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ABSTRACT
General-purpose programmable photonic processors provide a versatile platform for integrating diverse functionalities on a single chip.
Leveraging a two-dimensional hexagonal waveguide mesh of Mach–Zehnder interferometers, these systems have demonstrated significant
potential in microwave photonic applications. Additionally, they are a promising platform for creating unitary linear transformations, which
are key elements in quantum computing and photonic neural networks. However, a general procedure for implementing these transforma-
tions on such systems has not been established yet. This work demonstrates the programming of universal unitary transformations on a
general-purpose programmable photonic circuit with a hexagonal topology. We detail the steps to split the light on-chip, demonstrate that
an equivalent structure to the Mach–Zehnder interferometer with one internal and one external phase shifter can be built in the hexagonal
mesh, and program both the triangular and rectangular architectures for matrix multiplication. We recalibrate the system to account for
passive phase deviations. Experimental programming of 3 × 3 and 4 × 4 random unitary matrices yields fidelities >98% and bit precisions
over five bits. To the best of our knowledge, this is the first time that random unitary matrices are demonstrated on a general-purpose pho-
tonic processor and pave the way for the implementation of programmable photonic circuits in optical computing and signal processing
systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0235712

I. INTRODUCTION

In the previous years, general-purpose programmable photonic
integrated processors have emerged as a promising platform for the
inclusion of a variety of functionalities on a single platform, similar
to field-programmable gate arrays in electronics.1–3 These systems
allow for software-controlled manipulation of light paths across
a 2D waveguide mesh using their 2 × 2 building blocks, known
as programmable unit cells (PUCs). PUCs are typically built from
symmetric Mach–Zehnder interferometers with a phase shifter on
each arm. The literature reports various waveguide mesh topolo-
gies, with triangular, rectangular, and hexagonal being the most
common.2,4,5

One of the main application areas of programmable photonic
circuits is microwave photonic systems,6 where RF signals are pro-
cessed in the optical domain, and this benefits from the increased
bandwidth and reduced latency when compared with its electronic

counterparts.7 Recently, researchers have presented a general-
purpose programmable silicon photonic circuit with a hexago-
nal topology.8 They demonstrated the complete system, including
the photonic circuit, electronic drivers, and software layer. Their
work experimentally showed 12 microwave photonic functionalities,
highlighting the versatility of these devices.

Another area of interest is the implementation of unitary
linear transformations. Application-specific photonic circuits have
demonstrated capabilities for performing unitary matrix multipli-
cations using coherent structures that combine beam splitters and
phase shifters within a planar architecture.9 The basic building
blocks, Mach–Zehnder interferometers with internal and external
phase shifters, can be connected in various arrangements. Rectan-
gular (Clements)10 and triangular (Reck)11 topologies are the two
most common approaches. An alternative using a PUC as a building
block has also been proposed to reduce area by eliminating the exter-
nal phase shifter.12 These coherent circuits inherently apply unitary
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transformations, which are crucial for applications such as quan-
tum computing.13–16 Additionally, unitary systems can be used to
unscramble the mixing of optical signals traveling through multi-
mode fibers17–19 or free-space optical communication channels.20

Finally, general matrix multiplications can be achieved using SVD
decomposition, where two unitary matrices and a diagonal matrix
are concatenated.21 Photonic general matrix multiplications have
shown promise for deep learning,22–24 unconventional computing
approaches,25,26 and RF signal separation.27–29

A general procedure for the implementation of linear uni-
tary transformations on general-purpose photonic platforms has not
been reported yet. While Perez et al. demonstrated programming a
rectangular interferometer within a seven-cell hexagonal waveguide
mesh, their experimental validation was limited to implementing
permutation matrices (unitary transformations with absolute val-
ues of elements equal to 0 or 1). This was a consequence of two
reasons: First, due to the mesh size, the input vector to be multi-
plied by the matrix has to be encoded externally, thus compromising
coherence and rendering complex matrix-vector multiplications
infeasible. Second, it is known that due to fabrication imperfections,
the initial state of the phase shifters is not 0 rad and a calibration
of that passive phase must be performed.30 The required steps to
perform this calibration were not provided either theoretically or
experimentally.

In the following work, we demonstrate how to program arbi-
trary unitary transformations on a general-purpose programmable
photonic chip with a hexagonal topology. We utilize the commer-
cially available Smartlight processor from iPronics Programmable
Photonics.8,31 First, we explain the necessary steps for splitting light
to maintain on-chip coherence. Second, we show how to replicate
the transfer function of a Mach–Zehnder interferometer with inter-
nal and external phase shifters using two programmable unit cells
(PUCs). We then demonstrate that both triangular and rectangu-
lar architectures can be programmed on this platform and present
the recalibration process to measure the passive state of the phase
shifters. We experimentally program 4 × 4 and 3 × 3 random unitary
matrices. We calculate their fidelity and bit precision and perform

FIG. 1. (a) Smartlight processor from IPronics. It combines a hexagonal waveguide
mesh with an electronic and software layer. (b) Programmable unit cell (PUC) of
the hexagonal mesh. It consists of two internal phase shifters θ1 and θ2.

random complex matrix-vector multiplications. Finally, we show the
programming of a set of quantum logic gates.

II. HEXAGONAL PROGRAMMABLE
PHOTONIC CIRCUITS

The hexagonal topology has appeared to be the most promis-
ing topology for general-purpose programmable processors; see
Fig. 1(a). In this section, we provide their fundamental working
principle and calibration requirements.

A. Programmable unit cell
The basic building block of the hexagonal mesh is the pro-

grammable unit cell, which comprises a Mach–Zehnder interferom-
eter with a thermo-optic phase shifter in each of the top and bottom
arms. A picture of the PUC is shown in Fig. 1(b). The transfer
function of the PUC can be expressed as
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The PUC enables the control of the coupling ratio (k) between input
1 and output 2, as well as the phase shift (ϕ) experienced by the opti-
cal signal. This control is achieved by adjusting the relative phase
applied to the top and bottom arms. In the bar state (k = 0), light
entering port 1 exits from port 1 and light entering port 2 exits from
port 2. Conversely, in the cross state (k = 1), light entering port
1 exits from port 2 and light entering port 2 exits from port 1.

B. Calibration
The calibration process aims to find the relationship between

the applied current on the thermo-optic actuator and the resulting
phase shift, which can be expressed by the following equation:

θ = θ0 + αI2, (3)

where α is the proportionality constant between the current and the
phase term and θ0 is the passive phase that appears as a consequence
of the fabrication imperfections. This imperfection in the geometry
of the waveguides creates a difference in the group index between
the top and bottom waveguides of the MZI. In an ideal system, if
we set θ1 = θ2 = 0 in (1), the PUC is in the cross state. However,
variations in the passive phase across different PUCs will cause the
initial state to deviate from the ideal and become a random one
between bar and cross. The calibration of each individual PUC in
a hexagonal waveguide mesh requires the use of an optimization
and auto-routing algorithm.32,33 Once calibrated, we can define the
coupling state of each PUC, enabling functionalities such as beam
splitters, optical interconnects, or filters. However, for applications
requiring coherence, such as unitary matrix multiplications, calibra-
tion of individual phase shifters is not sufficient. We also need to
compensate for the difference in phase gained by light traversing dif-
ferent paths with the same number of PUCs. This phase deviation,
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also due to fabrication imperfections but fixed for each defined path,
can be treated similarly to the passive phase of individual PUCs.
In Sec. III, we will demonstrate how to apply this re-calibration
for matrix multiplications with rectangular and triangular topolo-
gies. The same procedure can be extended to other coherent
structures.

C. Smartlight processor
Regarding the experimental demonstration of our work, we use

the commercially available Smartlight photonic processor. An image
of the full system with a schematic of the integrated circuit is shown
in Fig. 1(a). The processor comprises 17 hexagonal cells for a total of
72 programmable unit cells (PUCs). Each PUC has an insertion loss
of 0.48 dB and a power consumption of 1.3 mW/π. Light input and
output can be done using any of the 28 available optical ports with a
fiber-array that introduces a 3-dB insertion loss per facet. Each of the
28 I/O ports features an opto-electronic monitoring unit with on-
chip photodetectors, enabling optical power measurement without
external units. The system also includes the electronic circuitry and
the software layer used to control each PUC. Further details on the
device’s performance and elements are available in Ref. 8.

III. UNITARY TRANSFORMATIONS
ON A PROGRAMMABLE PHOTONIC PROCESSOR

In this section, we detail the configuration steps required within
the programmable photonic processor to achieve vector-matrix
multiplications.

A. Splitter tree
To ensure coherence throughout the operation, we employed

a continuous-wave (CW) laser. The light was then split into a
number of paths equal to the number of matrix inputs. For this
work, we focused on matrices of sizes 3 × 3 and 4 × 4. Con-
ventionally, splitter trees for dividing light equally are built using
cascaded stages of multi-mode interferometers (MMIs) or direc-
tional couplers with a fixed 50:50 coupling ratio. However, in a
general-purpose programmable photonic processor, different paths
may experience varying optical losses due to the differing number
of PUCs traversed by light on each path. To address this challenge,
we implemented a correction to the coupling ratio programmed
within the PUCs. This correction takes into account the measured
insertion losses of each PUC. Assuming that the coupling ratio
of light to a path with fewer PUCs is denoted by k, to achieve
equal light intensity on both output paths, the following relationship
applies:

(1 − k)ILNP = k, (4)

where IL are the linear insertion losses of the PUC and NP is the
difference in number of PUCs between the two paths. Solving k, we
obtain

k = 1
1 + 1

ILNP

. (5)

Two possible implementations for a 1 × 4 splitter tree are
depicted using green light in Fig. 2. Gray PUCs represent a ran-
dom state except those with a green wave on them that refer to the

FIG. 2. (a) 1 × 4 symmetric splitter tree and (b) 1 × 4 non-symmetric splitter tree.
The PUCs in red are in the bar state, the yellow PUCs are in the cross state, and
the green PUCs are in the tunable state with a value dependent on the defined
splitter tree. White arrows show the path of the light after the splitting stage.

PUCs used for input vector encoding. Data encoding is explained in
Sec. III B, but it is necessary to state that only light going out of one
of the two output ports of the encoding PUC is used for the matrix
multiplication. The light exiting the other port is routed out of the
processor before the multiplication stage. To do so, we set some
PUCs in the bar state (red) and others in cross (yellow) depending
on the programmed splitter tree. White arrows indicate the travel
path of the encoded input vector to be multiplied by the matrix.

The symmetric splitter tree in Fig. 2(a) requires three columns
of PUCs. First, the input light is divided using a 50:50 coupling.
For the second division, we need to be aware that one path will
undergo two more PUCs than the other (compare the path differ-
ence between the two upper outputs of the splitter tree). Considering
the insertion losses of the Smartlight processor and Eq. (5), the
coupling ratio in this second stage needs to be adjusted to 56:44.

The non-symmetric splitter tree in Fig. 2(b) is more compact
as it only requires two columns. On the other hand, light divided in
the first stage undergoes four more PUCs in the lower branch than
in the upper. Following the path length compensation, Eq. (5), the
coupling ratio must be 61:39. We should note that the PUC in green
on the splitter tree may also be in either the bar or cross state. In this
configuration, the three middle PUCs in the first column are in the
cross state, while the last one is in the bar state. This programming
of the PUCs serves two purposes: first, it routes the input light to the
two lower modulators, and second, it prevents the formation of reso-
nant structures, allowing the excess light from the input modulators
to be directed out of the mesh.

In future large-scale systems, where avoiding resonant struc-
tures becomes increasingly complex, the splitting stage can be
implemented as a separate, specialized functional block, accessible
specifically when the programmable system is employed for matrix
multiplication tasks.

B. Encoding
Input vector encoding is performed using an array of PUCs;

see the PUCs with a green wave on them in Fig. 2. For the case of
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the symmetric splitter tree, we used the bar port to encode the data,
while for the non-symmetric splitter, we used the cross port. In the
general case, the input vector is an array of complex numbers. We
encode its modulus in the amplitude of the optical signal and its
angle (phase) using the term ϕ. Assuming that the light intensity at
each input port is normalized to 1, the encoded modulus becomes
equal to

√
k or

√
1 − k depending on whether we are using the

cross or bar ports. Focusing on the cross encoding and from Eqs. (1)
and (2), we find that

cos(θ1 − θ2

2
) =
√

k, (6)

ΔΘ = θ1 − θ2 = 2 arccos (
√

k). (7)

Substituting this expression in the phase term of (1), we obtain

ϕ = θ1 + θ2

2
= θ2 + arccos (

√
k), (8)

and finally,

θ1 = ϕ + arccos (
√

k) − π
2

, (9)

θ2 = ϕ − arccos (
√

k) − π
2

. (10)

According to Eqs. (9) and (10), there are situations where you need
phases of different sign. As we are using thermo-optic phase shifters,
only positive or negative (depending on the convention) phases can
be applied. To overcome these situations, we can add an extra angle
of 2 ∗ π to both θ1 and θ2 to have the same sign while maintaining
the total output phase. For the bar encoding, the arccos (√k) term
in Eqs. (9) and (10) is substituted by arcsin (√1 − k).

C. Building block equivalence
To program arbitrary linear interferometers on our pro-

grammable photonic chip, we first establish the equivalence between
the building blocks used in each system. As mentioned earlier, the
programmable unit cell (PUC) serves as the fundamental building
block of the general-purpose photonic processor. In contrast, stan-
dard decomposition algorithms for linear interferometers typically
assume a Mach–Zehnder interferometer (MZI) with a single internal
and a single external phase shifter as the building block; see Fig. 3(a).
This MZI has the following transfer function:

iei θ
2

⎛
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eiϕ sin
θ
2

cos
θ
2

eiϕ cos
θ
2
− sin

θ
2

⎞
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. (11)

We can show that if two PUCs are concatenated as in Fig. 3(b),
the same transfer function is obtained. First, phases of the left PUC
must be equal, ϕ1 = ϕ2, and according to (1), the transfer function is

ieiϕ(0 1
1 0
), (12)

FIG. 3. (a) The standard building block consists of an MZI with one external and
one internal phase shifter. (b) Equivalent system that concatenates two PUCs with
θ2 = 0 and ϕ1 = ϕ2.

and the PUC is in the cross state, keeping the amplitude con-
stant and adding a phase of ϕ + π

2 , which is equivalent to an external
phase shifter. Then, the second PUC will be tuned while maintaining
θ2 = 0. The final linear transformation of the system is consequently
the same as in (11).

D. Matrix architecture
We have established that two PUCs can be configured to

function equivalently to a Mach–Zehnder interferometer (MZI)
with one internal and one external phase shifter, the fundamen-
tal building block in many coherent integrated processors. This
equivalence allows us to directly translate previously proposed archi-
tectures for unitary matrix multiplications on photonic circuits to
our general-purpose processor. The use of these architectures in
a general-purpose processor introduces extra reconfigurability and
loss uniformity to the matrix multipliers, as the connections between
tunable elements are performed using MZIs, reducing loss-related
errors. These advantages come at the cost of additional insertion
losses and electrical elements. The extra complexity of the design and
control of the hexagonal processor would be mitigated in a devel-
oped photonic ecosystem where their use as a high-level prototyping
platform is established. The differences between reconfigurable and
feedforward meshes are introduced in Table I. In our case, we show
how to implement the rectangular (Clements) and triangular (Reck)
architecture. In Fig. 4, we show the distribution of the building
blocks (orange boxes) in the Clements [Fig. 4(a)] and in the Reck
[Fig. 4(b)] architecture. The blue PUCs represent the equivalent
building blocks within the hexagonal mesh. PUCs programmed in
cross and bar states ensure that light propagates in a single direc-
tion and interacts with other paths only at tunable elements. The
Reck architecture necessitates an additional column of horizontal
PUCs compared to the Clements topology. As a consequence, in
our experiment, the symmetric splitter presented in Sec. III A is
not compatible with the Reck architecture using the current mesh
size of the Smartlight processor, and we will use the non-symmetric
version.
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TABLE I. Comprehensive comparison of MZI network architectures.

Parameter Triangular (Reck) Rectangular (Clements) Hexagonal

Loss distribution Variable across paths Improved over triangular Uniform across paths
Reconfigurability Fixed paths Fixed paths Multiple path options. Resilient to failures
MZI Count N(N − 1)/2 N(N − 1)/2 N(N − 1)a

Electrical signals N(N − 1) N(N − 1) 2N(N − 1)
Functionalities Matrix multiplication Matrix multiplication Possibility to add extra features
aThis number corresponds to the number of MZI in the matrix. Extra MZIs kept in a static cross or bar state are required to route the light along the mesh.

FIG. 4. (a) Schematic of the Clements topology with its translation to the hexagonal
mesh and (b) schematic of the Reck topology with its translation to the hexagonal
mesh.

E. Phase calibration
As discussed in Sec. II B, the standard calibration method for

programmable hexagonal meshes is insufficient for implementing
coherent transformations. While it can measure and compensate for
the passive phase difference between the top and bottom waveguides
of a PUC, it does not account for phase variations arising from
different connections between PUCs in a programmed coherent
architecture. These additional phase differences can also be treated
as a passive phase inherent to the chosen architecture. To address
this challenge, we propose a re-calibration procedure that focuses
on measuring these inherent passive phase offsets within the archi-
tecture. The procedure assumes that the α term in Eq. (3) is still valid
and only the θ0 term should be measured. These offsets will be incor-
porated as the passive phase of each PUC acting as a phase shifter
within the mesh. The re-calibration procedure is adapted from
methods used for single-phase actuator calibration in application-
specific integrated circuits (ASPICs).25,34–36 This method relies on
the construction of a temporary interferometer using single PUCs.
In the ASPIC approach, this structure, also known as a META-MZI,
is built using two PUCs configured as 50:50 couplers with all internal

FIG. 5. META-MZI method for the characterization of the passive phase of the
phase shifters and its translation to the hexagonal mesh.

PUCs set to the bar state. However, in our general-purpose pro-
cessor, we have additional PUCs acting as waveguides that are set
to the cross state. Once the system is defined, we perform a two-
step characterization process for each PUC acting as a phase shifter,
Fig. 5.

In the first step, we sweep the current applied to the top arm
while keeping the bottom arm current at zero. We measure the out-
put power at the cross port and identify the current corresponding
to the maximum power output. This ensures that the PUC is in the
cross state. In the second step, we sweep the current of both the
top and bottom arms simultaneously. We add the previously mea-
sured optimal current as an offset to the top arm current during
this sweep. This effectively modifies the phase of the optical signal
while maintaining the coupling ratio of the PUC. This phase modi-
fication within the created META-MZI results in an interferometric
pattern as shown in Figs. 6(a) and 6(b). This measurement can be
fitted using Eqs. (1) and (3) to extract the passive phase offset of the
phase shifter under test. A step-by-step schematic on how to cre-
ate the META-MZIs on the programmable mesh for the Clements
architecture is presented in Sec. II of the supplementary material.
The steps required for the Reck architecture are equivalent.

IV. EXPERIMENTS AND RESULTS
Following re-calibration of the hexagonal mesh, we proceeded

to encode unitary matrices on the Smartlight processor. All mea-
surements utilized the same 1550 nm, 10 dBm output power laser
source employed for calibration. We programmed the Clements and
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FIG. 6. Optical response of two META-
MZI and their fitting curve.

the Reck architecture on the photonic processor using the aforemen-
tioned scheme. For each architecture, we tested two matrix sizes:
3 × 3 and 4 × 4. The translation between the unitary matrix weights
and the phases that are needed to apply was carried out following the
decomposition algorithms provided in Refs. 10 and 11 The decom-
position of the 3 × 3 matrices results in the same building block
arrangement for both architectures. To differentiate the implemen-
tations, we positioned the matrix multipliers in different regions of
the mesh. The Clements architecture employed the symmetric split-
ter tree, while the non-symmetric splitter tree was used with the Reck
architecture. During the experiments, for each combination of archi-
tecture and matrix size, we generated 1500 random unitary matrices.
These matrices were decomposed into the required phase shifts and

programmed onto the photonic integrated chip. We measured three
figures of merit.

First, we measured the fidelity of the matrices. Fidelity is a com-
mon metric in quantum research used to quantify the similarity
between two unitary operations. It is calculated using the following
equation:

F (Uexp, U) = Tr (∣U†Uexp∣2)
N

, (13)

where U† is the adjoint matrix of U, Tr denotes the trace of
the matrix, and ∣ ⋅ ∣2 is the element-wise square-modulus of the
matrix–matrix multiplication. The highest fidelity (F = 1) indicates

FIG. 7. Results of 1500 random unitary matrices using the Clements architecture with a size of 3 × 3 (orange) and 4 × 4 (blue). (a) Measured fidelity. (b) Comparison
between the ideal applied weights and the measured weights. The black line represents the scenario where there are no errors. (c) Difference between the applied and
measured weights and (d) and (e) difference between the measured and ideal result of the multiplication of the unitary matrix by a random vector.
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TABLE II. Mean and standard deviation of the error at each output of 1500 random
vector-matrix multiplications using the Clements architecture.

Size O1(10−2) O2(10−2) O3(10−2) O4(10−2)
3 × 3 0.4± 3.2 1.0± 3.3 0.6± 3.2 ⋅ ⋅ ⋅
4 × 4 0.3± 2.6 0.3± 3.1 0.8± 3.2 0.9± 2.7

perfect similarity between the applied and desired unitary opera-
tions. In our chip, we include the splitter tree, input vector, and
matrix, allowing for the coherent vector-matrix multiplication. As
a result, we encoded in the input vector the complex columns of the
adjoint matrix one at a time to perform the matrix–matrix multi-
plication in (13). The squared-modulus is applied on the photode-
tection stage. Finally, the trace of the recorded result is calculated to
determine the measured fidelity.

Second, we assessed the accuracy of the programmed matrix
weights. We encoded in the input vector the ith column of the iden-
tity matrix, which results in the squared modulus of the ith row of the
programmed matrix. We repeated this process sequentially for all
columns, effectively reconstructing the entire programmed matrix.
The measured data are then compared with the ideal matrix, and
the r-squared coefficient of the linear regression between the two
datasets is calculated to quantify the overall agreement. Additionally,
we measure the difference between the measured and ideal weights,
calculating the mean and standard deviation of the error. From this

measurement, we can approximate the bit precision of our system
using the following formula:37

bit − precision = log2(maxweight −minweight

std(err) ), (14)

where std(err) is the standard deviation of the errors.
Finally, we evaluated the accuracy of on-chip matrix-vector

multiplications. We sampled random complex vectors, and they
were multiplied by the programmed matrix within the photonic
chip. The resulting outputs were measured and compared with the
expected outcome of the ideal multiplication. For all measurements,
the outputs were normalized by dividing each element by the total
measured power.

The fidelity results for the Clements architecture are presented
in Fig. 7(a). We achieved an average fidelity of 99.2 ± 0.3 for the
3 × 3 matrix size and a 98.4 ± 0.3 for the 4 × 4 matrix size. In order
to verify the stability of those results over time, we measured the
fidelity of the same matrix over a 10-hour period obtaining devia-
tions lower than 0.05%. Regarding weight accuracy, Figs. 7(b) and
7(c) show the comparison between the ideal and measured weights.
The linear regression returns an r2 coefficient of 0.992 and 0.984 for
the 3 × 3 and 4 × 4, respectively. The standard deviation of the errors
between the measured and ideal weights is 0.0215 and 0.0246, cor-
responding to a bit-precision of 5.5 and 5.35 bits, respectively. The
errors for random vector-matrix multiplications (VMMs) are pre-
sented in Figs. 7(d) and 7(e) and Table II where we show the error
occurred at each output.

FIG. 8. Results of 1500 random unitary matrices using the Reck architecture with a size of 3 × 3 (orange) and 4 × 4 (blue). (a) Measured fidelity. (b) Comparison between
the ideal applied weights and the measured weights. The black line represents the scenario where there are no errors. (c) Difference between the applied and measured
weights and (d) and (e) difference between the measured and ideal result of the multiplication of the unitary matrix by a random vector.
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TABLE III. Mean and standard deviation of the error at each output of 1500 random
vector-matrix multiplications using the Reck architecture.

Size O1(10−2) O2(10−2) O3(10−2) O4(10−2)
3 × 3 0.2± 3.6 0.4± 3.6 0.3± 3.3 ⋅ ⋅ ⋅
4 × 4 0.04± 3.5 0.2± 3.4 0.8± 3.4 0.6± 3.1

For the Reck architecture, the measured fidelities are shown
in Fig. 8(a). We obtained an average fidelity with the 3 × 3 and
4 × 4 matrices of 99.0 ± 0.3 and 97.8 ± 0.5. The comparison between
the applied and measured square-modulus of the complex weights
is presented in Figs. 8(b) and 8(c). The r2 coefficient of the linear
regression is 0.993 for both matrix sizes. The standard deviation of
the error between the measured and ideal scenario is 0.026 for the
3 × 3 matrix and 0.0216 for the 4 × 4 matrix, which translates in
a bit-precision of 5.27 and 5.53, respectively. Errors of the random
VMMs are presented in Figs. 8(d) and 8(e). The mean and standard
deviation are presented in Table III.

A. Quantum gates
Linear photonic integrated circuits have also shown promis-

ing results by providing computational advantages in quantum
systems.38 As a final step, we demonstrate the potential of general-
purpose programmable photonic circuits in quantum computing
applications by programming a set of quantum logic gates and com-
paring the experimental results with the ideal matrix. We implement
the CNOT gate as shown in Eq. (15), the Pauli Y gate extended to a

FIG. 9. (a) CNOT gate, (b) Pauli Y gate, and (c) Hadamard gate.

4 × 4 matrix as presented in Eq. (16), and the Hadamard gate as
shown in 17. The experimental results are illustrated in Fig. 9(a)
for the CNOT gate, Fig. 9(b) for the Pauli Y gate, and Fig. 9(c) for
the Hadamard gate. We achieved root mean squared errors of 0.020,
0.021, and 0.035, respectively. Regarding fidelity, we achieved highly
competitive results of 0.99, 0.99, and 0.97, respectively,

⎛
⎜⎜⎜⎜
⎝

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⎞
⎟⎟⎟⎟
⎠

, (15)

⎛
⎜⎜⎜⎜
⎝

0 −i 0 0
i 0 0 0
0 0 0 −i
0 0 i 0

⎞
⎟⎟⎟⎟
⎠

, (16)

1
2

⎛
⎜⎜⎜⎜
⎝

1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1

⎞
⎟⎟⎟⎟
⎠

. (17)

V. DISCUSSION AND CONCLUSIONS
In this study, we have experimentally demonstrated the imple-

mentation of 3 × 3 and 4 × 4 random unitary matrices on a
general-purpose programmable photonic processor. This marks, to
the best of our knowledge, the first instance where random uni-
tary matrices have been programmed on these types of platforms
using both the rectangular and triangular arrangements. The suc-
cess of this implementation is attributed to the adaptation of the
META-MZI algorithm for the calibration of the architecture-specific
passive phases and to the construction of a building block math-
ematically equivalent to the Mach–Zehnder with one internal and
one external phase shifter. Our finding indicates that both the rect-
angular and triangular architectures give similar results in terms
of performance. The small difference in fidelity and bit-precision
is within the margins of error. The obtained fidelities are compat-
ible with quantum experiments.36,43 Moreover, five-bit precisions
have been demonstrated to be sufficient for quantized deep neural
networks,44–46 highlighting the capability of the processor to support
advanced computational tasks. To highlight these statements, we
demonstrated the capabilities of the general-purpose processors on
quantum tasks by programming the CNOT, Pauli Y, and Hadamard
gates, achieving RMSEs of less than 0.035 and fidelities greater
than 97%.

While our results are promising, it is important to acknowl-
edge the scalability challenges associated with the system. Com-
pared to application-specific systems, our general-purpose processor
exhibits additional losses. In the splitter tree, we use PUCs instead of
3-dB MMI, which present lower insertion losses in the commercially
available fabrication process. Furthermore, we have also demon-
strated that as the size of the matrix scales, we need to add extra
PUCs to the splitter tree. The matrix part also introduces extra losses.
We require twice the number of PUCs compared to an ASPIC. Our

APL Photon. 10, 026102 (2025); doi: 10.1063/5.0235712 10, 026102-8

© Author(s) 2025

 25 February 2025 08:02:52

https://pubs.aip.org/aip/app


APL Photonics ARTICLE pubs.aip.org/aip/app

TABLE IV. Comparison of modulation technologies.

Effect Speed Losses Footprint Consumption References

Thermo-optic 10 s MHz 0.2 dB <100 μm 20 mW Pπ 39
Plasma 40 GHz 4 dB 4 mm 6.3V Vπ 40
EO-Pockles BTO 2 GHz 1.3 VdB 1 mm <100 nW Pπ 41
EO TFLN 20 GHz 0.05 dB 5 mm 7.33V Vπ 42

system presents 0.48 dB insertion loss for PUC. Reducing this num-
ber becomes crucial for large-scale implementations. PUCs based on
thermo-optic phase shifters with <0.1 dB of losses have been already
demonstrated,47 opening the path for high-dimensional photonic
linear transformers. It is also possible to increase the size of the
matrix multiplication by dividing the multiplication process into
lower size multiplications using a compiler.48 A detailed study on
how the system scales compared to application-specific feedforward
meshes is provided in the supplementary material.

Regarding the power consumption of the system, each PUC
in the processor consumes 1.3 mW/π. The splitter tree requires
14 PUCs, which is an extra average consumption of 18.2 mW if
compared with an ASPIC. For the matrix stage, we require not
only the tunable elements but also PUCs to be in the bar and
cross state for light routing. Moreover, each building block requires
four phase shifters instead of the two used in current ASPICs.
The total average consumption of the matrix is 54.6 and 61.1 mW
for a 4 × 4 matrix size using the Clements and Reck architec-
ture, respectively. These values can be reduced by using non-volatile
phase change materials49 for the static PUCs and by using alterna-
tive building blocks for more compact and less power-consuming
architectures.12

An important metric is the number of multiply-and-
accumulate (MAC) operations per second that can be achieved. In
our case, we used thermo-optic phase shifters with a switching speed
limited to several microseconds for both vector and matrix encod-
ing. As our system can perform complex operations, the number of
MAC/s is MAC/s = 4N2DR, where DR is the data rate. Then, our
4 × 4 matrices can provide up to 0.64 GMAC/s. The inclusion of
high-speed modulators for the input vector encoding can increase
this figure to the TMAC/s range. For example, using a DR of 20 GS/s
will translate into 1.28 TMAC/s. No additional changes would be
necessary as high-speed photodetectors working up to 40 GHz are
already integrated in the processor. The choice of modulation tech-
nology should depend on the application requirements, as there are
trade-offs between speed, footprint, losses, and power consumption.
A comparative analysis of some of these technologies is presented in
Table IV.

The use of a general-purpose processor presents significant
advantages, particularly in terms of reducing costs associated with
design and fabrication. The flexibility of these processors also allows
for the integration of extra functionalities, such as photonic fil-
ters or delay lines, which has been already combined with linear
transformations in ASPICs for different coherent applications.28,50

Future work could explore how the integration of these sys-
tems could impact the performance and precision of the unitary
transformation.

SUPPLEMENTARY MATERIAL

The supplementary material includes an in-depth study of the
scalability of feedforward meshes on a general-purpose photonic
processor, as well as step-by-step details of the phase calibration
process.
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coherent nanophotonic circuits,” Nat. Photonics 11, 441–446 (2017).
23S. Pai, Z. Sun, T. W. Hughes, T. Park, B. Bartlett, I. A. D. Williamson,
M. Minkov, M. Milanizadeh, N. Abebe, F. Morichetti, A. Melloni, S. Fan, O.

Solgaard, and D. A. B. Miller, “Experimentally realized in situ backpropaga-
tion for deep learning in photonic neural networks,” Science 380, 398–404
(2023).
24H. Zhang, M. Gu, X. D. Jiang, J. Thompson, H. Cai, S. Paesani, R. Santagati,
A. Laing, Y. Zhang, M. H. Yung, Y. Z. Shi, F. K. Muhammad, G. Q. Lo, X.
S. Luo, B. Dong, D. L. Kwong, L. C. Kwek, and A. Q. Liu, “An optical neural
chip for implementing complex-valued neural network,” Nat. Commun. 12, 457
(2021).
25M. Prabhu, C. Roques-Carmes, Y. Shen, N. Harris, L. Jing, J. Carolan, R.
Hamerly, T. Baehr-Jones, M. Hochberg, V. Čeperić, J. D. Joannopoulos, D. R.
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