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Abstract: General-purpose programmable photonic processors rely on the large-scale integra-
tion of beamsplitters and reconfigurable phase shifters, distributed within unit cells or photonic
gates. With their future evolution threatened by several hardware constrains, including the
integration density that can be achieved with current mesh topologies, in this work, we present a
unit cell topology design to increase the integration density of waveguide mesh arrangements
based on folded Mach-Zehnder Interferometers. We report the design details of a 40-unit cell
waveguide mesh integrated in a 1 lmm x 5.5 mm silicon nitride chip achieving, to the best of
our knowledge, the highest integration density reported to date for a general-purpose photonic
processor. The chip is electrically interfaced to a PCB and we report examples of reconfigurable
optical beamsplitters, basic tunable microwave photonic filters with high peak rejection (40 dB
approx.), as well as the dynamic interconnection and routing of 5G digitally modulated signals
within the photonic mesh.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Multipurpose programmable photonic integrated circuits aim at configuring arbitrary circuits
employing a large-scale set of integrated beamsplitters and phase actuators orchestrated by
software programming methods [1-9] Programming complex and versatile circuits demands
the integration of a large number of programmable unit cells (PUCs) and the optimization
of the performance of their basic unit cells: optical loss, optical crosstalk, tuning crosstalk,
footprint and power consumption. Programmable integrated circuits have a wide range of
operation fields with reported applications in quantum computing [10-14], Artificial intelligence
[15-17], mode unscrambling [18], photonic switching [19], microwave photonics [20,21] and
field programmable gate arrays [22].

The design of programmable photonic processors in silicon nitride provide a set of advantages
such as low-loss propagation loss, the possibility of working at a wide range of optical wavelengths,
and the enhanced temperature stability compared to a silicon on insulator platform [2,23-25].
However, the most basic phase tuning effect available in this platform, the thermo-optic effect, is
one order of magnitude weaker than in the silicon counterpart [3,26,28]. The combination of
longer bend radius and phase actuators reduces the integration density and, in turn, the versatility
of programmable photonic circuits. This issue affects especially hexagonal arrangements, where
the void area between unit cells increases with the longitudinal dimension of its unit cells [27].
Earlier attempts to increase the integration density proposed the translation of conventional
waveguide mesh arrangements [2,3,27] into compact and flattened designs [29]. Although
flattened designs enable an extra design freedom and higher integration densities, silicon nitride
platform calls for the search of additional solutions, since the low-confinement, high bend radius
and long heater sections result in designs with a reduced number of unit cells.

In this paper, we present a unit cell topology design that increases the integration density of
waveguide mesh arrangements. We report design details, characterization, and basic application
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of a 40-unit cell waveguide mesh integrated in silicon nitride platform [25], electrically interfaced
to a Printed Circuit Board (PCB). We reconfigure the chip to demonstrate different photonic and
microwave photonic applications, including reconfigurable optical beamsplitters, ring resonators
and Mach-Zehnder interferometers optical filters, microwave photonic filters, as well as the
reconfigurable optical routing of 5G signals over the waveguide mesh arrangement.

2. Chip design

Waveguide meshes enable the synthesis of different Photonic Integrated Circuits (PICs) in a
common hardware platform by suitable programming each PUC that build up the mesh [1-9].
Most of the reported works to date employ a basic Mach-Zehnder architecture as a PUC [1-9] or
a dual-drive directional coupler [23]. By applying a phase shift in one of the arms or the PUC (or
differential phase shift), it is possible to tune the splitting ratio of the signal, whereas a common
drive of the two phase-shifters leads to a common phase shift modification at the output without
altering the splitting ratio. This basic operation, when combined with multiple unit cells, enables
the definition of the circuit topology and design parameters of reconfigurable programmable
circuits.

2.1.  Programmable unit cell design

Most of the reported MZI-based PUC or tunable basic uUnit (TBU) architectures rely on phase
shifters describing a straight line over the longitudinal length of the thermo-optic heater. This
design is space consuming for hexagonal, square and triangular mesh distributions, and reduces
the integration density [27]. As a solution, we propose here a MZI with a folded heater (See
Fig. 1(a)), that allows us to squeeze the PUC in the longitudinal dimension and fill the gaps present
within the waveguide mesh more uniformly (as it is shown in Fig. 1(b), 1(c), le). Moreover, the
heat flow of one side of the heater can impose a beneficial thermal crosstalk to the second half of
the heater, thus reducing its power consumption. Based on previous simulations and experiments
[3,28] the distance of 120 um between arms involves a positive thermal crosstalk contribution
of around 3% for each waveguide. This effect could be exacerbated if the design is modified
to get the waveguides closer [28]. As a trade-off, the distance reduction between PUCs might
increase the inter-PUC tuning crosstalk. To mitigate this effect, we employ an isolation trench
that etches the silicon oxide top cladding. For cross-section details and waveguide modelling,
see Appendix A.
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Fig. 1. (a) Labelled picture of the designed folded programmable unit cell, (b) labelled
picture of the squeezed hexagonal cell, (c) picture of the 5.5 x 11 mm 40-cell chip, (d)
electrically packaged chip on a Printed Circuit Board and setup with optical fibers and (e)
schematic of the designed mesh.



Research Article Vol. 29, No. 6/15 March 2021/ Optics Express 9045 |

Optics EXPRESS : N

We characterized the unit cell to obtain the main parameters that define its performance. First,
the total Basic Unit Length (BUL) is 1297 pm and the group index is 1.923, resulting in a Basic
Unit Delay of 8.4 ps approximately. This defines the minimum time discretization to synthetize
interferometric structures. According to [27], our design will limit the free spectral range (FSR)
of optical cavities (infinite impulse response filters) to 20, 12, 10, 8.58 GHz and the synthesis of
Mach-Zehnder interferometers (finite impulse response filters) to FSRs of 60, 30, 20, 15, 12 GHz.

Next, we characterized the overall insertion loss of the PUC by measuring paths with different
number of PUCs, resulting in 2 dB/PUC (See Fig. 2(a). This contribution is mainly due to the
3-dB MMI designs that result in 1dB/MMI, limiting the overall chip performance.
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Fig. 2. (a) Measured paths with different number of PUCs, (b) Optical spectral response of
one of the measured PUC measured with 1pm resolution and 10001 sampling points and
normalized to a 11 mm straight waveguide for different electrical powers and (c) Normalized
output power as a function of the applied electrical power.

Finally, we characterized the optical crosstalk and the power consumption, resulting in up to 45
dB and 290 mW/m, respectively (See Fig. 2(b) and 2(c). Optical spectral responses are normalized
to the measured insertion losses corresponding to an 11mm integrated straight waveguide in the
same chip. These losses include the input and output butt-coupling losses (from lensed MFD
2.5 um fibers), the propagation losses and the setup losses, resulting in 12 dB approximately.
In Fig. 2(b), we can see that a flat uniformity is maintained over a 20 nm range. Each trace
corresponds to a different electrical driving condition up to 290 mW, where only one heater is
employed. The electro-optical calibration of each phase shifter revealed that, in contrast to what
was experienced in [3], the passive state of most of the unit cells is the theoretical cross-state,
as it can be observed in Fig. 2(c). This behaviour corroborates the reduction of phase errors in
silicon nitride platforms when compared to silicon on insulator platforms.

2.2. Waveguide mesh arrangement design

For the waveguide arrangement, we designed a 40-PUC hexagonal mesh, with 17 optical ports
distributed between two opposite sides of the die. We designed the chip using Synopsys
Optodesigner. The chip was integrated on a silicon nitride platform fabricated by the Centro
Nacional de Microelectrénica in a CNM-VLC Photonics Multiproject Wafer Run. The chip
waveguides provide 1.5 dB/cm propagation loss and the employed edge couplers show a 3.5 dB
per coupler approximately [24,25].

Next, the chip was encapsulated and wirebondered to a PCB, as it is shown in Fig. 1(d). Since
the available foundry technology stack, optimized for rapid prototyping, only allowed for 1
common metal layer for the heaters and the metal routing, the chip includes a ground layer and a
routing scheme to enable the ground sharing employing metal pads and internal wire bonds.

For its operation, the PCB was fixed in temperature. However, small localized temperature
variations produced fiber-coupling alignment issues which prevented us from employing dynamic
programming methods [29-31]. We associated it to the material expansion due to the temperature
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changes. We observed that a high temperature allowed us to achieve a relatively more stable
behavior, so we fixed the chip temperature to 360C.

3. Experimental results

Many different photonic integrated circuits including 1 and 2 input/output complex filters, disper-
sion compensator delay lines and universal interferometers, among others, can be implemented
in a waveguide mesh [1-9]. To validate the performance of the folded-PUC arrangement, we
focus on simple applications such as splitting, filtering and optical transmission, as examples of
the broad applicability of general-purpose photonic meshes.

3.1.  Reconfigurable optical splitters

Optical splitters divide the signal among different paths with arbitrary optical power ratios. With
a waveguide mesh arrangement, one can reconfigure the number of paths, and the splitting ratios
by acting over each phase actuator to synthetize different optical splitting schemes [32]. As a
basic demonstration example, we configured first a 1 X 2 3-dB optical splitter. Figure 3 illustrates
the configuration scheme, and the location of the input and the output port, following unit cell
representation given by their tunable coupling state. The overall path length results in 6 PUC. In
a second example, illustrated in Fig. 4, we measured a 1 X 4 6-dB optical splitter. In this case, the
overall path length results in 10 PUC. Note that having uneven light-path dimensions for each
optical channel would result in a severe optical power deviation between optical outputs, given
by the measured 2-dB/ PUC.
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Fig. 3. Waveguide mesh connection diagram for the two outputs of the 1 x 2 synthetized
optical splitter. CS: Cross state, BS: Bar state: TC: Tunable Coupler, AV: Available

Figure 5 represents the experimental results of each of the outputs for both 1 X2 and 1 x4
optical splitters. Optical spectral responses are normalized again to the measured insertion losses
corresponding to an integrated straight waveguide in the same chip. As it can be gathered from
Fig. 5, the total accumulated losses for the 1 x 2 and 1 x 4 splitters are around 15dB and 26dB
respectively. These are in agreement with the expected losses for 6-PUC and 10-PUC paths,
taking into account the insertion losses per PUC of 2dB obtained in the previous section and
the splitter insertion losses of 3dB for the 1:2 case and 6dB for the 1 X4 ones. Moreover, a
flat response with a +1dB deviation was obtained over the whole wavelength range of 20nm
measured. Finally, taking into account the measured power consumption per PUC, the overall
maximum electrical power consumption is 435mW and 580mW for the 1 x 2 and 1 x 4 splitters,
respectively.

3.2.  Reconfigurable optical filters

As a second application demonstration, we programmed the circuit to perform a set of reconfig-
urable optical filters. The hexagonal interconnection topology enables single cavity optical ring
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Fig. 4. Waveguide mesh connection diagram for the each of the four outputs of the 1 x4
synthetized optical splitter. CS: Cross state, BS: Bar state: TC: Tunable Coupler, AV:
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Fig. 5. Normalized optical output power measured for each output of the optical splitters.

resonators (ORRs) with cavity lengths given by 6, 10, 12, 14, 16 and 18 BULs [27]. Increasing
the length of the cavity is limited by the accumulated loss. Figure 6 shows, the result for a 6-BUL
(Fig. 6 top) and a 10-BUL (Fig. 6 bottom) cavity lengths ring resonator filters. Figure 6(a) shows
the 40- unit cell hexagonal waveguide mesh configurations, where each unit cell is represented
by a given colour depending on its tunable coupling state. Each measured optical spectrum
is also shown. Again, measured spectral responses are normalized to the measured insertion
losses corresponding to an integrated straight waveguide in the same chip. As it can be seen
from Fig. 6(b), the synthetized 6-BUL ring resonator filter provides insertion losses of around 12
dB and an extinction ratio of 30 dB while the synthetized 10-BUL provides insertion losses of
around 20 dB, as expected from the 2 dB/PUC results measured previously. The extinction ratio
in this case is up to 30 dB although we observed a high variation due to the limited resolution
of the optical spectrum analyzer. The resulting FSR was 0.16 nm (20 GHz) and 0.09 nm (12
GHz) for the 6-BUL and 10-BUL cases respectively, matching with the predicted value during
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the design stage. Moreover, the overall maximum electrical power consumed by both 6-BUL and
10-BUL filters is 1595mW.
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Fig. 6. Experimental results for the 6-BUL ORR (up) and 10-BUL ORR (down) optical
filters. (a) Waveguide mesh connection diagrams, (b) measured optical transfer functions
normalized to a straight waveguide. CS: Cross state, BS: Bar state: TC: Tunable Coupler,
AV: Available

Continuing with optical filters, we synthetized a pair of unbalanced Mach Zehnder Interfer-
ometer (UMZI) filters. The hexagonal interconnection topology enables the configuration of
MZI devices with path unbalances given by 0, 2, 4, 6 and 8. BULs [27]. Figure 7 shows two of
the measured filters, related to a 2-BUL and a 4-BUL UMZIs. In the first case, the optical filter
exhibits an extinction ratio up to 45 dB and insertion loss of 12 dB. In the second case, the filter
shows insertion losses of 16 dB and an extinction ratio of 24 dB, mainly limited by the short
tuning range of our heaters. The measured FSR was, as expected, 0.49 nm (60 GHz) for the
2-BUL case and 0.24 nm (30 GHz) for the 4-BUL ones. Finally, the overall maximum electrical
power consumption measured is 870mW in the 2-BUL filter case and 1160mW in the 4-BUL
filter ones.

3.3.  Reconfigurable microwave photonic filters

RF-photonic signal filtering is probably the most widespread application in integrated MWP
processors [2,33-35]. Specifically, the combination of a flexible reconfigurable optical cores
and modulation and photodetection subsystems, enable the design of fully integrated tunable
RF-photonic devices to meet flexible wideband spectral processing requirements for actual and
future RF communication bands. As a basic validation example, we focus on microwave notch
filters. Such a filter is crucial for removing interferences in dynamic, wideband radio systems,
such as cognitive or ultra-wideband radios [33-35]. These applications demand high resolution
filtering with a very high notch peak rejection.

When compared to application specific photonic circuits, the programmable processor suffers
from extra excess losses due to the waveguide lattice mesh, reducing the total RF gain of the filter.
To overcome this limitation, the integration of optical amplifiers in the system must be considered.
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Fig. 7. Experimental results for UMZI optical filter of AL =2 BULs (up) and AL =4BULs
(down). (a) Waveguide mesh connection diagrams, (b) Measured optical transfer functions
normalized to a straight waveguide. CS: Cross state, BS: Bar state: TC: Tunable Coupler,
AV: Available

On the other hand, the reconfigurability of the filter is enhanced, resulting in a more powerful
and versatile device. Although the noise figure and the dynamic range could be deteriorated, the
programmable processor could take advantage from its high-reconfigurability degree to perform
optimum filtering and linearization over the whole system in the optical or in the RF domain.

To perform a microwave photonic filter, different modulation and detection schemes can be
employed to increase the tunability range, the dynamic range, the gain and the noise figure of the
whole system [35]. For validation purposes, we first set up a microwave photonic filter system
using a double side-band (DSB) modulation to map the optical filter responses to the RF domain.
The optical filters in this case correspond to the 6-BUL ORR and the 2-BUL UMZI examples of
the previous section. The beating of the RF sidebands, and the carrier filtered by the optical filter
define the RF filter shape.

A schematic diagram of the microwave photonic system experiment is presented in Fig. 8.
First, an optical carrier emitted by a tunable laser source (TLS), and a vector network analyzer
(PNA) is used to modulate the dual-drive MZM. This is biased at the optimum quadrature bias
point (QB). The DSB modulated signal is amplified by an erbium-doped fiber amplifier (EDFA)
and feeds the optical integrated filter by means of a lensed fiber and is afterwards collected at its
output by another lensed fiber. Once the signal is outside the chip, it is split into two distinct
paths by a 90/10 optical coupler (OC). The 10% signal is injected into an OSA while the other
90% is photodetected (PD) and sent to a microwave network analyzer (PNA).

Figure 9 shows the resulting RF filter shapes mapped with the 6-BUL ORR [Fig. 9(a)] and the
2-BUL UMZI [Fig. 9(b)] optical filters. Upper part of Fig. 9 shows the RF gain of the system. As
it can be observed, microwave photonic notch filters with high peak rejection (40 dB approx.) are
obtained. Lower part of Fig. 9 shows the RF filters responses normalized by the non-flat response
of the system (modulator + EDFA + photodetector, without the optical filter), demonstrating
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Fig. 8. Diagram of the experimental set-up used for the synthesis of the microwave filters.

that a modulator and photodetector with larger bandwidth is required to avoid the optical power
degradation slope for higher frequencies.
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Fig. 9. Microwave photonic filter responses obtained from (a) the 6-BUL ORR optical filter
and (b) UMZI AL=2BUL optical filter. Lower parts are the responses normalized to the
modulator, the EDFA and the photodetector.

In order to demonstrate a tunable MWP filter, we require single-side band (SSB) modulation
following the interconnection scheme shown at Fig. 10(a). In this case, we measured the tunability
feature with three different schemes to obtain the SSB. Firstly, a dual-drive modulator (DD-MZM)
Sumitomo T.DEH1.5-40-ADC was used with a RF- 90° hybrid [Fig. 10(b)]. Secondly, we
employed the same dual-drive modulator in combination with a wave-shaper implementing a
stop-band filter to mitigate one of the RF side-band, avoiding the use of the 90° hybrid [Fig. 10(c)].
Finally, to obtain the SSB in the third scheme, an in-phase and quadrature modulator (IQ-MZM)
Photline MXIQ-LN-40 with a 90° hybrid was used, avoiding in this case the wave-shaper
[Fig. 11(d)].

Before the MWP filter measurement, we characterized the SSB modulation employing a set
of modulating RF frequencies ranging from 5 to 30 GHz for the case of DD-MZM [Fig. 11(a)]
and IQ-MZM [Fig. 11(b)] both with a 90° hybrid. As it can be observed, almost total rejection
between RF bands is obtained for the IQ-MZM in comparison with the DD-MZM + 900-Hybrid
case, for which we measured a side-band rejection ranging from 6-8 dB. For the case of the
DD-MZM + wave-shaper, total rejection of one RF side-band respect to the other is also obtained
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with SSB modulation by employing (b) a DD-MZM and a 90° hybrid, (c) a DD-MZM with
a wave-shaper and (d) an IQ-MZM with a 90° hybrid.
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Fig. 11. Optical spectra of the SSB modulation implemented by (a) a DD-MZM with a 90°
hybrid and (b) an IQ-MZM with a 90° hybrid. (c) Optical spectrum of the stop-band filter
synthetized with the wave-shaper to filter the desired SSB.

by using an optical stop-band filter with the optical response shown in Fig. 11(c), synthetized by
means of the wave-shaper.

By tuning the relative position of the carrier with respect to the spectral trace of the optical
filter, we can induce the same tuning to the beating of the filtered RF sideband signal. Although
this can be done tuning the spectral response of the filter, in this case the mechanism used
to tune the MWP filter is the carrier wavelength sweeping. Figure 12 shows the tunability
results obtained for the three schemes above presented. If the sideband suppression is worst, the
resulting photodetected RF signal has non-negligible contributions of the beating between the
undesired sideband and the optical carrier and between the undesired (mitigated) sideband and
the targeted sidebands, both filtered by a non-symmetric optical filter response with respect to
the optical carrier. This fact leads to a degradation of the translation of the optical filter to the RF
domain that can be appreciated in the reduction of the extinction ratio, ripples, additional notches
and uneven spectral responses. Overall, we obtained better performance in terms of the filter
extinction ratio for the case of the DD-MZM + wave-shaper although for its operation, it requires
the simultaneous tuning of the wave-shaper with the optical carrier. Note that in the three cases,
the optical carrier is also filtered by an amount that depends on its relative position with respect
to the optical filter. Since the main contribution to the RF photodetected power is the beating
between the optical carrier and the RF sideband the passband optical loss varies with the tuning.
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To mitigate this effect, an important class of MWP systems operates in the so-called self-beating
mode that work on a self-homodyne fashion by sharing the same laser source for information
bearing and local oscillator tasks [36]. As an application example, we also demonstrated the
tunability of the MWP filter by using a self-beating based scheme as the one shown in Fig. 13(a).
Two optical couplers (OC) were used at the input (90/10) and output (50/50) to implement the
self-beating technique. Results of the MWP filter tunability by means of the carrier wavelength
shifting are presented in Fig. 13(b).
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Fig. 13. (a) Experimental set-up used for the tunability feature demonstration with SSB
modulation with self-beating effect by employing a DD-MZM with a wave-shaper and (b)
MWEP filter tunability feature by carrier wavelength shifting. Responses normalized to the
modulator, the EDFA and the photodetector.

3.4. Digital signal transmission

As a final validation example, we analyze the usage of the SiN folded-PUC photonic mesh for
the dynamic optical transmission/ routing of digitally modulated signals, opening the path to
more complex tasks like smart signal processing and management in datacenters or radio-over
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fiber and 5G communication centers [37—40]. For that purpose, we programmed the mesh to
perform optical signal interconnection between optical paths with different path lengths. Next,
we introduced 5G standard signals to be transmitted through the mesh. In order to measure
the signal degradation, we employed a typical figure of merit to characterize MWP links, the
error vector magnitude (EVM) which is measured at the receiver and gives a good indication of
the signal quality. The EVM parameter is used in most wireless system standards such Wi-Fi
or in mobile networks such as 5G, to calculate the performance of a transmitter/modulator
or receiver/demodulator implementing the respective standard. It relates the performance of
the actual waveform compared to an ideal signal as calculated over the course of the ideal
constellation. Following the optical transmission, the lower EVM, the lower deterioration the
signal will have suffered [41].

The setup used in this experiment is shown in Fig. 14. A vector signal generator (VSG)
provides modulated signals that propagate through the optical chip before being photodetected
and by an RF signal and spectrum analyzer (ESA). The modulated signals are time division duplex
(TDD) new radio (NR) 5G signals with quadrature phase-shift keying (QPSK) and 64-quadrature
amplitude modulated (64-QAM) modulation formats and 100 MHz bandwidth. Moreover, we
used two frequencies within the two frequency ranges employed in the 5G NR technology. The
first one is the Frequency Range 1 (FR1) which includes sub-6 GHz frequency band (f=5.9GHz)
and the second is the Frequency Range 2 (FR2) including frequency bands in the mmWave range
(f=26GHz).

Power
Source
TLS l
PC EDFA PCB
000 >_:> I
1 CHIP —1 ESA
i\ Cleaved Cleaved |~
Fiber Fiber PD
MIM
VSG

Fig. 14. Diagram of the experimental set-up used for the optical transmission of digital
signals.

For the experiment we reconfigured the mesh to implement interconnection paths with different
lengths (from 1 to 5 PUCs).

Figure 15 shows the received constellations of the QPSK (Fig. 15 top/left) and the 64-QAM
modulated signals (Fig. 15 top/right) signals in the FR1 range, whereas constellations of the
signals modulated at high frequency (FR2) are shown in the bottom part, QPSK in Fig. 15
bottom/left and 64-QAM in Fig. 15 bottom/right.

Finally, Fig. 15(b) shows the measured EVM for each transmitted signal as a function of the
number of PUCs or TBUs crossed in the mesh. As it can be observed, the EVM is almost
maintained along the increased number of TBUs, with an EVM around 1.34% for the FR1 signal
(5.9GHz) and 2.1% for the FR2 signal (26GHz). These values are well below the allowed limit
(3GPP TS 38.101-1 EVM requirements for different 5G modulation schemes: 17.5% for QPSK
and 8% for 64-QAM, [42]), showing a high quality of the received signals and therefore the
potential of the photonic mesh as a system enabling smart signal processing, routing and signal
management of Radio-over-fiber signals.
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Fig. 15. Constellation diagrams corresponding to (a) FR1 frequency range and (b) FR2
frequency range (QPSK: left and 64-AQM: right). (c) Measured error vector magnitude as a
function of the length of the path in the mesh in terms of number of crossed unit cells or
TBUs.

4. Discussion

The roadmap for future scalable programmable photonic processors calls for improvements in
insertion loss, fabrication tolerance, power consumption and integration density of the basic
programmable unit cells to enable more flexible and versatile circuits. On this topic, a comparison
between silicon and silicon nitride platforms suggests that silicon on insulator achieves better
integration densities due to its higher confinement. This requirement is exacerbated for large scale
circuits, where the maturity of the silicon platform is also better positioned [43]. However, the
integrated optics technology is becoming more flexible thanks to the heterogeneous integration of
both silicon and silicon nitride waveguides and the integration of suspended waveguide structures
that allow the miniaturization and power efficiency improvement of phase actuators in both
material platforms. Main scalability limits and issues of large scale programmable photonic
circuits are discussed in [20,23,43].

Table 1 includes the main examples reported to date of reconfigurable waveguide mesh
arrangements [43]. We can see that the integration density of the folded-heater PUC mesh
improves by a factor of 2.8 compared with previously reported meshes in silicon nitride. In
addition, it integrates a large number of 40 unit cells (80 phase actuators) in this material
platform. In order to compare the folded-design with a non-folded design following the same
interconnection pattern, we could compute that a similar unit-cell design with non-folded heaters
of the hexagonal mesh would require a Unit Cell (MZI) longitudinal dimension of 1270 um
compared to the 714 um of the current unit (MZI). Following a similar reasoning for the area
analysis as the one followed in [27], the area of the hexagonal cell can be expressed in general
as Aconnected_cell= KPUC)_dim?2, where k=1 for the square pattern, k = 34/3/2 for the hexagonal
arrangement and k =+/3/4 for the triangular arrangement, and PUC|_g;, is the longitudinal
dimension of the programmable unit cell. Thus, a PUC|_giny, reduction ratio of 1.77 for the current
example is translated to an area improvement of 3.13. On a general case, the area improvement is
the square of the reduction ratio of the longitudinal dimension of the unit cell.

However, a major drawback of the reported chip is the limiting insertion loss per unit cell
that reduces its applicability and scalability. This can be improved with the optimization and
re-design of the 50:50 MMI couplers. For 3-dB couplers, two alternative architectures stand
out: directional couplers and multimode interferometers. Several demonstrations of directional
couplers in silicon nitride have revealed the requirement of larger footprint (around 350—400
um / coupler) [2]. In addition, directional couplers feature larger dispersive profiles limiting
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the bandwidth of interest. In contrast, MMI designs can be optimized and designed to improve
the insertion loss up to 0.3 dB and imbalances of 0.2 dB on average while maintaining good
conditions (IL<0.4 dB and uniformity) over 40 nm [44]. MMIs across platforms improve
compactness, high fabrication tolerance, inherent output power balance, polarization insensitivity
and lower optical loss, when compared to conventional directional couplers.

As an additional weakness, the integration platform and the resulting layer stack showed a
non-stable thermo-expansive behaviour that prevent us from using automated programming
routines [29-31]. This effect was translated in power drops of more than 8 dB on a straight
waveguide characterization when tuning a set of heaters of the device. Indeed, since thermal
expansion of the material is the most probable issue, a possible solution to this issue is to
employ a fixed optical interfacing to the chip by gluing two optical fiber arrays using epoxy.
In order to increase the integration density, a second metal layer would be required to provide
an efficient opto-electronic phase actuation and mitigate the thermal expansion problem. In
this chip, the intra-heater crosstalk given by the folded heater allowed us to reduce the heater
dimension. However, we reached the miniaturization limit and a further reduction would produce
a degradation of the heaters before achieving a 1800 phase shift [28].

From an integrated microwave photonic system perspective, more complex architectures can
be exploited to produce fully tunable and reconfigurable MWP systems. This includes the use
of alternative modulation-photodetection schemes and the configuration of alternative optical
processing circuits [35]. The obtained RF gain values, even in the presence of one or two optical
amplifiers, suggest the requirement for better modulator and photodetector performances, the need
for integrated optical power amplification and in-line amplification, as well as the improvement
of the overall chip loss.

Overall, although the reported performance is quite limited in terms of insertion loss, it is
demonstrated the potential of the folded-heater PUC design as a path to achieve higher integration
densities.

5. Conclusion

General-purpose programmable photonic processors rely on the large-scale integration of
beamsplitters and reconfigurable phase shifters, distributed within unit cells or photonic gates.
However, their future evolution calls for improvements including the integration density that
can be achieved with current mesh topologies. In this work, we presented a unit cell topology
design to increase the integration density of waveguide mesh arrangements based on folded
Mach-Zehnder interferometers. We reported the design details of a 40-unit cell waveguide
mesh integrated in an 11 X 5.5 mm. silicon nitride chip achieving the highest integration density
reported to date for a general-purpose photonic processor. The chip is electrically interfaced to a
PCB and to verify its performance, we reported examples of reconfigurable optical beamsplitters,
optical filters, basic tunable microwave photonic filters with high peak rejection, as well as the
dynamic interconnection and routing of 5G digitally modulated signals within the photonic mesh.
Overall, the results reported calls for higher improvements in the hardware of general-purpose
photonic processors and open the path to additional application scenarios such as microwave
photonics and 5G signals management.

Appendix A. Waveguide modelling and cross-section details

For this design, we have obtained the basic waveguide properties by employing a commercial
mode solver. For these simulations we employed the following material properties of silicon
nitride and silicon oxide at a temperature of 25 0C, [24,25]:
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In our case, we have employed a deep waveguide with width w,,. of 1 um to satisfy the
single-mode condition of the waveguide. This geometry has been widely employed in the
previous Multi-Project Wafer Runs, [24]. Figure. 16(a) illustrates the waveguide cross-section.

From the mode-solver, we obtained the effective index data for a set of wavelength points
illustrated in Fig. 16(b). We developed a compact model based on a second order Taylor series to
perform a fitting of the data to obtain the corresponding values over the wavelength range between
1.5—-1.6 um. The resulting coefficients for the fundamental TE mode are given by Eq. (3):

— 2
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Fig. 16. (a) Waveguide cross-section, (b) obtained effective index, group index and
dispersion characteristics for weore = 1 pm.

These parameters can be straightforwardly translated to the group index and waveguide
second-order dispersion coefficient as:

neﬁ'(/lO) = X1
g ()
ng(A) = ngg(A) - AT = x1 —x2dg 3)
10’041 22
PO=—Ce ="

where c is the speed of light in vacuum.

For the central wavelength, 1.55 um, we have obtained an effective index of 1.5767, group
index of 1.9234 and a second-order dispersion of —1.2027 ps/(nm-m). The effective thermo-optic
coefficient (An/dTc) is 3.05 x 107 K~ [28].
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