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ABSTRACT

Multipurpose photonic processors have emerged as a powerful platform for implementing diverse optical functions on a chip

via software-driven reconfiguration. At the core of these processors, photonic waveguide meshes enable flexible light routing

and manipulation. However, recirculating meshes are limited by the fixed dimensions of their cells, constraining their spectral

and temporal resolution. Here, we introduce the concept of non-uniform programmable waveguide meshes by incorporating

defect cells into a uniform hexagonal architecture. These defect cells preserve an external hexagonal perimeter while embedding
smaller internal sub-cells that modify the spectral response via the Vernier effect. By coupling cells with different optical path
lengths, we achieve a tenfold increase in free spectral range (FSR) up to 133 GHz and reduce sampling times from 75 to 7.5 ps,
surpassing the capabilities of conventional programmable meshes. Beyond broadband signal processing, it paves the way for

advanced applications in topological photonics, quantum information processing, and high-speed optical computing.

1 | Introduction

Programmable integrated photonics (PIP) [1, 2] is a new technol-
ogy paradigm that aims at designing common integrated optical
hardware resource configurations, capable of implementing an
unconstrained variety of functionalities by suitable programming.
The core of a PIP processor is a photonic waveguide mesh [3,
4], a two-dimensional lattice that provides a regular and periodic
geometry, formed by replicating unit cells. The mesh connectivity
determines the possible functions of the programmable circuit
and how it can be configured. Broadly, waveguide meshes can
be classified into forward-only [5-9], where the light flows from
one side of the mesh to the other, and recirculating [10-12], where
light can also be routed in loops and even back to the input ports.

Recirculating meshes typically adopt hexagonal, rectangular, or
triangular geometries, where each side of the cell is formed by a
tunable basic unit (TBU) composed of two integrated waveguides
connected by means of a balanced Mach-Zehnder interferometer
(MZI) or a gate [13-16]. The mesh is then programmed to

manipulate the flow of light on a chip by electrically controlling
the set of tunable analogue gates [17-19] as crossbar switches
or as variable couplers with independent power division ratio
and phase shift. Light is then distributed and spatially rerouted
to implement various linear functions by interfering signals
along different paths. PIP circuits enable broadband analogue
processing, which finds applications in two relevant scenarios.
The first includes applications where analogue processing is
required, such as artificial intelligence [20, 21], deep learning [22],
quantum information systems [23-25], and topological photonics
[26, 27]. The second includes applications, such as 5 or 6G
telecommunications [28], signal processing [29-31], switching
and data center interconnections [32-34], hardware acceleration
[35], and sensors [36], where photonic analogue processing can
work in conjunction with high-speed digital electronic systems
to overcome the expected limitations that arise from the death of
Moore’s law.

However, the performance of recirculating waveguide meshes is
inherently constrained by the fixed physical dimensions of their
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unit cells. A typical state-of-the-art cell in silicon photonics has a
side length L, of around 450 to 900 pum, providing a propagation
delay T, in the range of 6.3 to 12.6 ps. These values are fixed once
the mesh is fabricated and limit the flexibility in the spectral and
time domain responses of the circuits that can be implemented.
For instance, in hexagonal meshes, minimum length cavitiesL =
6L, provide round-trip delays between 37.6 and 75.2 ps that result
in a spectral period in the range of 13.3-26.6 GHz, which is not
enough for broadband applications requiring at least 40 GHz or
more. Similarly, the time sampling rate achievable in the meshes
is not enough for applications requiring delay precision in the
range of less than 10 ps.

Here, we propose and experimentally demonstrate a solution
to the above limitations that consists of embedding what we
call, in analogy to solid-state physics, defect cells [37-39] into
the otherwise uniform 2D hexagonal mesh. The defective cells
have an external hexagonal perimeter to fit into the regular
mesh, but are internally divided into sub-cells with a smaller
perimeter. In this way, the individual cavities of the uniform
and defect cells have slightly dissimilar spectral periods or FSR
(FSR, and FSR,) values and the mesh spectral limitation can be
solved by exploiting the Vernier effect [40, 41]. In particular, we
experimentally show multiplication factors of 3.6 (FSR = 48 GHz),
6 (FSR = 80 GHz), and 10 (FSR = 133 GHz) in a hexagonal
waveguide mesh implemented on a Silicon on Insulator (SOI)
chip, which exceeds those achieved in a programmable photonic
mesh [42]. While static microring resonators with small radii can
reach FSRs exceeding 500 GHz and even approach the terahertz
range, these devices lack reconfigurability and are optimized for
fixed filtering applications. In addition, we show reductions of
sampling times from 75 down to 7.5 ps. The foreseeable reduction
of cell sidelengths to values below 100 um, needed for scaling
up programmable optical circuits [43], can open the path in
combination with defect cells to the implementation of cavities
offering spectral periods well beyond 1 THz and sampling times
in the femtosecond range.

By inserting defect cells, it becomes possible to create non-
uniform programmable waveguide meshes in which both single
defects and groups of defects are deliberately placed within
regular 2D layouts. The proposed modification preserves the
underlying hexagonal tiling and thus retains all the advantages
and functionalities of the original FPGA-like architecture. The
introduction of defect cells does not compromise the hexagonal
framework but enhances it by enabling novel functions while
maintaining the same scalability properties without losing the
inherent flexibility of the hexagonal mesh.

2 | Results
2.1 | Concept

A programmable photonic waveguide processor (Figure 1la)
consists of a programmable core, optical and radiofrequency
input/output interfaces, and auxiliary components that enhance
performance. At the heart of this architecture lies a two-
dimensional periodic waveguide mesh, typically structured in
hexagonal, triangular, or square unit cells. In a hexagonal con-
figuration, the fundamental cell perimeter, comprising six TBUs,

determines the resonant cavity lengths. This inherent geometry
imposes constraints on the free spectral range (FSR) and time
sampling rate, limiting the processor’s applicability in broadband
and high-speed operations (Figure 1b).

To overcome these limitations, we propose introducing defect
cells within the regular mesh, creating a non-uniform structure
that enables spectral period expansion by coupling cavities of
different lengths and exploiting the Vernier effect (see Note S1
for theoretical development). As an example, Figure 1c illustrates
the insertion of an additional TBU to split one of the hexagonal
cavities, forming a coupled system between a standard cavity
with a round-trip length L and a defect cavity of length. Ly. The
resulting compound cavity (Figure 1d) exhibits an extended FSR;
and a reduced time sampling rate due to the interplay between
the original and defect cavity resonances.

Within the strategies for designing non-uniform meshes, we
can differentiate between two types: using isolated defect
cells (Figure le) or adding non-uniformly distributed columns
(Figure 1f). In the case of isolated defect cells, specific hexagonal
cavities in the mesh are individually modified by adding TBUs
inside them (see Note S2). This allows the formation of compound
cavities only in targeted regions of the mesh. A key advantage of
this approach is that defect cells can be introduced in a localized
manner, without affecting the rest of the periodic structure.
On the other hand, we can create non-uniformities by adding
distributed columns, modifying the length of the TBU on one side
of the hexagon. These approaches can also be applied to other
types of meshes, such as square meshes; however, in the latter,
modifying the length of one side of a cell requires the entire row
or column (depending on the mesh structure) to adopt the same
length.

Leveraging the reconfigurability of the mesh, we can implement
frequency-tunable ring resonators by dynamically adjusting the
coupling and phase of selected MZIs. This flexibility extends to
coupled cavities, where the Vernier effect allows dual tuning
mechanisms: coarse and fine tuning. Coarse tuning enables a
discrete frequency shift across the extended FSR by modifying
the phase in one ring, whereas fine tuning provides a continuous
frequency shift over a narrower bandwidth by simultaneously
tuning the phase at both rings. The two approaches differ in gran-
ularity: coarse tuning operates in discrete steps determined by
FSR, or FSRy, depending on the adjusted ring, while fine-tuning
allows for precise spectral shifts down to a few GHz, depending
on the resolution of the current sources used for controlling the
phase actuators. By combining both tuning strategies, the entire
extended FSR can be covered with high spectral precision and
without additional power overhead.

2.2 | Design and Fabrication

Following the concept of non-uniform mesh with isolated defect
cells, we designed and implemented a programmable hexagonal
waveguide mesh comprising three distinct types of cells, as
illustrated in Figure 2a. The basic cell features six tunable MZIs,
each with an optical path length of L, resulting in a total
round-trip length of L = 6L,. To introduce defects, we defined
two alternative cell structures. In the first case, the hexagon is
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FIGURE 1 | Non-uniform programmable photonic meshes enabled by defect cells. (a) Schematic of a programmable photonic waveguide processor,
comprising a reconfigurable core, optical and RF interfaces, and external control elements. (b) In conventional hexagonal meshes, cavities formed by six
TBUs impose limitations on the FSR and temporal resolution. (c) A defect cell, created by introducing an additional TBU within a hexagonal cavity, alters
the uniform structure, enabling new coupling mechanisms. (d) The standard and defect cavities exhibit different FSRs due to their distinct round-trip
lengths (L and Ld). When combined, their spectral overlap produces an extended FSR via the Vernier effect, enhancing spectral tunability and enabling
finer time resolution. (e) Concept of a non-uniform hexagonal mesh with isolated defect cells and (f) hexagonal and square meshes using non-uniformly
distributed columns.

bisected into two equal defect cells, each comprising four MZIs  Figure 2b-d illustrates circuit diagrams demonstrating these
with length Lg;. In the second case, the hexagon is divided coupled double-ring resonator structures using the different cells.
asymmetrically into cells with three and five MZIs, featuring The transfer function at the drop port of the resulting resonator
lengths Ly, and Lg;, respectively. The latter design maintains can be expressed as

symmetry by incorporating an additional length on one side,

ensuring that one MZI functions as a coupler within the ring.

Importantly, both defect configurations preserve the external Hipyop (@)

hexagonal perimeter, enabling seamless integration into a regular

waveguide mesh. oo RUER2
g K1K2K3,/O(Rlo(R2e ( 2 ) (1)
The introduction of defect cells with varying cavity lengths 1 —tyt,ap €™ — tytap e/ +t1t3aRlochej‘”(TR1 )

facilitates an increase in the FSR through a serially coupled

double-ring resonator. The FSRs of the coupled cavities must

satisfy the condition FS Ry = m,; FS R, = m, FSR,, where m, where xj, , 3 and f;; , 5 represent the coupling and transmission
and m, are natural, co-prime numbers [44]. By coupling cavities coefficients of the tunable MZIs, 7, and 7, are the round-
of lengths L, and L¢, we achieve FSR enhancements of 10 and  trip delays, w is the optical angular frequency, and « and
6 times, respectively, compared to the uniform hexagonal cell. ag, These are the loss coefficients of each ring. To maximize
Additionally, coupling L, and L., within a single hexagonal cell the extinction ratio of the Vernier resonances, an optimization
further increases the FSR of L., by a factor of 3, leading to an routine determines the optimal coupling parameters based on
overall enhancement of 3.6 times relative to the hexagonal cavity. total ring losses.
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FIGURE 2 | Schematic representation of the hexagonal waveguide mesh. (a) Uniform basic cell composed of six tunable MZIs and defect cells

created by splitting the hexagon into two equal parts with four MZIs each, and an asymmetric division into three and five MZI configurations. (b)

Circuit diagram of coupled double-ring resonators enhancing FSR by 10 times, (c) 6 times, and (d) 3.6 times. (e) Conceptual layout of the PIC design. (f)
Micrograph of the fabricated chip, showing the hexagonal waveguide mesh. (g) Low-power phase shifters utilizing suspended waveguides and trenches
to minimize power consumption. (h) Packaged chip wirebonded to a PCB with fiber array alignment for optical coupling.

A non-uniform four-cell hexagonal waveguide mesh (Figure 2e)
was designed and fabricated as a photonic integrated circuit (PIC)
using the silicon-on-insulator (SOI) platform from Advanced
Micro Foundry (see Materials and Methods). The foundry spec-
ifications include a waveguide loss of 1.1 dB/cm, multimode
interferometer (MMI) insertion losses of 0.15 dB, and edge coupler
insertion losses of 1.3 dB, all at a wavelength of 1550 nm.

The fabricated chip (Figure 2f) follows a flattened hexagonal
mesh configuration (see Note S3 for flattened design details), in
order to fit the chip size, with hexagonal sides of 900 um for
the 21 integrated MZIs. To reduce power consumption, the phase
shifters employ suspended waveguides with trenches (Figure 2
g), achieving an efficiency of 1.26 mW/x and a tuning speed of
~3 kHz, which is suitable for quasi-static configurations such as
programmable filters or slowly varying signal processing tasks.
The chip was electrically packaged onto a printed circuit board
(PCB) for precise phase control, with 24 edge couplers for optical
input/output interfacing and alignment loops to facilitate fiber
array alignment during coupling (Figure 2 h).

2.3 | Vernier Effect Measurements

We programmed three types of double-coupled ring resonators
using the fabricated programmable mesh. To configure a photonic
circuit within the mesh, we first characterized each TBU. Due
to fabrication deviations, the TBUs are not perfectly balanced
(see Note S3 for details on device characterization). As a result,
each TBU requires different current values depending on the
desired coupling, which can be programmed via software using
multichannel current sources.

From a signal propagation control perspective, the introduction
of defect cells does not increase algorithmic complexity. Since
our routing algorithms rely on graph-based abstractions, a defect
cell is treated as a node with modified attribute weights, allowing
standard pathfinding algorithms (e.g., Dijkstra) to operate with-
out modification. Regarding hardware scaling, the overhead in
terms of extra phase shifters and physical control pads is minimal
and linear. The total number of phase shifters (see Note S2) is
given by Ny = (6 NyN, + 4N, + 4N, — 2) + 2Ny, fecis» Where N,
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TABLE 1 | Parameters of the Vernier cavities.

FSR x 3.6 FSR X 6 FSR x 10
Parameter Ring1 Ring 2 Vernier Ring1 Ring 2 Vernier Ring1 Ring 2 Vernier
L (mm) 6 4.5 5.4 4.5 5.4 4.86
a 0.8639 0.9112 0.8478 0.9112 0.8478 0.8892
Xy, K3 0.3285 0.3714 0.2282
%, 0.1122 0.1530 0.1428
P; * (mW) 7.45 8.92 10.15
FSR (GHz) 11.96 15.95 47.84 13.29 15.95 79.74 13.29 14.76 132.9
T (ps) 83.61 62.69 20.90 75.24 62.69 12.54 75.24 67.75 7.52
@cr (rad) 0.287 0 0.671 0.2 0 0.47 0.2871 0 0.221
gy (rad) 0.2871 0.287 0.133 7 0.2871 0.2871 0.087 0.2871 0.287 0.0027

The total phase shift ¢ is calculated on the total FSR resulting from the Vernier effect. CT: coarse tuning, FT: fine tuning.

2Total power consumption of the circuit.

and N, are the number of vertical and horizontal hexagonal cells,
and N s 1S the number of inserted defect TBUs. This negligible
increase (2 actuators per defect) does not compromise the mesh
connectivity when using the mesh for other applications, rather
than Vernier ring resonators (see Note S2 for a routing analysis of
another circuit in a non-uniform mesh).

For optical measurements, we used a tunable laser combined with
a component tester to characterize the ring responses (see Note
S5 for setup details). The total losses per MZI are approximately
0.48 dB, implying a loss factor of & = 0.85 for a ring formed with a
hexagonal cell. Consequently, the Vernier effect response deviates
from the ideal case, where the secondary to main resonance ratio
will be inversely proportional to the losses.

We compared the measured amplitude and phase responses with
simulated results using the response given by Equation (1), using
the coupling and loss parameters specified in Table 1. Figure 3
shows the amplitude responses for the three coupled cavity
cases, where experimental measurements align closely with the
simulated results. Coupling the L., and L cavities (Figure 3a)
extended the FSR by a factor of 3.6 compared to a hexagonal cavity
(see Supplementary Materials for individual ring measurements),
yielding an FSR of 47.8 GHz. Similarly, coupling a hexagonal
cavity with the L.; cavity increased the FSR by a factor of six,
reaching 79.7 GHz (Figure 3b). Finally, coupling a hexagonal
cavity with L, yielded a tenfold FSR increase, resulting in
132.9 GHz (Figure 3c). Figure 3d-f illustrates the corresponding
phase responses, derived from the Kramers-Kronig relations (see
Note S6 for details), demonstrating the interaction between the
resonances of both cavities. The primary resonance exhibits a 27
phase shift, while the secondary resonances show a smaller, more
gradual phase variation.

Each TBU within the programmable mesh consists of an MZI
with two phase shifters, one per arm, enabling precise control of
coupling and phase at the output. In applications requiring only
coupling adjustments, driving a single-phase shifter is enough.
However, for independent control of both coupling and phase,
both phase shifters must be modulated (Figure 4a). The coupling

$2-¢1
2

constant is given by x = cos? ( ), while the overall phase

shift follows ¢ = (¢, + ¢,) /2.

Figure 4 shows the measurements of the different Vernier cavities
being shifted throughout the entire FSR using fine and coarse
tuning techniques in all cases. The reference column illustrates
the spectral response of each circuit extended over multiple
spectral periods, and their response can be tuned in two ways.
Fine-tuning is performed by operating one of the MZIs in each
ring as a phase shifter, applying the same current difference
to both rings (Figure 4b). In our experiments, we adjusted the
response in 3.2 GHz steps, corresponding to a power difference of
AP = 0.35 mW per phase shifter. The maximum frequency shift
is limited by the breakdown current or voltage of the phase shifter
(8.39 mA), and the minimum is determined by the resolution of
the current sources.

Coarse spectral tuning is achieved by applying a phase shift to
only one ring (Figure 4c), altering its resonance while leaving
the second ring fixed, thus adjusting the Vernier effect to match
the next resonance of the second cavity. In Figure 4d,e coarse
tuning was performed by shifting the response of the L; and
the hexagonal ring, respectively, achieving a 15.95 GHz frequency
step in both cases, resulting from the non-tuned ring L.,. For
the circuit in Figure 4f, coarse tuning of the hexagonal ring
resulted in a 14.76 GHz frequency step, enabling tuning across
the entire FSR of 132.9 GHz. Two different tuning steps are
possible when doing coarse tuning, depending on the ring you
shift. In this configuration, you will obtain a tuning step equal
to the FSR of the non-tuned ring. By combining fine and coarse
tuning, we can continuously shift the response of these rings
over the extended FSR, making the system highly reconfigurable
in frequency. Table 1 lists the coupling parameters and current
values used for each case, including those for both fine and coarse
tuning.

Additionally, inserting defective cells allows for a reduction in
sampling time resolution, addressing the limitation found in
uniform waveguide meshes. To demonstrate this, we measured
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FIGURE 3 | Comparison between simulation and experimental measurements of the three Vernier cavities. (a-c) Measured amplitude response for

the three coupled cavity configurations. Experimental results (solid lines) are compared with the simulated response (dashed lines). The coupling and

loss parameters used in the simulations are listed in Table 1. (d-f) Corresponding phase response, derived using Kramers-Kronig relations, showing the

interaction between the resonances of the two cavities. The primary resonance exhibits a 27 phase shift, while secondary resonances show a smaller

phase variation.

the temporal response of each cavity within the mesh using 1-
picosecond Gaussian pulses. Figure 5a-d shows the sampling
time between consecutive pulses for each independent cavity,
achieving resolutions ranging from 62.69 to 83.61 ps. Using the
Vernier effect, we further reduced the resolution. Figure Se-g
illustrates the temporal responses of the coupled cavities with
different lengths, achieving sampling times as low as 7.52 to
20.9 ps. This reduction is especially beneficial for applications
requiring extremely high delay precision.

3 | Discussion

In this work, we have proposed, fabricated, and experimentally
demonstrated a non-uniform programmable photonic mesh in
silicon on insulator. Specifically, we introduced defects within a
hexagonal mesh structure to break the uniformity of the cavities
and path length sections. By coupling two or more cavities
with different round-trip lengths, we successfully implemented
filters with an extended FSR, leveraging the Vernier effect to
enhance performance. This approach addresses a critical limita-
tion in uniform programmable hexagonal meshes, where each
cavity comprises six MZIs, leading to long ring resonators with
inherently small FSRs.

One question of interest is related to the effect that inserting
defect cells can have on the structural redundancy offered by uni-
form meshes. This feature is quite important as this redundancy
underpins their reconfigurability and universality by allowing

the implementation of multiple circuits, and equally important,
because it enables the self-healing of implemented circuits in the
event that one or several TBUs fail. The defect cells proposed in
this work show a key feature; they all have an external hexagonal
perimeter, so the mesh structural redundancy is not affected by
their inclusion if defect cells are placed in the external perimeter
of the mesh. If the cells are inserted in the interior region and they
cannot be used to implement a given circuit, they can always be
circumvented by setting their TBUs to the bar state.

To validate our concept, we designed and fabricated a compact
proof-of-concept device featuring four hexagonal cavities, two
of which incorporate an internal MZI that splits the cavity.
Using this programmable mesh, we demonstrated three different
coupled-cavity filters with extended FSRs, achieving ring res-
onator responses with FSR values of 47.8, 79.7, and 132.9 GHz.
In contrast, a uniform mesh of the same fabricated size yields a
maximum FSR of only 13.3 GHz, indicating a tenfold improve-
ment. Furthermore, our approach enables a significantly reduced
time sampling rate, which is crucial for high-speed optical signal
processing. We obtained time sampling values of 20.9, 12.5, and
7.5 ps using the Vernier cavities, compared to approximately 75 ps
when utilizing a single hexagonal cavity.

This study paves the way for further advancements in non-
uniform programmable photonic meshes. A promising direction
is scalability, where larger meshes incorporating multiple defect
cells could be designed to achieve even higher FSR multipli-
cation factors, reducing the size of the TBU and improving
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FIGURE 4 | Fine and coarse tuning measurements of the three different programmable Vernier cavities. (a) Driving one phase shifter of an MZI

allows only amplitude tuning, and driving both phase shifters allows independent tuning of amplitude and phase at the output. (b) Fine tuning of the
response needs shifting the response of the two rings simultaneously and (c) coarse tuning needs shifting only one ring. (d) Coupling L¢, and L¢3 results
in a 3.6 X FSR extension to 47.8 GHz. (e) Coupling a hexagonal cavity with L¢3 results in a 6 x FSR increase, reaching 79.7 GHz. (f) Coupling a hexagonal

cavity with L¢; results in a 10 X FSR increase, yielding 132.9 GHz.

overall system efficiency. The reported 0.48 dB loss per MZI
is a limiting factor affecting side resonance suppression in the
observed Vernier spectrum. While this loss level is comparable
to other implementations of silicon photonic meshes [17, 45],
it underscores the need for further optimization. For example,
by reducing this value to 0.1 dB/TBU, the hexagonal mesh can
be scaled up to 50 cells, resulting in a total mesh loss of 5
dB [1]. Emerging solutions such as Phase Change Materials
(PCM) and Micro-Electro-Mechanical Systems (MEMS) offer
some advantages [46, 47], although they may involve trade-offs
in terms of tuning speed, resolution, power consumption, or
fabrication complexity.

Although high-Q single and multi-ring resonators can deliver
excellent performance in terms of resonance sharpness and
compactness, they remain inherently limited to specific func-
tionalities and require careful tailoring for each application. By

contrast, the defect-modified hexagonal mesh architecture is
designed as a universal, reconfigurable platform, where a single
layout can be programmed to implement a wide range of circuits
without redesign. The aim of this work is therefore not to compete
with specialized devices, but to establish the mesh as the founda-
tional approach for truly general-purpose photonic integration.
A critical advantage of embedding Vernier elements within the
mesh, as opposed to using external standalone resonators, is
the preservation of resources. First, regarding port efficiency, a
standalone high-performance ring requires dedicated input and
output access. Connecting a signal from the mesh to such an
external block and back would consume external optical ports of
the processor. Second, regarding insertion loss, routing a signal
out of the mesh to an external circuit and re-coupling it back
introduces significant additional propagation loss depending on
the interconnect length required to reach the external block. By
embedding the defect inside the mesh, we process the signal
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FIGURE 5 | Temporal responses using 1-picosecond Gaussian pulses. (a-d) Responses for each independent cavity, with resolutions ranging from

62.69 to 83.61 ps. (e-g) Temporal responses of the coupled cavities of different lengths, demonstrating a significant reduction in sampling times to a range

of 7.5 to 20.9 ps. This improvement is particularly useful for applications requiring precise delay measurements.

in situ, maximizing link budget efficiency and saving TBUs
compared to the overhead of interconnecting external building
blocks.

The realization of a widely tunable and extended FSR is critical for
specific application domains. In Microwave Photonics, periodic
spectral resonances can interfere with wideband RF signals (e.g.,
in 5G/6G systems) [28]. By extending the FSR to 133 GHz, we
clear a wider spectral window for processing high-frequency
signals without aliasing. Additionally, in elastic optical networks,
the ability to dynamically tune the filtering bandwidth and FSR
allows the processor to act as a flexible bandwidth variable filter,
adapting to different channel grids or routing varied wavelength
division multiplexing signals without hardware replacement [48].
The reduced sampling interval brings advantages in optical beam-
forming networks and arbitrary waveform generation [49, 50]. In
phased array antennas, the precision of the beam steering angle
depends on the minimum delay step achievable. By reducing
the sampling unit to ~7.5 ps via defect cells, our architecture
enables high-resolution true time delay lines, satisfying the
requirements of modern radar and satellite communications.
For AWG applications, it opens the door to the generation of
reconfigurable pulse shaping at different carrier frequencies (in
our particular example shown here at 12, 13.3, 14.8, 16, 48, 80, and
133,4 GHz) [51].

Beyond classical applications, non-uniform photonic meshes
provide a highly adaptable platform for emerging fields such as
topological photonic devices [12], the implementation of physi-
cally unclonable functions (PUFs) [52], and quantum photonics
[53], offering new opportunities for advanced photonic comput-
ing and signal processing architectures. However, while quantum
information processing is a promising direction, it imposes much
stricter performance requirements. In particular, optical losses
would need to be significantly reduced (down to approximately
0.01 dB per TBU), which would require substantial additional
engineering efforts.

The current TBU design of this work has a length of 900 pm, as
we used the process design kit (PDK) phase shifters and MMIs
from the foundry. A custom design could reduce the TBU size to
approximately 100 um, enabling operation bandwidths of around
120 GHz for hexagonal cavities and up to 1.2 THz for the proposed
non-uniform mesh, but sacrificing some power consumption [54,
55]. Additionally, minimizing TBU losses will further enhance the
performance of the Vernier effect, leading to higher extinction
ratios in the main resonances. The current loss of approximately
0.48 dB per TBU could potentially be reduced to around 0.08 dB
[56], enabling applications in ultra-broadband optical processing
and high-speed optical communications.

4 | Materials and Methods

4.1 | Fabrication of the Device

The photonic integrated circuit was fabricated by Advanced
Micro Foundry using a standard silicon on insulator process. The
chip was produced from an SOI wafer with a 220 nm device layer,
featuring 500 nm single-mode waveguides patterned through
deep ultraviolet (193 nm) lithography. Phase-shifting waveguide
sections were implemented by depositing a 120 nm TiN heater
layer over the waveguides, powered by 2000 nm-thick metal
DC tracks added in the final stages of fabrication. The process
allows the doping of waveguides and under-etched waveguides
to improve the efficiency of the phase actuators and mitigate
thermal crosstalk effects. The chip size is 2.8 x 4.3 mm?, including
electrical pads and edge couplers.

4.2 | Device Characterization and Measurements

Manufacturing deviations affect the optical phase of the elements
that compound the programmable mesh. Characterization of
all the MZIs is needed to correctly drive the currents at each
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thermal tuner. This process was performed using a continuous
wave laser fixed at 1550 nm and a power meter (FTBx-1750 EXFO)
to measure the output optical power while driving the phase
shifters. The 42 DC channels are wirebonded to a printed circuit
board (PCB) and controlled with a multichannel current source
(Qontrol Ltd.) that can be programmed through coding. A more
detailed explanation of the calibration process can be found in
Note S4. After calibration, each TBU has its own set of current
values for a certain coupling and phase.

For optical spectral measurements, we used a tunable laser
source (T100S-HP EXFO) along with a component tester (CT440
EXFO), featuring a 1 pm wavelength resolution. Active optical
alignment was performed automatically using piezo controllers
(Thorlabs MDT693B) for the positioner that held the fiber array.
The alignment routine consists of finding, simultaneously, high
optical output power at both loops of the edge coupler array. A
7 dB loss is measured for the loop ports, corresponding to a 3.5 dB
loss per input, including the coupling and insertion losses of the
edge couplers.

To have a stable temperature during measurements, we use a
temperature controller (Thorlabs TED200C) along with a Peltier
cooler and a thermistor, setting a chip temperature around 25°C.
A heatsink was placed under the whole packaged device for heat
dissipation.
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