mesh a waveguide numbered i
is coupled to a waveguide i+1 by a coupler, wherein i is an odd positive integer from 1 to n-1;
at a second series of interaction stages in the fully connected linear optical mesh a waveguide
numbered j is coupled to a waveguide numbered j+1 by a coupler, wherein j is an even

positive number from 2 to n-1; and the first series of interaction stages and the second series



22 Aug 2025

2025220838

of interaction stages alternate. This provides a practical optical hardware set up that may be

used as a base for implementing unitaries via implementing the universal linear optical mesh.

[0013] In some examples, the method further comprises obtaining a characterization of the
optical hardware, wherein the characterization of the optical hardware identifies couplers in
the optical hardware that underperform relative to other couplers in the optical hardware;
identifying one or more revised layouts of the multiple potential revised layouts that do not
require use of a coupler at a position in the optical hardware where a coupler underperforms
relative to other couplers in the optical hardware; and selecting a selected revised layout from
the one or more revised layouts. In general, manufacturing errors means optical hardware is
often underperforming with some couplers of the optical hardware having a lower
performance than other couplers of the optical hardware. It can therefore be desirable to
implement a universal linear optical mesh on the optical hardware while “ignoring” the
underperforming optical elements by having them act as zero or throughput elements that do
not interact with light in the waveguides and do not couple waveguides. To this end, the
multiple potential revised layouts can all be mapped to optical hardware where the
underperforming couplers have been identified in a way that minimizes the use of these
underperforming couplers when implementing the universal linear optical mesh. When
multiple potential revised layouts for a universal linear optical mesh exist, then these can all
be mapped to the optical hardware and a layout that minimizes or doesn’t use the
underperforming couplers of the hardware selected for a practical implementation of the

universal linear optical mesh.

[0014] In some examples selecting the revised layout from the one or more revised layouts
comprises either: selecting the selected revised layout from the one or more revised layouts at
random; or selecting the selected revised layout that most closely reflects the Reck triangular
mesh layout; or selecting the selected revised layout with the lowest optical depth. When
more than one of the multiple potential revised layouts minimize use of the underperforming
couplers, then a revised layout from these more than one layouts needs to be chosen for

implementation on the optical hardware. The above provides ways to do this.

[0015] In some examples, the method further comprises using the optical hardware to
implement the revised layout or selected revised layout; and optionally mapping a unitary
operation onto the revised layout or selected revised layout; and using the revised layout or

selected revised layout to implement the unitary operation on the fully connected linear
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optical mesh. Thus, the revised layout can be practically implemented on optical hardware
and used to implement unitary operations for quantum computing, optical routing, optical

switching or any other purpose.

[0016] In some examples each coupler comprises a tuneable beam splitter, and optionally,
wherein each tuneable beam splitter comprises a Mach-Zehnder interferometer with a phase
shifter in one path or both paths of the Mach—Zehnder interferometer. This provides a

practical way to implement the couplers.

[0017] A second aspect provides a classical computing device comprising: a processor; and a
memory, wherein the memory stores instructions that when executed by the processor causes

the processor to implement a method accord to any of the above examples.

[0018] A third aspect provides a non-transitory computer readable storage medium
comprising instructions that when executed by a processor cause the processor to implement

a method according to any of the above examples.

[0019] The methods described herein may be performed by software in machine readable
form on a tangible storage medium e.g. in the form of a computer program comprising
computer program code means adapted to perform all the steps of any of the methods
described herein when the program is run on a computer and where the computer program
may be embodied on a computer readable medium. Examples of tangible (or non-transitory)
storage media include disks, thumb drives, memory cards etc and do not include propagated
signals. The software can be suitable for execution on a parallel processor or a serial
processor such that the method steps may be carried out in any suitable order, or

simultaneously.

[0020] This acknowledges that firmware and software can be valuable, separately tradable
commodities. It is intended to encompass software, which runs on or controls “dumb” or
standard hardware, to carry out the desired functions. It is also intended to encompass
software which “describes” or defines the configuration of hardware, such as HDL (hardware
description language) software, as is used for designing silicon chips, or for configuring

universal programmable chips, to carry out desired functions.

[0021] The preferred features may be combined as appropriate, as would be apparent to a

skilled person, and may be combined with any of the aspects of the invention.
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Brief Description of the Drawings

[0022] Embodiments of the invention will be described, by way of example, with reference

to the following drawings, in which:

[0023] Figure 1 shows an example of a known layout for a universal linear optical mesh

according to a Reck scheme

[0024] Figure 2 is a flow diagram of a method for generating revised layouts for universal

linear optical meshes;

[0025] Figure 3 shows an arrangement of couplers in Figure 3(1) that can be substituted for

an arrangement of couplers in Figure 3(2) in accordance with the disclosure;

[0026] Figures 4A to 4J show results of an iterative/repeated method for generating multiple
potential revised layouts for a universal linear optical mesh from a known linear optical

mesh;

[0027] Figures SA to 5J show results of an alternative iterative/repeated method for
generating multiple potential revised layouts for a universal linear optical mesh from a known

linear optical mesh;

[0028] Figures 6A to 6K show mappings of a known universal linear optical mesh and
multiple revised layouts for a universal linear optical mesh to optical hardware comprising

underperforming couplers;
[0029] Figure 7 shows a potential implementing of a coupler; and

[0030] Figure 8 shows a classical computing system that can be used to implement the

example methods of this application.

[0031] Common reference numerals are used throughout the figures to indicate similar

features.

Detailed Description

[0032] Embodiments of the present invention are described below by way of example only.
These examples represent the best ways of putting the invention into practice that are

currently known to the Applicant although they are not the only ways in which this could be

8
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achieved. The description sets forth the functions of the example and the sequence of steps
for constructing and operating the example. However, the same or equivalent functions and

sequences may be accomplished by different examples.

[0033] Quantum computing is a developing field of technology wherein the bits of a classical
computer are replaced by quantum bits, or qubits, that can be in a superposition of zero and
one at the same time. This combined with entanglement has resulted in the development of
quantum computing algorithms that have improved time scaling with the size of the input
problem compared to best known classical cases. In some instances, such as Shor’s factoring
algorithm, these improvements can be exponential. In order to implement these algorithms, it
would be desirable to build a universal quantum computer. While various different
technologies exist to build quantum computers and qubits, one promising technology is
optical or photonic quantum computing wherein the qubits are encoded in photons or
squeezed states of light. While in optical or photonic quantum computing, specific circuits
can be constructed to implement an algorithm, ideally hardware that can be used for any
quantum algorithm (e.g. universal hardware) would be used. One option for such hardware is
a universal linear optical mesh which can be used as part of a photonic quantum computer to
implement any quantum unitary operation as part of a quantum algorithm. A universal linear

optical mesh can also be known as a Multi-mode Mach-Zehnder interferometer.

[0034] A universal linear optical mesh comprises a plurality of waveguides and a plurality of
couplers wherein each coupler couples two waveguides. In use, modes of light will travel
through the waveguides from an input port to an output. The modes of light can comprise
qubits, squeezed light, laser light, qudits etc. Each coupler can be used to couple the modes of
light in the waveguides coupled by the coupler. In this regard it is noted that the couplers are
variable or tuneable. Hence, each coupler can be tuned to couple the modes of light in the
waveguides coupled by the coupler or can be tuned to allow the modes of light to pass

through without coupling.

[0035] A linear optical mesh can be considered to be an arrangement of waveguides and
couplers wherein each coupler couples a pair of nearest neighbour waveguides at an
interaction stage. In use, each waveguide transports/guides/carries light with a mode of light
coupling between waveguides via couplers. Each mode of light can be considered to travel
from an input port to an output port. The interaction stages can also be referred to as interface

stages, interaction points or interface points and can be considered to be a point along a
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waveguide where a coupler is positioned. In general it would be expected that multiple pairs
of waveguides couple via a corresponding coupler at each interaction stage. However, this is
by no means essential so in some examples there may be only a single pair of waveguides
coupling at one or more or even all of the interaction stages. The layout of a universal linear
optical mesh is a layout of waveguides and couplers that enable the universal linear optical
mesh to be implemented on optical hardware comprising the waveguides and couplers. In
some examples the optical hardware used to implement a universal optical mesh may
comprise more waveguides and couplers than needed to implement the universal linear

optical mesh and some components of the optical hardware will not be used.

[0036] Universal linear optical meshes are universal since any unitary can be mapped to a
suitably sized universal linear optical mesh. However, only a couple of designs for such
universal linear optical meshes are known. One example is known as a Reck’s triangular
scheme, which is shown in Figure 1. In this scheme there are n waveguides numbered from 1
to n, wherein n is a positive integer of at least 3. In the Reck scheme, the waveguides
interface in a triangular pattern over 2n-3 interaction stages. Here, n waveguides numbered
from 1 to n, wherein n is a positive integer, interface in a plurality of interaction stages. In the
Reck scheme, the interaction stages are arranged in a linear fashion such that they taper up in
the number of interaction stages each path encounters if traced from any input i to
corresponding output i. Here, the number of interaction stages along any waveguide path
numbered i to corresponding output i is equal to i for all i from 1 to n-1. In the Reck scheme,
at the first subset of the interaction stages j where j is an odd number, waveguides numbered 1
interface with waveguides numbered i-1, wherein i is an integer from the set {n, n-2,...,2}. In
a second subset of the interaction stages j, where j even number, waveguides numbered k
interface with waveguides numbered k+1 wherein k is an even number from the set {n-1,n-
3,...,1}. The first subset and second subset of interaction stages alternate and either the first

or second subset of interaction stages can be the first or initial interaction stages.

[0037] Another known scheme is the Clements rectangular scheme. Here n waveguides
numbered from 1 to n, wherein n is a positive integer, interface in a plurality of interaction
stages. In the Clements scheme, at a first subset of the interaction stages waveguides
numbered i interface with waveguides numbered i+1 wherein 1 is an odd number from 1 to n-
1 and in a second subset of the interaction stages waveguides numbered j interface with

waveguides numbered j+1 wherein j is an even number from 2 to n-1. The first subset and

10
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second subset of interaction stages alternate and either the first or second subset of interaction

stages can be the first or initial interaction stages in the universal optical mesh.

[0038] While schemes for implementing universal linear optical meshes are known, these
have disadvantages. For example, in the Reck scheme light in a first waveguide passes
through a least number of couplers while light in an nth waveguide passes through a
maximum number of couplers causing an unequal loss and phase distribution for light in
different waveguides. In addition, the Reck scheme has a relatively large optical path length
as the overall path length is 2n. It would be advantageous to be able to find new layouts for a

universal linear optical mesh that overcome these disadvantages.

[0039] In addition, the above two designs/layouts are mapped to optical hardware to enable
their implementation. In some examples, the optical hardware is built to the layout of the
linear optical mesh. However, in many practical implementations the optical hardware will
pre-exist (such as in the form of a fully connected linear optical mesh or another optical
hardware comprising a plurality of waveguides and couplers) and then the universal linear
optical mesh will be mapped onto the components that exist in the optical hardware. One or
more couplers in the optical hardware may have lower performance than the other couplers in
the optical hardware due to manufacturing tolerances. Depending on the position of the one
or more couplers in the optical hardware, the existing designs/layouts may require use of
these one or more couplers and these one or more coupler may result in significant errors in
any unitary implemented. It is thus desirable to identify other potential universal linear
optical meshes to enable a suitable universal linear optical mesh to be chosen to take into
account manufacturing constraints e.g. lower performance components and/or resource trade

offs for particular unitaries.

[0040] While the above has concentrated on quantum computing, universal linear optical
meshes can be used to implement other optical operations that can be expressed by unitaries.
For example, universal linear optical meshes can be used to implement optical
routing/switching, linear optical operations, phase matching, splitting light (e.g. using a
Fourier transform to split light into n equal modes), machine learning applications and other

optical computing operations.

[0041] Given the above, a method for generating/obtaining revised layouts for universal

linear optical meshes is disclosed. This method allows one or more alternative universal

11
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linear optical meshes to be generated/obtained from a known layout for a universal linear
optical mesh by a simple substitution of couplers in the known universal linear optical mesh.
By repeat substitution, it is possible to obtain multiple universal linear optical meshes and
then map these onto the existing optical hardware or build new optical hardware based on
these layouts. A suitable universal linear optical mesh can then be chosen based on the
bounds and/or limitations of the hardware to enable a general unitary operation to be

implemented.

[0042] Figure 2 shows a flow chart of a method 200 for generating/determining a revised
layout for a universal linear optical mesh from a known layout for a universal linear optical
mesh. The generated/obtained revised layout can then be mapped to a fully connected linear
optical mesh or other existing optical hardware and used to implement unitaries on the fully

connected linear optical mesh or other existing optical hardware.

[0043] In step 210, the method comprises starting from or with the known layout for a
universal optical mesh. The known layout may comprise one of the known layouts described
above. For example, the known layout may comprise the Reck triangular mesh. Alternatively,
the known layout may comprise the Clements rectangular mesh. However, in other examples
the known layout may comprise any other known layout for a universal linear optical mesh

which may have been obtained using the method of Figure 2 itself or in any other way.

[0044] In step 220, the method then comprises identifying in the known layout an
arrangement of three couplers across three waveguides wherein, as explained in more detail
below, the couplers are arranged in a triangular or inverse triangular arrangement. The three
couplers can be represented by a 3x3 unitary matrix or 3%3 unitary which can be used to
define how the coupler couples the modes of light in the three waveguides. In step 230, the
method comprises obtaining the revised layout by replacing the arrangement of three couplers
with an alternative arrangement of three couplers. In this regard, if the arrangement of three
couplers is a triangular arrangement, then the alternative arrangement is an inverse triangular
arrangement. Conversely, if the arrangement of three couplers if an inverse triangular

arrangement then the alternative arrangement is a triangular arrangement.

[0045] In regards to the above substitutions, the skilled person would understand that in order
to map a unitary, U(8, ¢), onto a universal linear optical mesh such as a Reck triangular

mesh or a Clements rectangular mesh, the unitary needs to be parameterized into a product of

12
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unitaries in the group SU(2). This can be done a process known as nullification where
elements of the unitary U (6, ¢) are nulled in a triangle and the direction of nulling is fixed to
right multiplication where column transformations are used (as opposed to left multiplication
where row transformations are used). It is known from the document R. Vanderbril et al. “A
parallel QR-factorization/solver of quasiseparable matrices” Electronic Transactions on
Numerical Analysis, Volume 30, pages 144-167 that for a 3x3 unitary matrix and fixing the
direction to right multiplication, there are two ways to do this either starting from the lower
left element in the 3x3 unitary matrix or starting from the upper right element of the 3x3

unitary matrix.

[0046] If the nulling starts from the lower left element then a lower left triangle of the 3x3
unitary matrix is nullified. This results in a 3x3 unitary matrix being decomposed into three

2x2 unitary matrices as shown in equation 1 wherein:

X X X x x 011 0 O][x x O
[x x xl = [x X O] [0 X x] [x x 0] (1).
X x X

0 0 1110 x xIl0O 0 1

Similarly, if the nulling starts from the upper right element then an upper right triangle of the
3%3 unitary matrix is nullified. This results in a 3x3 unitary matrix being decomposed into

three 2x2 unitary matrices as shown in equation 2, wherein:

1 0 0][x x O]f1 0 O
=[0xx”xx0”0xx](2).

0 x xll0O 0 1110 x «x

X X X
X X X
X X X

In equations (1) and (2) above, the entries x represent values in the matrix and the values may

differ between elements. The equations (1) and (2) are equivalent up to a global phase.

[0047] Turning now to Figure 3, in arrangements of waveguides and couplers, equation (1)
can be mapped onto the arrangement of three waveguides and couplers shown in Figure 3(1),
wherein the couplers are tuned to implement the 2x2 matrices. Here there are three
waveguides numbered 1, 2, 3 and in a first interaction stage waveguide 2 is coupled to
waveguide 3 via a first coupler, in a second interaction stage waveguide 1 is coupled to
waveguide 2 via a second coupler and in a third interaction stage waveguide 2 is coupled to

waveguide 3 via a third coupler. Similarly, equation (2) can be mapped onto the arrangement
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of three waveguides and couplers shown in Figure 3(2). Here there are also three waveguides
numbered 1, 2 and 3. However, here, in the first interaction stage waveguide 1 couples to
waveguide 2 via a first coupler, in the second interaction stage waveguide 2 couples to
waveguide 3 via a second coupler, and in the third interaction stage waveguide 1 couples to
waveguide 2 via a third coupler. As equations (1) and (2) are equivalent up to a global phase
(which can be ignored since it cannot be measured) so are Figures 3(1) and Figures 3(2).
Thus, in any arrangement of a universal linear optical mesh, an arrangement of couplers as
shown in Figure 3(1) can be replaced with an arrangement of couplers as shown in Figure
3(2) and vice versa without impacting the universality of the universal linear optical mesh.
This allows alternative arrangements for a universal linear optical mesh to be

generated/obtained.

[0048] In order to be able substitute equation (1) and equation (2) and hence the arrangement
in Figure 3(1) and Figure 3(2), in a universal linear optical mesh, the 3x3 unitary being
decomposed needs to be independent of any other coupler being implemented in that no other
coupler should couple to a mode of light (or waveguide) represented by the unitary within the
interaction stages represented by the unitary. Otherwise the replacement will impact the other
3%3 unitary. In regards to identifying when the 33 unitary is independent based on an
arrangement in a universal linear optical mesh, then this is the case if no other coupler
interferes or is formed within the arrangement of the three couplers. In regards to Figure 3(1)
this requires that no other coupler couples to waveguides 1, 2 or 3 between the first coupler
and third coupler. In regards to Figure 3(2) this requires no other waveguide couples to
waveguides 1, 2 or 3 between the first coupler and the third coupler. Examples of coupler
arrangements that can and cannot be substituted are shown in Figure 1 where the cross-
hatched arrangement cannot be substituted due to a blocking coupler while the fully shaded

arrangement can be substituted.

[0049] The above description has described a decomposition of a 3%3 unitary and so referred
to a first, second and third waveguide. However, the above substitutes can be used as part of a
larger system. In this regard, the above substitutions can be considered to apply to three

waveguides from a larger system where the waveguides are numbered k, k+1 and k+2.

[0050] With the above defined, steps 220 and 230 of Figure 2 can be discussed in more
detail. In particular, step 220 the identifying the known layout of three couplers comprises

identifying either the arrangement of couplers shown in Figure 3(1) or Figure 3(2) while the
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step 230 comprises replacing this with the alternative layout shown in Figure 3(2) or Figure

3(1).

[0051] In a first example, the arrangement of couplers shown in Figure 3(1) is replaced with
the arrangement of couplers shown in Figure 3(2). In this example, the step of identifying in
the known layout a first arrangement of three couplers across three waveguides comprises
identifying three couplers across three consecutive waveguides, which are numbered k, k+1
and k+2 as described above for convenience (and wherein k is a positive integer). The
identified three couplers comprise a first coupler that couples waveguide k+1 and k+2, a
second coupler that couples waveguides k and k+1 and a third coupler than couples
waveguides k+1 and k+2, wherein the three couplers are positioned in separate interaction
stages in numerical order. In some examples the three couplers are positioned in consecutive
interaction stages. However, in all examples, there should be no other couplers between the
first coupler and the third coupler that also couple waveguides k, k+1 or k+2 to another
waveguide. Thus, the first arrangement identified corresponds to the arrangement of
waveguides shown in Figure 3(1) and described by equation (1). In this example, the step of
obtaining the revised layout by replacing the arrangement of three couplers with an
alternative arrangement of three couplers comprises replacing the first arrangement of three
couplers with a second arrangement of three couplers comprising a first coupler that couples
waveguides k and k+1, a second coupler that couples waveguides k+1 and k+2 and a third
waveguide that couples waveguides k and k+1. The three couplers are arranged numerically
with each coupler being in a different interaction stage. In some examples, the three couplers
can be positioned in consecutive interaction stages. This second arrangement of three

couplers is equivalent to the arrangement shown in Figure 3(2) and described be equation (2).

[0052] Figure 4A shows an example of the above first example substitution occurring when
the known starting layout is a Reck triangular lattice. Here the three couplers on the right are
being substituted. However, the skilled person would understand that as an alternative the
three couplers on the left could also be substituted. As the three couplers being substituted
meet the requirements above and the initial starting layout is a universal linear optical mesh
the obtained arrangement is also a universal linear optical mesh. In this case, the obtained
universal linear optical mesh is previously unknown. This revised layout provides an
alternative way of implementing a universal linear optical mesh which may map in an

improved way to optical hardware when the optical hardware has manufacturing errors.
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[0053] In a second example, the arrangement of couplers shown in Figure 3(2) is replaced
with the arrangement of couplers shown in Figure 3(1). In this example, the step of
identifying in the known layout a first arrangement of three couplers across three waveguides
comprises identifying three couplers across three consecutive waveguides, which are
numbered k, k+1 and k+2 as described above for convenience (and wherein k is a positive
integer). The identified three couplers comprise a first coupler that couples waveguide k and
k+1, a second coupler that couples waveguides k+1 and k+2 and a third waveguide couples
waveguides k and k+1, wherein the three couplers are positioned in separate interaction
stages in numerical order. In some examples the three couplers are positioned in consecutive
interaction stages. However, in all examples, there should be no other couplers between the
first coupler and the third coupler that also couple waveguides k, k+1 or k+2 to another
waveguide. Thus, the first arrangement identified corresponds to the arrangement of
waveguides shown in Figure 3(2) and described by equation (2). In this example, the step of
obtaining the revised layout by replacing the arrangement of three couplers with an
alternative arrangement of three couplers comprises replacing the first arrangement of three
couplers with a second arrangement of three couplers comprising a first coupler that couples
waveguides k+1 and k+2, a second coupler that couples waveguides k and k+1 and a third
waveguide that couples waveguides k+2 and k+2. The three couplers are arranged
numerically with each coupler being in a different interaction stage. In some examples, the
three couplers can be positioned in consecutive interaction stages. This second arrangement
of three couplers is equivalent to the arrangement shown in Figure 3(1) and described be

equation (1).

[0054] Figure SA shows an example of the above second example substitution occurring
when the known starting layout is an upside down Reck triangular lattice. Here the three
couplers on the left are being substituted. However, the skilled person would understand that
as an alternative the three couplers on the right could also be substituted. As the three
couplers being substituted meet the requirements above and the initial starting layout is a
universal linear optical mesh the obtained arrangement is also a universal linear optical mesh.
In this case, the obtained universal linear optical mesh is previously unknown. Thus, this
layout provides an increased number of options for implementing the universal linear optical

mesh on optical hardware.
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[0055] Given the above, the method 200 from Figure 2 enables an alternative or revised
layout for implementing a universal linear optical mesh to be derived from a known layout
for a universal linear optical mesh. This allows schemes, arrangements or layouts for
implementing universal linear optical meshes to be obtained that allow different forms of

hardware to be used to implement universal linear optical meshes.

[0056] In some examples, as well as generating/obtaining alternative or revised layouts of
universal linear optical meshes, the method comprises using the alternative or revised layout.
In order to use the revised layout, the revised layout is mapped to an optical hardware or an
optical hardware is formed to match the revised layout. In some examples, the optical
hardware may comprise a fully connected interferometer or fully connected optical mesh.
Such a fully connected interferometer or fully connected optical mesh may comprise n
waveguides numbered from 1 to n wherein n is a positive integer of at least 3. Each
waveguide can be considered to have a start and end and a mode of light in a fully connected
optical mesh can couple between waveguides via couplers. The fully connected
interferometer or fully connected optical mesh can comprise a plurality of couplers arranged
in two sets of interaction stages. In a first set of interaction stages, a coupler couples
waveguides numbered i to waveguides numbered i+1 wherein i is an odd number from 1 to n-
1. In second set of interactions stages, a coupler couples waveguides numbered j to
waveguides numbered j+1 wherein j is an even number from 2 to n-1. The first and second
set of interaction stages alternate. The initial interaction stage in the fully connected
interferometer or fully connected optical mesh is the first or initial set of couplers after the
start of the waveguides or the point where the modes of light enter the fully connected
interferometer e.g. the most downstream interaction stage. The initial interaction stage can be
either part of the first set of interaction stages or the second set of interaction stages. In other
examples alterative optical hardware comprising waveguides and couplers is used. In either
case, mapping the revised layout to the optical hardware can comprise overlaying the
waveguides and couplers of the revised layout with the waveguides and couplers of the
optical hardware wherein not all couplers or waveguides of the optical hardware need to be
used. Alternatively, an optical circuit or optical hardware may be built specifically based on
the revised layout with waveguides and couplers positioned according to the revised layout.
Once the revised layout has been mapped to optical hardware or specific optical hardware has
been built, the optical hardware can be used to implement quantum operations and unitaries

via the revised layout.
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[0057] Figure 2 has described a method 200 of obtaining/generating a revised layout for
implementing a universal linear optical mesh. In some examples, this method can be repeated
to obtain/generate multiple revised layouts for implementing a universal linear optical mesh.
As discussed in more detail below, these multiple revised layouts can then be analysed to

determine a suitable layout for a particular hardware or problem.

[0058] In order to obtain or generate multiple revised layouts, the method 200 of Figure 2 is
repeated multiple times wherein each time the method is repeated a new potential revised
layout is obtained. Each repetition can also be referred to as an iteration. However, the skilled
person would understand that each repetition or iteration obtains a revised layout rather than

the procedure being repeated or iterated until a single revised layout is obtained.

[0059] Given the above, in some examples, the method comprises performing multiple
iterations or repetitions of the method in Figure 2. To this end, the first iteration or repetition
starts from a known layout for a universal linear optical mesh and the method of Figure 2 is
implemented as described above. In each subsequent iteration or repetition, the starting layout
is the revised layout obtained in a previous repetition or iteration. The method then comprises
repeating the steps of Figure 2 to obtain an additional revised layout. It is noted to avoid
“backstepping” each iteration or repetition should perform the same substitution. Thus, if the
first iteration or repetition involves replacing a layout of couplers from Figure 3(1) with a
layout of couplers from Figure 3(2) then subsequent repetitions should also perform this form
of replacement. Similarly if the first iteration or repetition involves replacing a layout of
couplers from Figure 3(2) with a layout of a couplers from Figure 3(1) then the subsequent

repetitions should also perform this form of replacement.

[0060] In a first example the method comprises repeatedly identifying a first arrangement of
three couplers (as shown in Figure 3(1)) across three consecutive waveguides numbered k,
k+1 and k+2. In each repetition or iteration, the three consecutive waveguides can be
different consecutive waveguides e.g. k can be a different value for each iteration or
repetition. To that end, instead of k the value k: can be used where t is the number of the
repetition or iteration although in the below k is used and taken as potentially different for
each iteration. The three couplers are in a first arrangement wherein a first coupler couples
waveguides k+1 and k+2, a second coupler couples waveguides k and k+1 and a third coupler
couples waveguides k+1 and k+2. The couplers are positioned in different interaction stages

in numerical order. In some examples, the three couplers can be positioned in consecutive
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interaction stages. However, in all examples, no other coupler between the first and third
coupler couples waveguides k, k+1, or k+2 to another waveguide. The method then
comprises, in each repetition or iteration, replacing the first arrangement of three waveguides
with a second arrangement of three waveguides wherein the second arrangement comprises a
first coupler that couples waveguides k and k+1, a second coupler that couples waveguides
k+1 and k+2 and a third coupler that couples waveguides k and k+1. The three couplers in the
second arrangement are also in different interaction stages and arranged in numerical order.
Again, in some examples the three couplers may be consecutive couplers. The
repetitions/iterations can be performed until either a known layout of a universal linear
optical mesh is obtained or no further forms of the first arrangement can be identified in the

revised layout.

[0061] Figure 4A mentioned above, showed a first iteration of method 200 of Figure 2 in
relation to the first example described above. Figures 4B, 4C, 4D, 4E, 4F, 4G, 4H, 41 and 4]
show further iterations of this method in relation to the first example. The final layout shown
in Figure 4J does not contain any additional coupler arrangements of the form from Figure
3(1) thus the method can end. Alternatively, the method can be reperformed starting from the
inverse Reck layout and generating an additional plurality of revised layouts by replacing the
coupler arrangement from Figure 3(2) with the coupler arrangement from Figure 3(1). This
generates another set/group/collection/plurality/multiple of potential revised layouts. While
the example in Figures 4A-4J shows the method 200 starting from the right hand side, it
would also be possible to generate a plurality of potential revised layouts starting from the

left hand side.

[0062] In a second example, the first iteration or repetition involves replacing a layout of
couplers from Figure 3(2) with a layout of couplers from Figure 3(1) and subsequent
repetitions should also perform this form of replacement. To this end, in the second example
the method comprises repeatedly identifying a first arrangement of three couplers across three
consecutive waveguides numbered k, k+1 and k+2. In each repetition iteration, the three
consecutive waveguides can be different consecutive waveguides e.g. k can be a different
value for each iteration or repetition. To that end, instead of k the value k: can be used where t
is the number of the repetition or iteration. Although once again in the below, the notation k
is used and taken to be potentially different for each iteration/repetition. The three couplers

are in a first arrangement wherein a first coupler couples waveguides k and k+1, a second

19



22 Aug 2025

2025220838

coupler couples waveguides k+1 and k+2 and a third coupler couples waveguides k and k+1.
The couplers are positioned in different interaction stages in numerical order. In some
examples, the three couplers can be positioned in consecutive interaction stages. However, in
all examples, no other coupler between the first and third coupler couples waveguides k, k+1
or k+2 to another waveguide. The method then comprises, in each repetition or iteration,
replacing the first arrangement of three waveguides with a second arrangement of three
waveguides wherein the second arrangement comprises a first coupler that couples
waveguides k+1 and k+2, a second coupler that couples waveguides k and k+1 and a third
coupler that couples waveguides k+1 and k+2. The three couplers in the second arrangement
are also in different interaction stages and arranged in numerical order. Again, in some
examples the three couplers may be consecutive couplers. The repetitions/iterations can be
performed until either a known layout of a universal linear optical mesh is obtained or no

further forms of the first arrangement can be identified in the revised layout.

[0063] Figure SA mentioned above, showed a first iteration of method 200 of Figure 2 in
relation to the second example described above. Figures 5B, 5C, 5D, SE, 5F, 5G, 5H, 51, and
5J show further iterations of this method in relation to the first example. The final layout
shown in Figure 5J does not contain any additional coupler arrangements of the form from
Figure 3(2). Thus, the method can end as another iteration/repetition cannot be performed.
Alternatively, the method can be reperformed starting from the Reck layout and generating an
additional plurality of revised layouts by replacing the coupler arrangement from Figure 3(1)
with the coupler arrangement from Figure 3(2). This generates another
set/group/collection/plurality/multiple of potential revised layouts. While the example in
Figures 5A-5J shows the method 200 starting from the left hand side, it would also be

possible to generate a plurality of potential revised layouts starting from the right hand side.

[0064] When replacing the first arrangement of three couplers with a second arrangement of
three couplers the 3%3 unitary needs to remain independent in that no other coupler in the
universal linear optical mesh should interfere couple to a mode (or waveguide) represented
by the 3x3 unitary within the interaction stages represented by the 3x3 unitary. To this end,
the second arrangement of three couplers may shift interaction stages compared to the first
arrangement of three couplers. Hence, if at a specific interaction stage, which can be referred
to as a first interaction stage or specified interaction stage, in the first arrangement the first

coupler of the three couplers couples waveguides k+1 and k+2 and another coupler in the
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same specific/first interaction stage couples waveguides and k-1 and k, then in the second
arrangement, the first coupler of the second arrangement, which couples waveguides k and
k+1, is positioned in a subsequent interaction stage to the another coupler. This can be done
by having the first coupler be positioned in a subsequent interaction stage to the first
interaction stage or having the another coupler be positioned in a preceding interaction stage
to the first interaction stage or both. This is to avoid either having two couplers couple to
waveguide k in the same interaction stage or to have the another coupler interfere with the
second arrangement of couplers. This shifting is shown in Figure 4A where in interaction
stage 5 the first coupler of the first arrangement couples waveguides 4 and 5 and the another
coupler couples waveguides 2 and 3. In the second arrangement the first coupler of the
second arrangement is placed in interaction stage 6 and couples waveguides 3 and 4 while the
another coupler remains in interaction stage 5. This prevents the another coupler being

positioned within the second arrangement and thus interfering with these couplers.

[0065] Similar to the above, if at a specific interaction stage, which can be referred to as a
second interaction or another specific interaction stage or a specified interaction stage, a third
coupler of the first arrangement, which couples waveguides k and k+1, occurs in the same
second interaction stage as another coupler which couples waveguides k+2 and k+3, then in
the second arrangement the third coupler of the second arrangement is positioned in an
interaction stage preceding the interaction stage containing the another coupler. This can
involve the third coupler being placed in an interaction stage preceding the second interaction
stage or the another coupler is positioned in an interaction stage after the second interaction
stage or both. This ensures the another coupler does not interfere with the second
arrangement and ensures the third coupler and another coupler do not try to couple to the

same waveguide in a same interaction stage.

[0066] While the above has focused on coupler arrangement rules when an arrangement such
as that in Figure 3(1) with the arrangement in Figure 3(2) similar rules also apply when
replacing the arrangement in Figure 3(2) with Figure 3(1). Here, the specific interaction
stage, can be referred to as a first interaction stage or specified interaction stage. If the first
coupler of the first arrangement couples waveguides k and k+1 and another coupler couples
waveguides k+2 and k+3 in this first interaction stage then the first coupler of the second
arrangement is positioned at an interaction stage subsequent to the another coupler e.g. by

being placed in an interaction stage subsequent to the first interaction stage or by placing the
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another coupler in an interaction stage proceeding the first interaction stage. Similarly, if at a
specific interaction stage referred to as a second interaction stage or another specified
interaction stage, the third coupler of the first arrangement (which couples waveguides k and
k+1) is positioned along with another coupler that couples waveguides k+2 and k+3 then in
the second arrangement the third coupler and the another coupler are positioned in different
interaction stages with the another coupler being positioned in an interaction stage subsequent
to the interaction stage containing the third coupler. This can be done either by positioning
the another coupler in an interaction stage subsequent to the second interaction stage or
positioning the third coupler in an interaction stage preceding the second interaction stage.
This can be seen in Figure SA where in interaction stage 3 a third coupler of a first
arrangement couples waveguides 1 and 2 and another waveguide couples waveguides 3 and
4. Once the first arrangement has replaced the second arrangement then the third coupler
which couples waveguides 2 and 3 is positioned in the second interaction stage and the

another coupler coupling waveguides 3 and 4 remains in interaction stage 3.

[0067] The above techniques ensure the 3x3 unitary remains independent and prevents two
couplers coupling to the same waveguide in the same interaction stage. It is noted that while
the above techniques refer to a first and second interaction stage, these are labels for the
interaction stages and any other suitable label could be used. The first interaction stage does
not need to be a first interaction stage within the universal linear optical mesh and the second
interaction stage does not need to be the second interaction stage within the universal linear

optical mesh.

[0068] Either when replacing the first arrangement with the second arrangement, or
subsequent to replacing the first arrangement with the second arrangement, the layout of the
universal linear optical mesh can be compressed. This enables a universal linear optical mesh
to be implemented in hardware containing fewer interaction stages which can lead to a more
efficient implementation. To this end, if after replacing the first arrangement of three couplers
with the second arrangement of three couplers there exists in the layout an arrangement of
couplers where a specific coupler couples waveguides I and 1+1 in a specific interaction stage
and another coupler couples waveguides 1+2 and 1+3 in another interaction and no other
couples to waveguides I, 1+1, [+2 or 143 in any interaction stage between the specific
interaction stage and the another interaction stage, then the specific coupler and the another

coupler can be rearranged to be in the same interaction stage. Here 1 is a positive integer. An
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example of such compressing can be seen in Figure 4D where interaction stage 3 and
interaction stage 4 are compressed into the same interaction stage (interaction stage 4) during
the replacement of the first arrangement of couplers with the second arrangement of couplers,

something which enables the total number of interaction stages to be reduced by one.

[0069] As mentioned above, the method for generating/obtaining a revised of a universal
linear optical mesh is repeated multiple times with each repetition or iteration of the method
producing a potential revised layout. When multiple revised layouts are generated then the
above methods of ensuring the 3%3 unitaries remain independent can be performed on the
potential revised layout generated from each repetition or iteration. In addition, in some
examples, a first set of potential revised layout is generated without compression and a
second set of potential revised layouts with compression. Alternatively the compression can
be performed for all of the multiple revised layouts while generating the multiple revised

layouts.

[0070] As discussed above, the layout for the fully connected linear optical mesh can be
mapped to optical hardware. The optical hardware can represent a physical layout of
waveguides and couplers in a user environment. In some examples, the optical hardware used
may comprise a fully connected linear optical mesh The fully connected linear optical mesh
comprises n waveguides wherein the waveguides are numbered consecutively from 1 to n,
wherein n is a positive integer of at least 3. Each waveguide connects has a start and an end.
The fully connected linear optical mesh also comprises a plurality of couplers wherein each
coupler couples two waveguides. A mode travelling in the linear optical mesh can couple
between waveguides via the couplers. The couplers are distributed over a plurality of
interaction stages. The interaction stages have two types. In a first set or series of interaction
stages a set/group/plurality of couplers couple a waveguide numbered i to a waveguide
numbered i+1 wherein i is an odd positive integer from 1 to n-1. In a second set or series of
interaction stages a set/group/plurality of couplers couple a waveguide numbered j to a
waveguide numbered j+1 wherein j is an even positive integer from 2 to n-1. The first series
of interaction stages and second series of interaction stages alternate and an initial interaction
stage e.g. an interaction stage nearest the start of the waveguides or the point where modes of
light enter the fully connected optical mesh can be part of the first series of interaction stages

or the second series of interaction stages.
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[0071] In some examples, the mapping of fully connected linear optical mesh to the optical
hardware can include performing a mapping based on a characterisation of the optical
hardware. To this end, the optical hardware, such as the fully connected linear optical mesh
described above can be characterized or otherwise analysed to determine which components
of the optical hardware are functioning correctly. In other words, the performance of the
couplers in the optical hardware can be accessed and couplers that are underperforming can
be identified. The couplers underperforming comprises the couplers having a lower
performance than the other couplers in the optical hardware, for example by either over or
under coupling modes of light compared to the desired tuning of the coupling or due to loss.
This underperformance can be due to the tolerances in the manufacturing procedure,
manufacturing errors or for any other reason. For example, as discussed in more detail below,
in some examples each coupler can comprise a Mach-Zehnder interferometer formed from
two 50/50 beam splitters and a phase shifter in at least one arm of the Mach-Zehnder
interferometer. In such examples, a coupler may be underperforming due to loss in the 50/50
beam splitters or an incorrect coupling in the 50/50 beam splitter. In some examples, the
characterising of the optical hardware can be done as part of the mapping. In other examples,
the characterising is pre-performed offline and stored and is then obtained as part of the
mapping. This characterisation can be done in accordance with known methods and can
determine couplers with higher loss than other couplers or couplers that do not provide the

tuned level of couplings between modes.

[0072] Once the characterisation of the optical hardware is obtained then the potential revised
layouts can be mapped onto the characterised optical hardware where the mapping aims to
not use the couplers that are identified as underperforming. A universal linear optical mesh
that can be mapped to the optical hardware without using an underperforming coupler can
then be selected as linear optical mesh to be implemented on the hardware. This allows a

universal linear optical mesh with a lowest chance of errors to be selected for practical use.

[0073] Figures 6A to 6K show an example of this. Figures 6A to 6K show optical hardware
comprising a fully connected linear topical mesh wherein the couplers marked with an x are
identified from the characterisation as being underperforming. Figure 6A shows an attempt to
map a known universal linear optical mesh comprising a Reck triangular scheme to the
optical hardware. As can be seen if underperforming couplers are not used then this mapping

cannot be fully performed with the remaining couplers from the universal linear optical mesh
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being shown in dashed lines. Figures 6B to 6K shows mapping to the multiple potential
revised layouts from Figures 4A to 4J to the optical hardware. As can be seen, the final
potential layouts from Figure 4D (illustrated in Figure 6E) and 4F (illustrated in Figure 6G)
map to the optical hardware without using an underperforming coupler. Thus, one of these
universal linear optical meshes is selected for use. While performing the mapping, the layout
of the linear optical mesh can be further compressed by combining interaction stages if this
does not break the independence of the 3%3 unitaries. An example of this is shown in Figure
6D where the universal linear optical mesh generated in Figure 4C is mapped to the optical
hardware. Here the couplers originally in interaction stage 3 are positioned in interaction
stage 6 along with the coupler from original interaction stage 5 and after the couplers from
interaction stage 4 which in the mapping are in interaction stage 5. This can improve the
mapping and aid in finding a mapping that allows the use of couplers identified as
underperforming to be not used. In examples where a single potential layout of the universal
linear optical mesh can be mapped to the optical hardware, then that layout can be used as the
actual implementation of the universal linear optical mesh. Alternatives, a suitable layout can

be selected as below.

[0074] While Figures 6A to 6K show an example where a mapping can be found, in other
examples, it is possible no mapping can be found while avoiding the use of underperforming
couplers altogether. In such a scenario, a potential layout of the universal linear optical mesh
that minimizes the use of underperforming couplers e.g. by using the fewest underperforming

couplers can be selected.

[0075] As mentioned above, multiple of the potential layouts of the universal linear optical
mesh may be able to be mapped to the optical hardware while avoiding the use of
underperforming couplers. In such a case, the selecting the layout to use for implementation
of the universal linear optical mesh can comprise selecting the layout from the multiple
potential layouts that avoid the use of underperforming couplers. In some examples this
selection can be done by at least one of (a) selecting the layout at random; (b) selecting the
layout that most closely resembles a Reck triangular mesh; or (c) selecting the about that has
the lowest optical depth. The skilled person would understand that any other suitable
technique for selecting a layout from multiple layouts that avoid the use of underperforming

couplers can be used.
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[0076] Once a revised layout has been selected for implementation of the universal linear
optical mesh (or when only a single layout is generated, the layout that has been generated)
the method can further comprise using the revised layout to implement a universal linear
optical mesh on the optical hardware. For example, the physical couplers in the optical
hardware that map to couplers in the selected layout can be controlled/programmed to
implement coupling operations to implement unitary operations on light entering the
waveguides. To this end, the method can further comprise mapping a unitary operation onto
the selected layout and then implementing the unitary operation using the mapping of the

revised layout to the optical hardware.

[0077] The above has described how waveguides are coupled via couplers. The couplers both
in the potential layouts and the physical hardware can comprise tuneable beam splitters,
wherein when optical hardware is being considered the tuneable beam splitters are physical
tuneable beam splitters. The tuneable beam splitters can take the form of a Mach-Zehnder
interferometer with a phase shifter in one or both paths of the Mach-Zehnder interferometer
as shown in Figure 7. In particular as shown in Figure 7, the Mach-Zehnder interferometer
comprises two 50/50 beam splitters 730 and a phase shifter 740 in one or both of the optical
paths generated by the beam splitters 730. This provides a way to implement the couplers.

[0078] In some examples, the above methods can be implemented by a computer or
computing device. Thus, the above methods can be computer implemented methods. In some
examples, the computing device can comprise a classical computing device comprising a
processor and a memory storing computer readable instructions that when executed by the
processor cause the processor to implement the method. In addition, examples can relate to a
non-transitory computer readable storage medium storing instructions that when executed by

a processor cause the processor to implement any of the above methods.

[0079] Computing-based device 800 comprises one or more processors 802 which may be
microprocessors, controllers or any other suitable type of processors for processing computer
executable instructions to control the operation of the device in order to implement the above
methods. In some examples, for example where a system on a chip architecture is used, the
processors 802 may include one or more fixed function blocks (also referred to as
accelerators) which implement a part of the method of determining/generating revised layouts
for a universal linear optical mesh and mapping it to optical hardware in hardware (rather

than software or firmware). Platform software comprising an operating system 804 or any
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other suitable platform software may be provided at the computing-based device to enable

application software 806 to be executed on the device.

[0080] The computer executable instructions may be provided using any computer-readable
media that is accessible by computing based device 800. Computer-readable media may
include, for example, computer storage media such as memory 808 and communications
media. Computer storage media, such as memory 808, includes volatile and non-volatile,
removable and non-removable media implemented in any method or technology for storage
of information such as computer readable instructions, data structures, program modules or
other data. Computer storage media includes, but is not limited to, RAM, ROM, EPROM,
EEPROM, flash memory or other memory technology, CD-ROM, digital versatile disks
(DVD) or other optical storage, magnetic cassettes, magnetic tape, magnetic disk storage or
other magnetic storage devices, or any other non-transmission medium that can be used to
store information for access by a computing device. In contrast, communication media may
embody computer readable instructions, data structures, program modules, or other data in a
modulated data signal, such as a carrier wave, or other transport mechanism. As defined
herein, computer storage media does not include communication media. Although the
computer storage media (memory 808) is shown within the computing-based device 800 it
will be appreciated that the storage may be distributed or located remotely and accessed via a

network or other communication link (e.g. using communication interface 810).

[0081] The computing-based device 800 also comprises an input/output controller 812
arranged to output display information to a display device 814 which may be separate from or
integral to the computing-based device 800. The display information may provide a graphical
user interface. The input/output controller 812 is also arranged to receive and process input
from one or more devices, such as a user input device 816 (e.g. a mouse or a keyboard). In an
embodiment the display device 814 may also act as the user input device 816 if it is a touch
sensitive display device. The input/output controller 812 may also output data to devices
other than the display device, e.g. a locally connected printing device (not shown in Figure

8).

[0082] The term 'computer' is used herein to refer to any device with processing capability
such that it can execute instructions. Those skilled in the art will realize that such processing
capabilities are incorporated into many different devices and therefore the term 'computer’

includes PCs, servers, mobile telephones, personal digital assistants and many other devices.
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[0083] Those skilled in the art will realize that storage devices utilized to store program
instructions can be distributed across a network. For example, a remote computer may store
an example of the process described as software. A local or terminal computer may access the
remote computer and download a part or all of the software to run the program. Alternatively,
the local computer may download pieces of the software as needed, or execute some software
instructions at the local terminal and some at the remote computer (or computer network).
Those skilled in the art will also realize that by utilizing conventional techniques known to
those skilled in the art that all, or a portion of the software instructions may be carried out by

a dedicated circuit, such as a DSP, programmable logic array, or the like.

[0084] Any range or device value given herein may be extended or altered without losing the

effect sought, as will be apparent to the skilled person.

[0085] It will be understood that the benefits and advantages described above may relate to
one embodiment or may relate to several embodiments. The embodiments are not limited to
those that solve any or all of the stated problems or those that have any or all of the stated

benefits and advantages.

[0086] Any reference to 'an' item refers to one or more of those items. The term 'comprising'
is used herein to mean including the method blocks or elements identified, but that such
blocks or elements do not comprise an exclusive list and a method or apparatus may contain

additional blocks or elements.

[0087] The steps of the methods described herein may be carried out in any suitable order, or
simultaneously where appropriate. Additionally, individual blocks may be deleted from any
of the methods without departing from the spirit and scope of the subject matter described
herein. Aspects of any of the examples described above may be combined with aspects of any

of the other examples described to form further examples without losing the effect sought.

[0088] It will be understood that the above description of a preferred embodiment is given by
way of example only and that various modifications may be made by those skilled in the art.
Although various embodiments have been described above with a certain degree of
particularity, or with reference to one or more individual embodiments, those skilled in the art
could make numerous alterations to the disclosed embodiments without departing from the

scope of this invention.
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Claims

1. A method of generating a revised layout for implementing a universal linear optical
mesh, the method comprising:

starting with a known layout of a universal optical mesh, wherein:

the known layout of the universal linear optical mesh comprises an
arrangement of:

a plurality of waveguides; and
a plurality of couplers distributed over a plurality of interaction stages,

wherein each coupler couples two of the waveguides; and
and the method further comprises either:
generating the revised layout by:

identifying in the known layout a first arrangement of three couplers across
three consecutive waveguides numbered k, k+1 and k+2, wherein a first coupler and a
third coupler of the three couplers couple waveguides k+1 and k+2, and a second
coupler of the three couplers couples waveguides k and k+1, wherein the second
coupler is positioned between the first coupler and the third coupler, and wherein no
other couplers positioned between the first coupler and the third coupler couple
waveguides k, k+1, or k+2 to another waveguide; and

obtaining the revised layout by replacing the first arrangement of three
couplers with a second arrangement of three couplers, wherein the second
arrangement of three couplers comprises a first coupler and a third coupler that couple
waveguides k and k+1 and a second coupler, positioned between the first coupler and
the second coupler, that couples waveguides k+1 and k+2; or
generating the revised layout by:

identifying in the known layout a first arrangement of three couplers across
three consecutive waveguides numbered k, k+1 and k+2, wherein a first coupler and
third coupler of the three couplers couple waveguides k and k+1 and a second coupler
of the three couplers couples waveguides k+1 and k+2, wherein the second coupler is
positioned between the first and third coupler, and wherein no other couplers
positioned between the first coupler and the third coupler couple waveguides k, k+1
or k+2 to another waveguide; and

obtaining the revised layout by replacing the first arrangement of three

couplers with a second arrangement of three couplers, wherein the second
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arrangement of three couplers comprises a first coupler and a third coupler that couple
waveguides k+1 and k+2 and a second coupler, positioned between the first coupler

and the second coupler, that couples waveguides k and k+1.

2. The method of claim 1, further comprising either:
building optical hardware based on the revised layout; or

mapping the revised layout onto existing optical hardware.

3. The method of claim 1 or claim 2, wherein the known layout of the universal optical

mesh is a Reck triangular mesh.

4. The method of any previous claim, wherein:
replacing the first arrangement of three couplers with a second arrangement of three
couplers, wherein the second arrangement of three couplers comprises a first coupler and a
third coupler that couple waveguides k+1 and k+2 and a second coupler, positioned between
the first coupler and the second coupler, that couples waveguides k and k+1 comprises:
if at a specific interaction stage containing the first coupler of the first
arrangement another coupler couples waveguides k-1 and k, then in the second
arrangement positioning the first coupler in an interaction stage subsequent to an
interaction stage containing the another coupler; and
if at a specific interaction stage containing the third coupler of the first
arrangement another coupler couplers waveguides k-1 and k, then in the second
arrangement positioning the third coupler in an interaction stage preceding an

interaction stage containing the another coupler.

5. The method of any previous claim, wherein:

replacing the first arrangement of three couplers with a second arrangement of three
couplers, wherein the second arrangement of three couplers comprises a first coupler and a
third coupler that couple waveguides k and k+1 and a second coupler, positioned between the
first coupler and the second coupler, that couples waveguides k+1 and k+2 comprises:

if at a specific interaction stage containing the first coupler of the first
arrangement another coupler couples waveguides k+2 and k+3, then in the second
arrangement positioning the first coupler in an interaction stage subsequent to the

interaction stage containing the another coupler; and
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if at a specific interaction stage containing the third coupler of the first
arrangement another coupler couplers waveguides k+2 and k+3, then in the second
arrangement positioning the third coupler in an interaction stage preceding the

interaction stage containing the another coupler.

6. The method of any previous claim, further comprising:

compressing the revised layout by if after the replacing the first arrangement of three
couplers with the second arrangement of three couplers (a) a specific coupler couples
waveguides | and 1+1 and another coupler couples waveguides 1+2 and 1+3 at different
interaction stages and (b) no other coupler couples to waveguides 1, 1+1, 1+2 or 143 at an
interaction stage between the different interaction stages, then further revising the revised
layout so that the specific coupler and the another coupler are within the same interaction

stage.

7. The method of any previous claim, further comprising generating multiple potential
revised layouts for implementing a universal linear optical mesh by:
either generating the multiple potential revised layouts by iteratively:
starting from a previous revised layout;
identifying in the previous revised layout a first arrangement of three couplers
across three consecutive waveguides numbered k, k+1 and k+2, wherein a first
coupler and a third coupler of the three couplers couple waveguides k+1 and k+2, and
a second coupler of the three couplers couples waveguides k and k+1, wherein the
second coupler is positioned between the first coupler and the third coupler, and
wherein no other couplers positioned between the first coupler and the third coupler
couple waveguides k, k+1, k+2 to another waveguide; and
obtaining an updated revised layout by replacing the first arrangement of three
couplers with a second arrangement of three couplers, wherein the second
arrangement of three couplers comprises a first coupler and a third coupler that couple
waveguides k and k+1 and a second coupler, positioned between the first coupler and
the second coupler, that couples waveguides k+1 and k+2;
or generating the multiple potential revised layouts by iteratively:
starting from a previous revised layout;
identifying in the previous revised layout a first arrangement of three couplers

across three consecutive waveguides numbered k, k+1 and k+2, wherein a first
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coupler and third coupler of the three couplers couple waveguides k and k+1 and a
second coupler of the three couplers couples waveguides k+1 and k+2, wherein the
second coupler is positioned between the first and third coupler, and wherein no other
couplers positioned between the first coupler and the third coupler couple waveguides
k, k+1 or k+2 to another waveguide; and

obtaining an updated revised layout by replacing the first arrangement of three
couplers with a second arrangement of three couplers, wherein the second
arrangement of three couplers comprises a first coupler and a third coupler that couple
waveguides k+1 and k+2 and a second coupler, positioned between the first coupler

and the second coupler, that couples waveguides k and k+1.

The method of claim 7, further comprising:

mapping each of the multiple potential revised layouts onto an optical hardware

comprising a plurality of waveguides and a plurality of couplers, wherein each coupler of the

plurality of couplers couples two waveguides from the plurality of waveguides.

9.

The method of claim 8, wherein the optical hardware comprises a fully connected

linear optical mesh comprising

n waveguides, wherein the waveguides are numbered consecutively from 1 to n, and n

1s a positive integer of at least 3; and

10.

a plurality of couplers, wherein:

at a first series of interaction stages in the fully connected linear optical mesh a
waveguide numbered i is coupled to a waveguide i+1 by a coupler, wherein i is an odd
positive integer from 1 to n-1;

at a second series of interaction stages in the fully connected linear optical
mesh a waveguide numbered j is coupled to a waveguide numbered j+1 by a coupler,
wherein j is an even positive number from 2 to n-1; and

the first series of interaction stages and the second series of interaction stages

alternate.

The method of claim 8 or claim 9 further comprising:

obtaining a characterization of the optical hardware, wherein the characterization of

the optical hardware identifies couplers in the optical hardware that underperform relative to

other couplers in the optical hardware;
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identifying one or more revised layouts of the multiple potential revised layouts that
do not require use of a coupler at a position in the optical hardware where a coupler
underperforms relative to other couplers in the optical hardware; and

selecting a selected revised layout from the one or more revised layouts.

11. The method of claim 10, wherein selecting the revised layout from the one or more
revised layouts comprises either:

selecting the selected revised layout from the one or more revised layouts at random;
or

selecting the selected revised layout that most closely reflects the Reck triangular
mesh layout; or

selecting the selected revised layout with the lowest optical depth.

12. The method of claims 2, 10 or 11 further comprising:
using the optical hardware to implement the revised layout or selected revised layout;
and optionally
mapping a unitary operation onto the revised layout or selected revised layout; and
using the revised layout or selected revised layout to implement the unitary operation

on the fully connected linear optical mesh.

13. The method of any previous claim wherein each coupler comprises a tuneable beam
splitter, and optionally, wherein each tuneable beam splitter comprises a Mach-Zehnder
interferometer with a phase shifter in one path or both paths of the Mach—Zehnder

interferometer.

14. A classical computing device comprising:
a processor; and
a memory, wherein the memory stores instructions that when executed by the

processor causes the processor to implement a method accord to any of claims 1 to 13.
15. A non-transitory computer readable storage medium comprising instructions that

when executed by a processor cause the processor to implement a method according to any of

claims 1 to 13.
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