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Abstract A silicon-photonics recurrent spectral filter is designed, fabricated, and system tested to pro-
vide optical pre-processing in a 32-GBd PAM-4 C-band transmission. Performance below FEC is re-
ported for up to 100 km reach. ©2025 The Author(s)

Introduction

Short-reach (< 100 km) optical communications
are driven by the need for low-cost and low en-
ergy consumption solutions. Currently, such re-
quirements are still easier to meet with intensity-
modulation direct-detection (IM/DD) systems.
However, the drive for increasing the symbol
rate/lambda clashes with the power fading limita-
tions introduced by the interplay of dispersion ef-
fects and square law detection especially away
from the O-band and ultimately limits the trans-
mission reach [1-3].

The use of nonlinear equalizers, including
complex machine-learning driven methods [3,4],
can be effective in recovering part of the lost
reach by mitigating intersymbol interference.
Nevertheless, the loss of the phase information
during DD results in inferior performance com-
pared to coherent systems.

As alternatives to purely digital equalizers, so-
lutions incorporating pre-processing in the optical
domain have been proposed [5-10].

Among them, the recurrent optical spectral
slicing (ROSS) technique relies on applying mul-
tiple frequency-shifted infinite impulse response
filters (nodes) to slice the signal spectrum. Each
slice is independently detected, and the signal is
reconstructed and equalized in the digital domain
with a simple linear feed-forward equalizer (FFE)
[7]. The frequency diversity achieved by using
non-frequency-overlapping ROSS nodes allows
for mitigating the impact of power fading. Sub-
stantial performance improvement has been
shown both in numerical investigations [7], and in
a preliminary experimental validation using a

programmable photonic integrated circuit (PIC)
[11] implementing the ROSS node [8].

However, the use of a general-purpose pro-
grammable PIC introduced increased insertion
losses and limited the freedom in the filter design
due to the need to comply with the granularity
provided by the programmable mesh [8, 11].

In this work, we design, fabricate, and test two
ad-hoc tuneable PIC filters tailored for a ROSS
receiver. The proposed filters are based on an
asymmetric Mach-Zehnder interferometer archi-
tecture incorporating delayed feedback from the
output to the input. The devices used in the ex-
periment consisted of two variants in terms of
time difference (AT) values between the MZI’s
arms and they are evaluated in terms of providing
equalization for a 32-GBd PAM-4 signal. A trans-
mission reach of up to 100 km is shown for a 2-
node ROSS receiver based on the short AT de-
sign. Bit error ratio (BER) performance well below
the KP4 hard-decision forward error correction
(HD-FEC) threshold (BER <2.25x10 [12]), at 50
km and below the 400ZR C-FEC threshold
(BER<1.25%102, [13]) at 100 km is experimen-
tally validated.

PIC Design and Fabrication

The ROSS node design is based on an asym-
metrical MZI with the feedback loop between out-
put and input corresponding to a delay of approx.
19 ps. The design choice was based on our pre-
vious theoretical analysis [7] and aimed at im-
proving on the limitations introduced by the pro-
grammable photonic platform used in [8]: (1) the
limited flexibility in free-spectral range (FSR)
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Fig. 1: Design and measured transmission of the two filters for different applied voltages: (a) long, and (b) short AT.

since delays need to be multiples of the program-
mable unit cell = 11.25 ps [11], (2) the loss in the
feedback path (> 1dB) which directly limits the
feedback strength [8], and (3) high in- and out-
coupling loss introduced by the PIC design [10].
For our proposed filters, two values of AT are
considered: approx. 44 ps and 23 ps. In order to
tune the filter position with respect to the optical
channel under test, a thermo-optic phase-shifting
element is placed in the feedback arm. The tuna-
bility of the phase shifter allows realizing different
ROSS nodes, i.e., selecting different spectral
slices of the signal depending on the phase shift,
with the same device design. A sketch of the two
designs is provided in Fig. 1, including the vertical
grating couplers used for in- and out-coupling.

The designed silicon chip was fabricated on
CEA-Leti’'s 300mm silicon Photonics platform us-
ing immersion lithography. Only passive silicon
layers were fabricated (waveguides, grating cou-
plers and splitter/couplers), and they were com-
plemented by a micro-heater layer in TiTiN and a
single layer of copper for electrical interconnec-
tions using Tungsten vias.

PIC characterization

The coupling loss of the fabricated PIC was esti-
mated to 2.5 + 0.2 dB/coupler and the waveguide
propagation loss to 0.32 + 0.1 dB/cm. Manual po-
larization alignment was performed for all the
measurements presented due to the polarization
sensitivity of the vertical grating couplers.

The transfer function of the two filter designs
was characterized using a 5-nm polarized ampli-
fied spontaneous emission (ASE) source and
feeding the PIC output to a high-resolution (180
MHz) optical spectrum analyzer (OSA). Cleaved
fibers have been used for in- and out-coupling
through the vertical grating couplers. Voltage to
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the heater was applied through needle probes to
vary the phase of the feedback loop. The transfer
functions are shown in Fig. 1 for different values
of voltage applied. The curves highlight the sharp
features, and high extinction ratio (up to 15 dB).
By tuning the applied voltage, the filter shapes
are not only frequency shifted, but a rich set of
spectral shapes can also be achieved. This is key
in providing the spectral diversity needed for the
ROSS technique and is enabled by this PIC, es-
pecially due to the decreased losses in the feed-
back loop (estimated < 0.1 dB) compared to an
equivalent structure configured in a programma-
ble PIC (> 1 dB in the implementation of [8]). The
overall insertion losses are 9.8 and 10.4 dB for
long and short AT, respectively.

System performance

The experimental setup to evaluate the achieva-
ble performance with the proposed filter design is
shown in Fig. 2. A 32-GBd PAM-4 electrical sig-
nal was generated by an arbitrary waveform gen-
erator (AWG) operating at 64 GSa/s, amplified by
linear electrical drivers and used to drive a Mach-
Zehnder modulator (MZM) encoding the infor-
mation onto an optical carrier from an external
cavity laser (ECL, A= 1550.1 nm). The optical sig-
nal was input into a spool of single-mode fiber
(SMF) with the length varied between 50 and 100
km, and at a launch power of 0.5 dBm. At the out-
put of the SMF, the signal was amplified by an
erbium-doped fiber amplifier (EDFA) to 11 dBm
before inputting it into the PIC-based ROSS node
with the same cleaved fiber setup used for the the
transfer function measurements. At the output of
the PIC, a second EDFA followed by a 200-GHz
band pass filter (BPF) and a photodetector with-
out a trans-impedance amplifier emulated a pre-
amplified receiver. A digital storage oscilloscope
(DSO) was used to acquire the time-domain
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Fig. 2: System setup for evaluating the two filter designs for a ROSS receiver.
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Fig. 3: BER performance for 50km transmission: BER as a function of the filter pairs for a long (a) and short (b) AT; Electrical
spectra from node 1 and node 2 considering the best performing filter pair for the short AT design.

traces for offline processing, consisting of equal-
ization and BER counting. Due to the lack of a
multi-node PIC, the two ROSS nodes were emu-
lated by sequentially measuring DSO traces for
different voltages applied to the PIC, i.e., different
filter transfer functions. The 2-node ROSS re-
ceiver was then constructed by synchronizing the
traces from two nodes and feeding them simulta-
neously through a 62 T-spaced-taps (31 sym-
bols/filter) feedforward equalizer (FFE). Different
node pairs were analyzed, and the performance
achievable at 50 km transmission for the long and
short AT is reported in Fig. 3 (a) and (b), respec-
tively. The heatmaps show the BER as a function
of the voltage applied to the heater for the two
nodes. Consistent with expectations and previ-
ous demonstrations [7,8], frequency overlapping
filters (anti-diagonal values) provide poor BER
performance. In contrast, once the two filters pro-
vide nonoverlapping spectral slices, substantial
BER improvement can be seen for both filter de-
signs. An example of received electrical spectra
from the two nodes leading to the best BER are
shown in Fig. 3(c) for the short AT design. The
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Fig. 4: BER performance as a function of the transmis-

sion distance: no-optical processing (FFE and nonlinear
equalizers); ROSS with programmable PIC [8], ROSS

with long and short AT.

spectra confirm that the performance improve-
ment originates from the spectral selectivity.

The performance achievable with the best
node pairs as a function of the transmission dis-
tance is shown in Fig. 4 for the long and short AT.
Note that the best node positions are consistent
over transmission distance. As benchmarks, the

BER performance measured with the pre-ampli-
fied receiver directly at the SMF output, i.e., by-
passing an EDFA and the PIC (reference path in
Fig. 2), is also shown for two equalizers: a FFE
equalizer and a nonlinear neural-network-based
equalizer. The number of taps was kept identical
to the ROSS receiver. Finally, the 50-km BER re-
sults for the previously considered programmable
PIC ([8]) are also reported. For this realization,
the filter was implemented as an asymmetrical
MZI with feedback, but the path difference AT
was set to 45 ps, the feedback length to 22.5 ps,
and the resulting insertion loss was above 20 dB.
As can be seen, poor BER performance is ob-
tained even at 50 km when no optical pre-pro-
cessing is applied, even when a nonlinear equal-
izer is used (BER~2x1072). Using the two-node
ROSS receiver based on the programmable PIC,
improves the performance by almost an order of
magnitude (BER~3x10). However, the addi-
tional loss in the feedback path (>1 dB vs. < 0.1
dB), the overall higher insertion loss (~10 dB),
and the constrained FSR design do not provide
as much improvement as the fabricated PICs re-
ported in this work. Both designs (long and short)
allow for an additional order of magnitude im-
provement (BER~2x10 < KP4 FEC threshold at
50 km). The improvement is consistent over the
transmission distances, up to the 100 km tested,
with slightly better performance achievable with
the short AT design (in line with our previous
analysis using a programmable PIC and varying
the feedback length [8]). Considering such a filter,
the BER can be kept below the 400ZR C-FEC
threshold even for 100 km transmission.

Conclusions

We have designed, fabricated, and characterized
the performance of a recurrent spectral slicing
filter implementing a two-node ROSS receiver.
The proposed designs, combined with a simple
digital FFE, allow for up to two orders of
magnitude improvement in BER compared even
with  complex nonlinear equalizers. BER
performance below the KP4 FEC and 400ZR C-
FEC thresholds is achieved up to 50 and 100 km
of SMF transmission, respectively.
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