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Silicon Photonic Filters: A Pathway from Basics to

Applications

Nabarun Saha, Giuseppe Brunetti, Annarita di Toma, Mario Nicola Armenise,

and Caterina Ciminelli*

Silicon photonics has found a profound place among emerging technologies in
the past few decades due to several advantages. Due to a series of breakthroughs
and increased funding from private and government sectors, the development
of silicon photonics has accelerated especially starting from the two years
2004-2005 with a persisting and ever-growing momentum. Among various
components, the silicon photonic filters that selectively pass or block particular
wavelengths with a finite bandwidth have found particular interest as they are
useful in signal processing in different fields ranging from optical communication
to microwave photonics and quantum photonics. Herein, a comprehensive review
of silicon photonic filters focusing on the four most commonly used architectures,
such as microring resonators, waveguide Bragg grating, Mach-Zehnder inter-
ferometers, and arrayed waveguide grating, encapsulating basics, and guidelines,
in terms of simulating tools and topologies, of realizing reconfigurable and high-
performing filters for several applications, is provided. The novelty of this review
relies on the fact that it summarizes these filter architectures covering a broad
range of applications concisely and constructively and includes the basics, growth,
and future trends, providing a clear understanding and importance of silicon
photonic filters from research to commercialization perspective.

manufacturing complementary metal-
oxide semiconductor (CMOS)-compatible
technology.”?! Silicon photonics brings
optical communications into the fabrica-
tion space of the semiconductor industry,
mainly enabling low-cost and high-volume
assembly. The optoelectronic functions are
fabricated on the same CMOS wafers using
the same equipment and methods as elec-
tronic chips. The wafers are processed in
the same fabs as those running electronic
chips. The wafers are diced into chips just
like electrical ones. The great crystal quality
of silicon and low-cost per unit area of sili-
con wafers already leads to the high-density
integration of electronic components.
Since the photonic components can be
realized in the same silicon substrate, it
also leads to the possibility of integrating
different electronics and optical compo-
nents in a single microchip.!!

The high-index contrast of silicon

1. Introduction

Silicon photonics is an important branch of science and technol-
ogy in which silicon is used as the optical medium to guide,
transmit, process, and manipulate the propagation of light on
a thumb-size scale. Since its invention in the mid-1980s," the
growth of silicon photonics in different fields is quite astonishing
due to various advantages. The most favorable argument is its
compatibility with mature silicon integrated circuits (IC)
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(=3.47 at 1550 nm) over the surroundings

(=1.44 at 1550 nm for SiO,) ensures the

subwavelength level of light guiding and
thus close spacing, tight bending, and eventually high-density
integration of different optical components on a single chip as
well as low energy consumption due to miniaturization. The
competing materials such as silicon nitride (Si3Ny4) and lithium
niobate (LiNbO;) have much lower-index contrast. The refractive
index of SizNy at 1550 nm is 2 whereas for LiNDbOj; it is 2.21 and
2.13 corresponding to ordinary and extraordinary polarization
respectively, clearly reflecting the advantages of silicon in devel-
oping miniaturized components like filters. Another advantage is
the possibility of hybrid or monolithic integration of different sil-
icon photonic components such as filters, modulators, and
routers with the source and detectors on a single microchip.
However, the indirect bandgap nature of silicon makes it chal-
lenging to realize light sources and detectors with it.
Researchers are coming up with different approaches to over-
come this problem, such as integrating with III/V material
through bonding or direct growth approach®® or group IV
materials such as germaniurn.p'w] In addition, rare earth mate-
rials can be doped within the photonic layers to realize an on-chip
laser source.'"'? Furthermore, the large thermo-optic coeffi-
cient (TOC) of silicon!"” as well as the electro-optic (EO) effect
through the plasma dispersion function™ facilitates realizing
reconfigurable devices in silicon photonic chips. The TOC of
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silicon is 1.8 x 10~*°C 3 much higher than that of Si3Ny
(2.5 x 107°°C" Y and LiNbO; (3.67 x 10°°C 1, 4.18 x 101"l
Although in LiNbO; the EO effect is used to realize the reconfi-
gurability, its incompatibility with the standard CMOS fabrication
technology provides a bottleneck toward mass production. On the
other hand, Si;N4-based waveguides show the lowest propagation
losses (0.1-0.5 dB cm™) but they suffer from high power con-
sumption due to low TOC as well as the absence of EO effect.
Silicon also has a very broad low-loss wavelength window span-
ning from 1.1pm to nearly 7pm!'” comparable to Si;N,
(0.4-6.7 pm) and LiNbO; (0.35-4.5 um)."® Moreover, silicon pho-
tonic devices could reach a high modulation rate enabling the
design of elevated-performance passive components that can
be simulated through a huge variety of hierarchical set design
tools. All these combinations are scaling up silicon photonics
from a promising topic in science and technology to a large-scale
industrially viable platform.!*”!

As a result, Bookham Inc. launched the first product on the
silicon photonics platform in 1998, and since then tremendous
industrial growth has been observed. The total market value of
silicon photonics in 2022 was $68M and it is estimated that by
2028 the market will be close to $613M (Figure 1a) by the
research firm Yole group.*”!

To satisfy the growing demand for silicon photonic compo-
nents, different research groups all over the world are extensively
working on those components and their integration, and this cor-
responds with the growth in the number of research articles as
can be seen from the Scopus data (Figure 1b).”!! The growth has
been observed in different fields including optical interconnec-
tions, data center and long-haul transceivers, microwave photon-
ics (MWP), photonic computing, biomedical and life sciences,
home wiring and consumer applications, sensors, etc. Among
various silicon photonic elements, one of the most important
components is the silicon photonic filter which selectively passes
or blocks wavelengths, and is suitable for spectral manipulations,
offering various applications ranging from optical communica-
tions to MWP and quantum photonics.

Among various silicon photonic components, this article
meticulously reviews silicon photonic filters. Indeed, driven by
advanced integrated photonics technologies, integrated silicon
photonic filters have demonstrated to guarantee reconfiguration
and wideband filtering functionalities that were difficult to
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achieve using conventional electronics exhibiting an improve-
ment in terms of compactness, lightweight, stability, low power
consumption, and low latency at the same time."??! Furthermore,
they can benefit from photonics intrinsic advantages as very low
propagation losses, immunity against electromagnetic interfer-
ences (EMI), large immunity to radiations, and good mechanical
features such as flexibility and resistance to vibrations/shocks.**!

Bandpass filters are one of the essential building blocks in
wireless communications systems. For this reason, studies have
been carried out to develop design theories and methods for
reconfigurable bandpass filters. Nowadays, the best results in
terms of reconfigurable electronic bandpass filters are reported
in refs. [24-26]. In particular, Jeong et al.** proposed an adaptive
third-order absorptive filter based on a microstrip line with a cen-
tral frequency spanning from 1.35 to 1.65 GHz, a 3 dB fractional
bandwidth from 5 to 10% of the central frequency, a return loss
(RL) larger than 17.20 dB, and an insertion loss (IL) lower than
5dB. Another interesting solution has been proposed by
Lalbakhsh et al.*! Here, a dual-band band-pass filter (BPF) is
proposed using double-coupled, high-impedance transmission
lines and a bent T-shaped resonator loaded by L-shaped stubs.
The filter has a fractional bandwidth of 78.9% centered at
7.6 GHz, characterized by an IL of 0.6dB, an RL of 16.32dB,
and a footprint of 18.4 x 9 mm?. A compact dual-band bandpass
filter based on parallel coupled lines and shorted stubs has been
presented in ref. [26]. The authors demonstrated a reconfigurabil-
ity of both central frequency (1.45-2.67 GHz) and fractional
bandwidth (11.7-2.62%), with maximum IL of 2.5 dB, minimum
RL of 14 dB, and a footprint of 41.5 x 12.2 mm™.

However, due to the electronic bottleneck, traditional elec-
tronic filters are facing significant challenges for meeting the
exponentially increasing capacity of next-generation radio-
frequency (RF) systems. Next-generation communications’ need
for ultrahigh transmission speed (100 Gbs™") in the band from
30 to 300 GHz while electronic filters to date are limited to
10 GHz. To overcome these limits, a synergy among integrated
coherent optics, integrated MWP, and photonic digital signal
processing seems to be the new cutting-edge solution.'*”!

Recently, a photonic bandpass filter based on cascaded
decoupled microring resonators (MRRs) whose coupling regions
are constructed by a tunable balanced MZI is demonstrated.!*®!
This device experimentally proved to achieve a bandwidth
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Figure 1. a) The growing market of silicon photonics as predicted by Yole development. Reproduced with permission.?® Copyright 2023, Yole

Développement. b) The growth of research articles published on silicon photonics over the years according to Scopus data.
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reconfiguration from 0.38 to 15.74 GHz, a shape factor optimi-
zation from 2 to 1.23, and a central frequency tuning from 4 GHz
to 21.5 GHz. The fiber-to-fiber IL of the chip is 2.6 dB, the rejec-
tion ratio of sidebands is 34 dB, and the footprint is about
2.8 x 3mm”.

It can be noticed that silicon photonic filter solutions can pro-
vide significant improvements compared to their electronic
counterparts, especially in terms of device size (at least 20 times
smaller) and tunability range, allowing at the same time to push
up the frequency meeting next-generation communication
requirements.

Going into details, silicon filters typically rely on interference
or resonance to selectively pass or block specific wavelengths.
Taking advantage of its integrability with electronics, silicon pho-
tonic filters lead to the development of various compact and
power-efficient high-speed communication systems as well as
the development of MWP and quantum photonics through sig-
nal processing in integrated geometry. Since its invention in the
1980s, silicon photonics have seen hardly any growth until the
2000 5.2%%! One possible reason may be that the dimension of
silicon waveguides is only a few hundred nanometers. With the
advancement of microfabrication technology, in the early 2000 s,
the linewidth reached ~100 nm, providing a boom to silicon pho-
tonics.*” This further gets a boost due to interest shown by dif-
ferent pioneering companies like Intel, Rockley, etc. During its
initial stage, silicon photonic filters stayed within research labo-
ratories and made a transition to commercialization in 2010, as
multiple companies started offering various applications in data
centers, telecommunications, etc. The year-wise growth of silicon
photonics is shown in Figure 2, giving a clear perspective.

1959-2022 SILICON PHOTONI
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Jean Hoerni develops the first silicon

the first planar transistor

photenics product.
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Silicon photonic filters can be categorized as passive and active
filters. Passive filters simply pass or block selective wavelengths
without offering any tunability, making their application limited.
However, it offers structural simplicity and does not require any
external power source. On the other hand, the active filters are
integrated with external power sources and offer much freedom
in controlling the filters’ performance in terms of different
parameters like central frequency, bandwidth, transmittance
etc., making them suitable for signal processing. This article
includes both types of filters and, instead of classifying them,
it focuses on the development trends of different configurations
in an application-specific manner.

The significance of the silicon photonic filters relies on the fact
that they can be densely integrated due to their high-waveguide
contrast, versatility in realizing different active configurations
with low-power consumption thanks to high TOC and availability
of plasma dispersion effect, their integrability with electronics
through well-established CMOS-compatible chip generation
offering cost-effective and power-efficient solutions, on-chip inte-
gration with silicon modulators making it suitable especially for
MWP, strong third-order nonlinearity paving the way of on-chip
photon pair generation imperative for quantum photonics, etc.

In this article, the silicon photonic filters mainly based on four
commonly used architectures have been reviewed, such as
MRRs, Mach-Zehnder interferometers (MZI), waveguide
Bragg grating (WBG), and arrayed waveguide grating (AWG)
from their basic principle to their applications in optical commu-
nications, MWP, and quantum photonics. Table 1 depicts the two
main classifications and subclassifications of silicon photonic
filters discussed in this review.
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Table 1. Silicon photonic filters classification.

www.adpr-journal.com
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Image

Free u*
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Arrayed Waveguide Grating (AWG)

Covering all the application fields in a concise manner, this
article provides a detailed review of silicon photonic filters which
also extends the discussion presented on wavelength division
multiplexing (WDM) filters in ref. [31]. Further, this article
includes the basic analysis of silicon waveguides and the operat-
ing principle of four commonly used architectures indicating
their differences, a description of different approaches to realize
reconfigurability, an extensive overview of numerical techniques
with constructive suggestions, applications-oriented develop-
ment trends, and challenges and future perspective with market
growth. In Section 2, first, the basic silicon waveguide geometry
is studied, followed by the discussion of four different filter archi-
tectures including their working principle and spectral proper-
ties. In Section 3, the main simulation tools have been
analyzed aiming at driving the engineers to choose the most suit-
able solver following the target device and/or application. Next, in
Section 4, a brief review has been given about the possible ways
to realize reconfigurability to make the circuit more flexible. In
the next sections, a comprehensive review has been presented to
evaluate and analyze the different proposed filters with particular
attention to applications in optical communication, microwave,

Adv. Photonics Res. 2024, 5, 2300343 2300343 (4 of 44)

and quantum photonics. Before concluding the article, a brief
discussion about the industrialization of silicon photonics is pre-
sented, highlighting its high market value.

2. Silicon Waveguide and Filter Topologies

In silicon photonics, the research and developmental work is
mainly focused on a subwavelength silicon-on-insulator (SOI)
geometry, in which a silicon core is formed over a silicon sub-
strate interleaved by 2—3 pm-thick silica box layer. The most com-
monly used thickness of the silicon core is 220 nm. The large
refractive index contrast (An > 2 at 1550 nm) between the silicon
core and surroundings ensures strong confinement of the light
guided in a strip- or a rib-shape waveguide, whose cross sections
are shown in Figure 3a,b, respectively.

The confined light in the core is usually referred to as guided
mode labeled with certain field distributions and modal effective
index. In general, the waveguide modes can be defined as the
allowed solutions of a given boundary value problem, as the con-
tinuity of the electric and magnetic field components at the

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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(a)
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Figure 3. Cross-sectional view of the two most commonly used geometry in silicon photonics: a) ridge and b) rib waveguide.

waveguide interfaces. According to the relative values of two elec-
tric field components, E, and E,, the modes can be classified as
transverse electric (TE) mode and transverse magnetic (TM)
mode, for propagation along the z-direction. When the ratio
between E, and E, is >1, the modes are referred to as TE mode
whereas it is called TM mode. The field distribution of the fun-
damental TE and TM modes has been shown in Figure 4a, with
the relative E,/E, ratio.

The variation of the modal effective index with the core width
for the strip/ridge waveguide with silica as the surroundings is
shown in Figure 4b with a 220 nm-thick core. As evident from
the figure, the silicon waveguide supports only the fundamental
TE mode up to 450 nm above which it supports higher-order TE
modes. It should be noted that a significant trade-off between the
mode confinement and scattering loss exists for silicon wave-
guides. Although the large-index contrast ensures strong mode
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confinement, it also causes high scattering losses due to sidewall
roughness. Figure 4c reports a birds-eye view of the scanning
electron microscope (SEM) image of a silicon waveguide before
the formation of silica upper cladding that shows sidewall stria-
tion.*? This is the major source of the propagation loss in the
silicon waveguide which is taking place due to strong scattering
from the rough sidewall of the silicon waveguide. At larger
widths, the guided mode is more confined in the silicon core,
reducing the power outside the core which makes it less vulner-
able to the sidewall roughness. As a result, the scattering loss
reduces and results in lower propagation loss. The propagation
loss is found to be much lower at a width of 500 nm than at
450 nm®* thanks to a better mode field confinement. At 500 nm,
although the waveguide supports the higher-order mode, it still
effectively acts as a single-mode waveguide due to the highly
lossy nature of the higher-order mode. As a result, in most of

(b)
; 5 26
ol.a 24 — o
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22 TE
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05 % 2
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0.1 . —
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Figure 4. a) Field distribution of the TEyy mode and TMoy mode with the relative amplitude of two field components and effective index values.
b) Variation of the modal effective index as a function of waveguide width for a commonly used height of 220 nm. c) Bird’s eye view of the Si waveguide
before the formation of silica upper cladding, showing side wall roughness. Reproduced with permission.??l Copyright 2016, MRS Communications.
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the research works for single-mode operation, the silicon wave-
guide’s core width is considered to be between 450 and 500 nm.

The filters in the SOI platform use the guided mode property
to selectively pass or block different wavelengths with finite band-
width and extinction ratio (ER). The performance metrics for an
ideal filter include flat top response, low in-band ripples, and
sharp roll-off with strong rejection outside passing bandwidth.
The most commonly used geometries and their spectral

(@)
am:g*
(b) 'I;l-
(©)
(d)

Array of waveguides

propagation
region (FPR)
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behaviors are shown in Figure 5, respectively, known as
1) RRs, 2) WBG, 3) MZI, and 4) AWG. Although more complex
topologies have been proposed in the literature, a brief discus-
sion about the basic structures of these filters and their spectral
behavior has been given below for fundamental understanding.

In the simplest configuration, RR consists of a straight wave-
guide coupled with a ring-shaped waveguide having a gap g. The
top view of a RR is shown in Figure 5a in which r and w denote
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Figure 5. Schematic diagram of four commonly used geometry of Si photonic filters and their spectral characteristics presented besides a) MRRs,

b) WBG, c) MZI, and d) AWG.
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the radius of the ring and width of the waveguide, respectively.
The light travelling through the straight waveguide (WG1)
excites the mode inside the ring waveguide. The structure is
in resonance when the built-in roundtrip phase inside the ring
is an integer multiple of 2x.

The straight waveguide is used to feed the resonator cavity as
well as extract the transmittance characteristics. In another pop-
ular configuration, an additional straight waveguide is placed on
the opposite side concerning WG1. In this configuration, the RR
acts as an add-drop filter and the output port (Out-2) acts as the
drop port. The resonating condition can be expressed ast****!

koLneg = 2zm — A = negL/m (1)

where ko = 2x/A is the propagation constant in free space, L = 2zr
is the circumference of the ring, and n.g is the modal effective
index of the waveguide. The transmittance spectrum (Out-1) of a
RR is shown in Figure 5a, including its spectral features.
The spectral behavior of an RR can be characterized by the
following features: full-width half maximum (FWHM) that rep-
resents the 3 dB spectral bandwidth, free spectral range (FSR)
estimated as the separation between consecutive spectral dips
(or peaks in Out-2 in add-drop configuration), which is inversely
proportional to the length of the resonator cavity L, and the ER, as
the contrast of the spectrum. These parameters largely depend
on the coupling power coefficient K and the propagation
losses a.**! To enlarge the coupling region and then the coeffi-
cient K, racetrack resonators have been proposed, that show the
same features of RR.

The WBG is a periodic modulation of the effective refractive
index of a waveguide along the propagation direction. In silicon
photonics, it is generally realized by periodic corrugation of the
sidewalls (so-called sidewall grating, shown in Figure 5b) or the
top surface of a straight waveguide (so-called top grating).
Figure 5b illustrates a sidewall grating in which W refers to wave-
guide width whereas AW and A indicate the depth of the periodic
corrugation and the period, respectively. The periodic variation in
waveguide core width leads to a periodic change in effective
refractive index, therefore creating a resonating structure. The
constructive interference takes place between the incident and
the reflected light when the roundtrip phase generated in each
grating period is an integer multiple of 2z. The constructive inter-
ference build-up in each grating period adds up and produces a
high reflectance at the resonance wavelength which increases
with the increase in grating length. Following the roundtrip
phase, the resonance condition can be expressed asi***”!

ZkOAneff = 2am — 2Aneff = /I/m (2)

Here, m refers to the order of the Bragg grating, which is in gen-

eral considered to be 1. The reflected spectrum of a WBG is
shown in Figure 5b. The reflected spectrum is characterized
by FWHM, peak reflectivity, both dependent on the grating
strength or the corrugation depth AW and grating length Lg,
and sidelobe suppression ratio (SLSR), expressed as the differ-
ence between peak reflectivity and the reflectivity of the first side
lobe. Moreover, it should be noted that the resonance wavelength
corresponding to m =2 is usually well away from the m=1;
therefore, WBG produces a nearly FSR-free spectrum.
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MZI consists of an input and an output waveguide, two 3 dB
couplers, acting as splitter at the input and combiner at the out-
put, and two intermediate waveguide arms (L; and L, longs)
referred to as reference (WG1) and phase shifter/sensing arm
(WG2), as shown in Figure 5c. As a 3 dB coupler, different tech-
niques such as Y-splitter, straight or bend directional coupler
(DC), multimode interferometers (MMIs), etc. have been
reported in the literature. The phase difference created between
the two arms decides the output spectrum of the structure. The
spectrum shows peaks or dips following constructive or destruc-
tive interference between the two arms. For constructive interfer-
ence, the phase difference created between two arms should be
an integer multiple of 2z, which can be expressed as*®

ko(er1 L1 — Megr [3) = 2am — A = (Negry Ly — Nerr La)/m 3)

where L, and L, are the lengths of two arms and ngy and neg, are
their modal effective indices. In general, the waveguide features
of the two arms in MZI are chosen to be the same (Megr; = Hetr);
thus, the phase difference is created by the length difference
between the two arms. The output spectrum shows a sinusoidal-
like behavior, as shown in Figure 5c, where the FSR and FWHM
can be estimated.

An AWG consists of five components: an input waveguide, a
set of a phased array of waveguides sandwiched between two free
propagating regions (FPR) or star coupler, and output wave-
guides as shown in Figure 5d. The incoming light enters the
input FPR and diverges laterally toward the waveguide array.
In the arrayed waveguide, the length of each waveguide is such
that a phase difference of 2x builds between two adjacent wave-
guides corresponding to a central wavelength. In the image plane
of the output FPR, the plane waves with constant phase delay
interfere constructively and deliver a bandpass characteristic
around a central wavelength at each output waveguide. As the
free propagation region, the two most commonly used couplers
are Rowland-type star couplers and confocal-type star cou-
plers.*?! The grating resonance condition is given as

ned;sind; + negr AL + nyd,sinf, = mi 4)

where ng and neg respectively represent the slab refractive index
and effective index of the arrayed waveguides, AL denotes the
constant difference in length between two adjacent arrayed wave-
guides, and d; and d,, is the center-to-center spacing between the
arrayed waveguides at the input and output star coupler.
Figure 5d illustrates the 4-channel spectrum of an AWG.

In summary, in RRs, a circular waveguide geometry forms
a resonant cavity in which the peaks in the transmission
spectrum correspond to the roundtrip phase equal to an integer
multiple of 2z. WBG in silicon photonics is realized by a periodic
corrugation of the waveguide’s geometry. The peak in the
reflected spectrum refers to the 2z roundtrip phase inside each
grating period. In the MZI configuration, the interference
between two silicon waveguide arms generates peaks or dips
at the transmission spectrum depending on constructive or
destructive interference. The AWG consists of an array of a large
number of waveguides with each having a different length.
The interference of the propagating light in these waveguides
results in a peak or dip in the output spectrum. In general,
the RR and WBG are resonating structures, whereas in MZI
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and AWGs, physical interferometry occurs. Moreover, the AWGs
can be considered as the extended architecture of MZI-based
geometry. To meet the requirements of an ideal filter, various
designs have been reported based on the aforementioned basic
geometries, aiming at engineering the spectra according to the
target application as will be described in the next sections.

The abovementioned structures are usually fabricated on stan-
dard SOI wafers consisting of silicon substrate, 2-3 pm-thick
buried silicon dioxide layer, and finally a 220 nm-thick silicon
layer on top. To form the ridge or rib shape with the desired filter
architecture, the standard e-beam lithography technique followed
by etching for patterning is the most commonly used approach
since it offers high resolution as well as accurate fabrication pos-
sibilities. In this approach, once the filter specifications are
defined and the desired architecture’s parameters are known,
a photoresist (e.g., PMMA, HSQ) is spin coated on top of the
SOI platform.***!) Next, the e-beam lithography exposes the
photoresists according to the desired architecture in which to
achieve the desired resolution, different parameters of e-beam
like beam current, exposure dose, and acceleration voltage can
be controlled. After the development of the photoresists through
the appropriate solution, finally, the desired architecture was
accomplished using a commonly used technique like inductively
coupled plasma dry etching.***}! To protect the different filter
architectures, a layer of SiO, having a thickness of around
2um is deposited through plasma-enhanced chemical vapor
deposition.

In addition to the fabrication steps, before going into the
detailed description of different filters and their applications,
it is important to mention the basic readout technique in
silicon-based filter architectures. In this setup, the silicon filter
architectures are coupled with a laser source at the input and
a photodiode or an optical spectrum analyzer at the output.
The in-and-out light coupling to the silicon-based filter architec-
ture is a critical issue as the strongly filled confinement causes a
large field mismatch with the optical fibers. Two common tech-
niques to couple light are in-plane butt coupling and off-plane
grating coupling.***! In in-plane light coupling, the fiber is
placed at the chip facet aligned horizontally with the silicon wave-
guide. The problem of large field mismatch is addressed through
an inverse tapered waveguide or fiber lens tip. In this configura-
tion, it is a must to have a properly cleaved and polished facet to
reduce the coupling losses. In off-chip coupling, the fiber is
placed on top of a diffractive grating structure. Thanks to the
presence of grating, the off-plane wave vector shifts to the in-
plane wave vector and excites the guided mode efficiently
through a spot size converter usually realized with curved grat-
ing, making the entire structure compact. Apart from these two,
in hybrid integration, the modal filed matching with materials
like InP, GaAs relies on waveguide tapering for efficient

readout.[*®!

3. Simulation Approaches

The development of high-performance optical filters needs accu-
rate modeling aiming at tailoring their performance. The design
benefits from the development of computer-aided modeling and
design software, that pave the way to critical insights into the
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device under study or the evaluation of new device concepts.
For a proper device design, an electromagnetic model that can
substantially reduce the computational time as well as memory
requirement while maintaining as much as accuracy possible is
highly desirable. Four major families of numerical methods can
be identified as suitable for electromagnetic simulations of opti-
cal filters, such as the beam propagation method (BPM), eigen-
mode expansion (EME) method, finite difference time domain
(FDTD), and finite-element method (FEM). Each approach is best
suited for particular cases of study and shows trade-offs, in terms
of speed, memory, rigorousness, dispersion, nonlinearities, and
so on. All features of the aforementioned approaches are sum-
marized in Table 1, by taking into account the computational
speed, the request in terms of memory, the robustness, the capa-
bility to take into account reflections, nonlinearities, dispersion,
and the approach to sketch the device under test. Moreover, to
help the reader to drive the choice of the best simulation
approach, a score has been given to the suitability of the afore-
mentioned methods for the simulations of RRs, Bragg gratings,
AWG, and MZI, by taking mainly into account speed, memory,
and robustness. However, a rigorous suggestion cannot be pro-
vided since the approach choice depends also on the target
application.

The BPM approximates the wave equation for monochromatic
waves by decomposing a mode into a superposition of plane
waves, each travelling in a different direction.[*”) This approach
ensures to solve the resulting equations numerically. Two var-
iants have been proposed, Fourier Transform (FT-BPM) and
finite difference (FD-BPM).****! The BPM was first introduced
in the 1970s by Feit and Fleck® and its simplest form of
BPM assumes the electric field as a vector value, also neglecting
the polarization of light and assuming that the propagation
occurs just in a particular direction (paraxial method).
Moreover, the BPM was derived from the slowly varying enve-
lope approximation!*”) that assumes that the envelope of a
forward-travelling wave pulse varies slowly in time and space
with respect to the period or wavelength. In the 1990s, the
BPM has been successfully modified to take into account the
TE and TM polarizations.®") In practice, the approach is usually
used in a 2D domain, neglecting the dependence of the field in
the transversal direction. From a numerical point of view, the
propagating electric field is calculated for each plane along the
propagating direction, that is, z. The distribution in each z plane
is used as the input field to evaluate the field distribution in the
next plane. This approach reduces the computational complexity
of several problems, also speeding up the computational calcu-
lations. However, the speed and requested memory are strictly
correlated to the device under the test area. The main limitations
of the model are strictly correlated to the nature of the algorithm.
In particular, the slowly varying envelope approximation limits
the index contrast An. Moreover, the method is intrinsically
monodirectional and it is not very rigorous for the simulation
of devices where the phase variation is critical, such as the
MMI. To relax these limitations, several BPM extensions have
been proposed in the literature, such as vectorial BPM (electric
field is assumed as a vector),*? wide-angle BPM (reduction of
the paraxial limitations),®*! and bidirectional BPM (overcome the
monodirectionality by considering multiple interfaces and
reflections).”*
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The EME is a fully vectorial bidirectional method in which the
electric and magnetic field components can be written as a sum
of local eigenmodes.””*>®! Next, the analysis is carried by follow-
ing the continuity equation of the electric and magnetic field
associated with the local eigenmodes. The EM behavior of any
components could be expressed in terms of a scattering matrix
that relates entering and exiting modes. Thanks also to an intrin-
sic bidirectionality,”) EME allows efficient and fast modeling of
periodic structures, by calculating the S-matrix of just one period
and then repeating it. It allows also to simulate very large circuits
by dividing them into multiple parts, calculating the related S-
matrix and multiplying them. Moreover, since it is a fully vecto-
rial algorithm with a rigorous solution of Maxwell’s equations, all
polarizations, all An and wide angles can be simulated with high
accuracy. However, EME is inappropriate to evaluate the EM
behavior of structures that continually change in cross section,
as taper, and devices with a very large cross section, that impact
the computational time scaling as the cross section. All the
modes need to be recomputed for every change of the cross sec-
tion with a strong impact on the computational efficiency.

RESEARCH

www.adpr-journal.com

Moreover, nonlinear structures are difficult to simulate, since
only small nonlinearities ensure the convergence of the method.

The FDTD method estimates the device performance by dis-
cretization of the Maxwell equation in the time domain using the
central difference technique without using any approximation
with a second-order, stable, staggered-grid approach for electric
and magnetic fields.*® The FDTD has been proposed in 1966 by
Kane Yee.”” FDTD is the most widely used approach for
Maxwell’s equations, with very high accuracy, and even if An
is large, there are several reflecting interfaces, the material is
nonlinear, or the device shows wide angles. All these benefits
come at the price of slow speed and huge memory, which both
scale as the device volume. One of the main accuracy limitations
is the so-called numerical dispersion error related to the approxi-
mation of the dispersion relations of Maxwell’s equations caused
by the propagation of a wave in a discrete grid. Therefore, the
error accumulates over time, resulting in very time-consuming
simulations. Moreover, another limitation is related to the regu-
lar rectangular grid that forces the same resolution along the
whole device. To overcome it, some tools use subgridding to

Table 2. Comparison of BPM, EME, FDTD, and FEM with a score/10 about their suitability to simulate photonic filters (A: area, c-s: cross-section,

V: volume).
BPM EME FDTD FEM

Speed Scales linearly with A. Poorly scales with c-s A. Very Scales as V (a bit more efficient Scales as V.

efficient for long structures only if than FEM).

the c-s changes slowly.
PhC simulations scale with the
number of periods.
Memory Scales linearly with A. Scales with c-s A%-A>, Efficient for Scales as V (a bit more efficient Scales as V.
long structures. than FEM).

Reflections Inherently not possible. Easy and stable. Easy and stable. Easy and stable.

Bidirectional expansion has
been proposed at the expense

of low speed.
Rigorousness Best with low An.

Nonlinearities Easy to implement.

Dispersion Easy to implement.

Geometry Easy modelling of devices
with complex shapes.

Main software « Synopsys BeamPROP7]

« OptiwaveOptiBPMZ7%]

Simulation method suitability of

RRs 2/10
BGs 2/10
MZls 7710
AWGs 10/10

Accurate even with high An.
Very difficult to implement.

Easy to implement.

Different structure discretization
could be used in different c-s.

« PhotonDesign FIMMPROP!?”®!
« Ansys Lumerical FEEM[77]
« CAMFRP78

9/10
8/10
6/10
0/10

Very accurate even with An.
Easy to implement.

Exact fit to the spectrum over a
wide wavelength is difficult.

Arbitrary geometries by using
fine rectangular grids

« Meepl2™

. gprMaxlzso]

. OpenEms[m]

« Synopsys RSoft!?8%
« Ansys Lumerical FDTD[??]
« PhotonDesignOmniSim!?%4!

« PhotonDesignCrystalWavel®®]

8/10
8/10
8/10
8/10

Very accurate even with An.
Easy to implement.

Easy to implement.

Variable shapes, like triangles,
tetrahedrons, and prisms, can
discretize different structures.

« FEniCS?%¢l
« Elmer FEM?%7)
« FreeFEMI2%8]

« Comsol Multiphysics!?®!

7710
4/10
9/10
2/10
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thicken the resolution in certain areas. Moreover, since the sim-
ulation of circular or spherical objects struggles, the pseudospec-
tral time domain method has been proposed by subdividing the
structure of the subdomain with a uniform index with also a vary-
ing grid size.*”

The FEM was first proposed in 1940°!) and its robustness and
versatility have pushed its use in several fields of science and
engineering. In the photonics field, the FEM technique approx-
imates the time-harmonic Maxwell’s equations in partial differ-
ential equations (PDEs). The approach relies on splitting the
geometry into multiple meshing elements, with different shapes,
and numerically solving the PDEs in two or three space varia-
bles.”) In summary, the method is based on weak integrals
of the product of PDE by test functions and integration-by-parts
arguments. The operation is referable to sparse linear algebra
problems by restricting the variables and target functions into
discrete spaces. The discretization of the volume could represent
at the same time an advantage or disadvantage. In particular, the
volumetric discretization allows to easily consider anisotropic
material, but at the same time, for a homogeneous medium,
the discretization represents a simulation speed limitation.

For the simulation of an RR, the BPM technique is fundamen-
tally unable to evaluate the EM response due to its paraxial
approximation. Although BPM expansion approaches have been
proposed to overcome this limitation, the An constraint limits
the available technology platforms. EME is the best approach
for the RR simulation because it provides quite accurate results
with a very low computation time. An alternative to EME is the
FDTD or FEM which shows strengths and weaknesses. In par-
ticular, the time domain nature of FDTD leads to a long time to
reach a precise steady state, while the mesh for FEM could rep-
resent a hurdle, in particular for large RRs with high-aspect-ratio
waveguides.

EME is capable of simulating 2D/3D photonic crystals in an
efficient manner although with a slight mismatch with respect to
experimental results,®* by repeating the S-matrixes along the
whole structure with a significant saving of computational time.
However, this performance is restricted to straight waveguides-
based Bragg gratings. The nature of BPM clashes with the sim-
ulation of Bragg grating, due to the incapability to take into
account the bidirectionality. Bidirectional expansion BPM could
be useful at the expense of large computational time. FDTD can
predict the most accurate results at the cost of large computa-
tional time, although more efficient with respect to FEM that
requests a very huge amount of mesh elements. Table 2 illus-
trates a comparison between the overmentioned methods includ-
ing a score about their suitability to different filter topology
simulations.

For both accurate and fast simulation of MZI, the BPM is
usable although the input/output couplers should show small
divergence and small An, for example, silicon technology is
unfeasible. EME can predict accurate results with low computa-
tional time only if tapers are not included in the design. FDTD
could be the best approach when, for example, MMIs are used as
couplers. However, the simulations take a long time caused by a
uniform grid that could be thickened at the couplers and wide at
the straight arms. In our opinion, FEM is the best suitable
approach to evaluate the EM response of MZI since its
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multiphysics nature could be helpful to study the reconfigurabil-
ity, preserving the accuracy with a relatively low computational
time.

For the simulation of AWG, the presence of several waveguide
tapers limits the use of the EME solver. Instead, the use of a FEM
solver is not recommended because the setting of curved mesh is
very challenging, requiring a huge designer effort and time.
Several papers reported in the literature compare the perfor-
mance of the FDTD and wide-angle BPM methods, in terms
of the accuracy of the results with respect to measurements.!®
In particular, the best agreement between simulated and mea-
sured results has been achieved using BPM-based software, with
a significant saving of time.

4. Reconfigurability

Filter reconfigurability can be realized by altering the modal
effective index of the guided mode. The two most common tech-
niques are based on the TO!®*! and the EO effect.[*®

The TO effect relies on the TOC of the waveguide material
as well as its thermal conductivity. Silicon is a material particu-
larly suitable for the TO effect due to its high positive TOC
of 1.8x107*°C™' as well as high heat conductivity
(149 W mK ™ 1).1367%% A5 a result, in the past few decades, vari-
ous tunable silicon photonic filters based on the TO effect have
been reported, with low power consumption and reconfiguration
speed (of the order of ps). The associated losses restrict the tun-
ability range.

The basic configuration consists of a metal heater fed by elec-
tric current, placed in proximity to the waveguide core. The cross-
sectional view is shown in Figure 6a,b. The heat generated in the
metal, following Joule heating, induces a change in the waveguide
refractive index as n=n,+dn/dT x AT where dn/dT denotes
TOC and n, is the refractive index at room temperature.[”
This phenomenon modifies the modal effective index and thus
the resonance wavelength. The tuning power efficiency can be
defined as the power required to cause a phase shift of = which
can be expressed as!’%”"!

P, =GxAxAT, (5)

where G is the thermal conductance between the waveguide and
surroundings, A is the area of the heater, and AT, is the change in
temperature for z phase shift. Another important quantity is the
response time 7 normally defined as 10-90% rising time and or
90-10% falling time in response to a square pulse of the electrical
signal. The response time can be expressed as!”®”"!

t~ H/(G x A) 6)

where H is the heat capacity. Here, it is important to note that the
separation between the metal layer and waveguide (t5) should be
sufficiently thick to avoid absorption loss due to the metal.
However, thick upper cladding also increases the surface area
and thus reduces the tuning efficiency. Therefore, a trade-off
must be made when choosing the separation between the metal
layer and the waveguide core. The configuration in Figure 6a
shows a common tuning efficiency below 0.2 nm mW ™! with a
response time of the order of 10 ps. Figure 6¢ shows a 3D view
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Figure 6. a) Commonly used cross sections of TO tuning with metallic heater geometry of Si photonic filters and b) cross section with air trenches to
increase the tuning efficiency. c) Schematic view of metallic heater placed over RRs. Reproduced with permission.”? Copyright 2021, Nature
Communications. d) Suspended structure with a metallic heater to realize low-power consumption. Reproduced with permission.? Copyright

2020, Optical and Quantum Electronics.

of a fourth-order tunable MRR filter integrated with a metallic
heater of TiN."? The TiN heater is placed 700nm above the
silicon core, ensuring low-loss performance. In this structure,
both the resonance wavelength and coupling coefficient have
been tuned with TiN heaters placed on top of each resonator sec-
tion and two coupling sections K1 and K5. Following a similar
principle, different tunable filters have been realized over the
years. For example, a tuning efficiency of 0.16nmmWw*
has been achieved by a recently reported Bragg grating-based
structure,”® 0.17nmmW ' for RR-based structure,” and
0.07 nm mW " for long-period gratings.””* Tt is to be noted that
the metal layer like TiN is deposited on top of the SiO, upper
cladding up to the desired thickness and next the lift-off technique
is used to form the pattern of the metallic heater.

Therefore, large values of power are needed to enlarge the tun-
ing range of the filter. To reduce power consumption, several
approaches have been investigated, such as optimizing the sur-
face area of the metallic heater or creating air trenches beside the
waveguide core,”*# the bottom of the core,”"”*! or both.7¢#031]

The cross section of a waveguide structure with air trenches is
shown in Figure 6b. Since the air trenches prevent heat leakage
in the vertical and horizontal direction, this provides thermal iso-
lation and thus significantly reduces power consumption. A 3D
schematic view of a silicon photonic waveguide with air trenches
is shown in Figure 6d.®" The air trenches are present in both
vertical and horizontal directions, making the structure a
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suspended waveguide. This can significantly improve the tuning
efficiency. For example, in ref. [75], the Authors have experimen-
tally demonstrated such suspended architecture with a racetrack
resonator. The tuning efficiency is found to be as high as
48nmmW ! at the cost of a higher response time of 170 ps.
This can be attributed to the fact that the response time is
inversely proportional to the air gap. Therefore, it is challenging
to simultaneously reduce the power consumption and increase
the tuning speed. One way to overcome this problem is to use
graphene instead of metal as the heater. Due to its remarkable
electrical and optical properties, such as high heat conductivity,
good transparency over a broad wavelength range, CMOS com-
patibility, and high damage threshold, recently graphene nano-
layer has been used as an efficient heater to provide fast
reconfigurability to devices.®#* In 2014, for the first time, gra-
phene was demonstrated as the nanoheater in which it is placed
in direct contact with the silicone core, greatly enhancing the tun-
ing efficiency as well as the tuning speed.®”! Unlike metal, gra-
phene also introduces low excess loss as it has much lower
absorption losses compared to metals; therefore, it can be placed
in direct contact with the silicon core. As a result, various recon-
figurable silicon photonic devices with graphene nanoheaters
have been reported.®®#”! For example, a tuning efficiency of
1.5 nm mW ™" with a possibility of a further improvement toward
3.75nm mW ' has been demonstrated in ref. [86], whereas the
10-90% rising time is found to be only 1.11 ps. Moreover, a
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response time of 0.8 ps has been reported in ref. [88], which is
much lower than the metallic microheater.

EO tuning is another promising and popular technique to
reconfigure silicon photonic devices. In this configuration, a sili-
con rib waveguide is doped with P- and N-type impurities, as
shown in Figure 7. By applying a biasing voltage to the p—n junc-
tion it is possible to locally change the refractive index of the core
by plasma dispersion effect.'*#>#¢ The P+ and N+-doped silicon
can be realized through the implantation of boron and phosphorus
respectively doping with required concentration deciding the
refractive index. The refractive index of the core changes with
the carrier injection or depletion in response to the biasing voltage.
However, in addition to the change in the refractive index, it also
introduces extra loss in the waveguide. Soref and Bennett quanti-
fied the changes in the real and imaginary parts of the refractive
indices in the C-band, which can be expressed®>#7%#l 5

An = —8.8 x 10722AN — 8.5 x 10718 x APO8

Ao =85x10"18 x AN+ 6 x 10718 x AP 7
where AN and AP refer to changes in electron and hole concen-
tration respectively. The cross-sectional view of one of the most
popular configurations for the EO effect is shown in Figure 7a,
where the two edges of a rib waveguide are doped with p-type
and n-type impurities. An MRR architecture following this prin-
ciple is shown in Figure 7c. The thickness of the strip part is typi-
cally considered to be 50 nm. Since the thickness is well below the
operating wavelength of around 1.55pm, the rib waveguide
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effectively behaves like a ridge waveguide. The two doped sections
are considered to be well away from the core (~1 pm) to minimize
the modal overlap with the doped section which helps to reduce
the absorption loss.®*! In some configurations, to achieve higher
refractive index modulation, the waveguide section is also doped
with a lower concentration in addition to the heavy doping at the
two edges, as shown in Figure 7b. In such cases, the width of the
p-doped section is usually taken to be higher than the n-doped
section.®” This ensures relatively low absorption loss as the con-
tribution in loss coming from the p-doped section is lower than the
n-doped section (see Equation (7)). The EO tuning mechanism
shows good efficiency. For example, in ref. [89] a Bragg grating-
based structure (see Figure 7d) provides a tuning efficiency of
1.35 and 0.52pm V™! in forward and reverse bias respectively.
The EO effect also provides a quicker time response (=ns) than
the TO effect (~ps). However, the tuning range of wavelength
is usually lower than the TO effect. The most performing results
of the investigated tuning mechanisms are reported in Table 3.

5. Applications

5.1. Optical Communications

Silicon photonic filters have been extensively studied over the
years in both coarse and dense wavelength division multiplexing
(CWDM and DWDM) and demultiplexing networks."”'! Passive
or reconfigurable WDM channels and interconnects are the

(b)

Si0,
) G
I Electrode Silica cladding S
G
I Silica substrate G
Silicon

G

B Nimplant [l N++ implant
Pimplant [l P++ implant

Figure 7. Most commonly used EO tuning configurations in silicon waveguides with plasma dispersion effect with a) doping in the edges only and
b) doping in the silicon core and heavy doping at the edges. Schematics of a filter with EO tuning in c) RR. Reproduced with permission.’]
Copyright 2005, Nature. d) WBG. Reproduced with permission.®* Copyright 2018, Nature Communications.
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Table 3. Comparison in terms of efficiency and tuning speed, of the most
commonly used tuning mechanisms.

Tuning Mechanism Efficiency Response time References
(Rise/Fall)

TO with metallic heater 48nmmw " 170/170 ps [76]
- 3.7/3.44 s 169]
0.07 nm mw ™" 9.94/9.75 s 167]
TO with graphene 0.24 nm mw/~" 1.2/3.6 ps [290]
nanoheater 1.5nmmw " 1.11/1.47 ps [291]
0.17 nm mw™ 0.75/0.8 s [292]
EO with plasma 20.17 GHz V™! ~1ns [66]
dispersion 15.6 pm pw"! _ [84]
0.15nmV~" 10ns 83]

backbone for telecommunication, 5 G backhaul networks, intra-,
inter-datacenter connection, etc. Si-based filters operating in
different optical bands, such as O-band (1260-1360 nm),*>*"
Cband (1530-1565nm),*>** L-band (1565-1625 nm),** and
recently developed 2 pm band,®® have been extensively studied
by several research groups and companies. The availability of
thulium-doped fiber amplifiers which show a broader bandwidth

o
e

www.adpr-journal.com

(1700-2100 nm) as compared to Er-doped fiber amplifiers
(1480-1610 nm) has gained significant interest in developing dif-
ferent telecommunication components including filters in the
2 um wavelength window in recent time.l*® This section provides
a brief review of the state-of-the-art development of WDM net-
works with different Si filter architectures.

5.1.1. Mach-Zehnder Interferometer (MZI)

For the single-stage MZI, the output spectrum shows a
sinusoidal-like behavior, as in Figure 5c. However, multiple
MZIs can be cascaded to form a flat top spectral response with
sharp roll-off by carefully engineering the coupling coefficient of
each coupler. Horst et al. reported a 1 x 8 channel WDM based
on binary tree-like cascaded MZI filters.””) It comprises three-
stage structures in which each stage consists of a specific number
of delay lines and couplers having optimized coupling coeffi-
cients, as shown in Figure 8a. A flat top response with an ER
of 15 dB, channel spacing of 3.2 nm, and IL below 1.6 dB around
a central wavelength of 1.49pm has been demonstrated
(Figure 8b). Utilizing the cascaded MZI structure, various
CWDM networks in the Si technology platform have been
reported.”>*® Xu et al. reported a four-channel WDM filter using
a cascaded MZI suitable for CWDM application®” with a bent

1475 1480 1485 1480 1485 1500 1505

Wavelength [nm)]

(d} — 1271nmCH 1311 nm CH
with straight Dc— 1291nmCH — 1331 nmCH
= 0 sl
)
@ L
§ -10
E
£ -20
g \/\
: _30 i 4 * - s i
1260 1280 1300 1320 1340
wavelength (nm)
= . with bent DC
@ 0
=
g -10
o
-] 30
E - f o
& (]
B 3ot AV ATAAYS

1260 1280 1340

1300
wavelength (nm)

1320

Figure 8. a) Micrograph of the cascaded MZI with optimized coupling coefficients and delay length. Reproduced with permission.”®” Copyright 2013,
Optics Express. b) The calculated transmission spectra of the eight-channel cascaded structure. Reproduced with permission.”! Copyright 2013, Optics
Express. c) Cascaded 4-channel MZI structure with bent DC. The inset image shows the enlarged view of the bent DC. Reproduced with permission.®
Copyright 2018, IEEE Photonics Technology Letters. d) The spectrum of the 4-channel WDM with straight DC (top one) and bent DC (bottom one).
Reproduced with permission.®! Copyright 2018, IEEE Photonics Technology Letters.
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DC (see Figure 8c). It has been reported that a bent DC instead of
a straight DC leads to a significant improvement in the crosstalk
between channels due to a stronger coupling and thus a larger
3 dB bandwidth of the power splitter/combiner. The crosstalk is
found to be around —10 dB with a straight DC whereas it is less
than —20 dB with a bent DC having a 3-dB bandwidth of 19 nm
(Figure 8d).

Here it is to note that due to high-index contrast a small varia-
tion in the waveguide’s width or thickness causes a large-scale
variation in guided mode property. As a result, the sidewall
roughness that originated during the lithography makes it chal-
lenging to hold the channel wavelengths at specific positions. To
overcome this effect, Han et al. reported a thermal tuning com-
pensation technique to stabilize the channel wavelengths at spe-
cific positions."°” In another approach, a multimode waveguide
has been used to reduce the sensitivity to fabrication errors,
thanks to its wide dimension.['*")

Recently, Yen et al. demonstrated a fabrication-tolerant
MZI-based four-channel filter by adjusting the variation of the
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effective index with respect to the waveguide’s width.'
This has been achieved by controlling the width and the
lengths of two arms for each MZI, as shown in Figure 9a.
The proposed design shows an average spectral shift of
0.487 £0.878 nm from the defined wavelength grid whereas
the regular MZI shows an average shift of 15.398 +2.5nm
(see Figure 9b), reflecting a significant improvement. To mitigate
the effect of fabrication imperfection, a dispersion-engineered
MZI structure has been also reported in the O-band of optical
communications.””

Another issue is the polarization sensitivity of the structures.
The random polarization of the optical fiber exiting the MZI
channel drop filters can cause a significant shift in the central
wavelength due to the large difference in TE and TM mode’s
effective indices. A square cross section can be used to overcome
this problem but at the cost of fabrication tolerances. Xu et al.
reported a four-channel CWDM structure operating in the
O-band in which polarization insensitivity has been achieved
utilizing a polarization-insensitive bent DC and a polarization
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Figure 9. a) Schematics of the fabrication-tolerant MZI. Reproduced with permission.l"® Copyright 2021, Journal of Lightwave Technology. b) The
statistic wavelength deviation for the fabrication tolerant and a regular four-channel CWDM structure with MZI. The inset image shows the wafer location
with nine highlighted regions corresponding to nine devices under test. Reproduced with permission.'®? Copyright 2021, Journal of Lightwave
Technology. c) Schematic diagram of a reconfigurable comb filter and formation of (de)interleaver with SLMs and tunable MZIs. Reproduced with
permission.l"%! Copyright 2018, OAPA. The inset shows the MZI structure with the microheater placed in one arm and the MMI coupler.
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rotator.'®) The 3dB bandwidth is found to be 17nm with
polarization-dependent losses <0.5dB for all the channels. It
is to be noted that nanometer-scale variation in the waveguide’s
dimensions makes it extremely difficult to hold the different
channels placed closely, a hindrance in its application toward
DWDM. To avoid this issue, a trimmer or a tuner should be used
but it would be expensive and would waste a lot of power, espe-
cially for a large number of channels. Munk et al. successfully
demonstrated an eight-channel DWDM filter by combining
seven unbalanced MZIs in a cascaded tree structure with a
nested MRR structure.””?)

The postfabrication trimming of phase delays in different
arms was carried out by local illumination of a photo-sensitive
upper cladding made of chalcogenide glass. The proposed struc-
ture produces a low crosstalk of <—22 dB and a channel spacing
of only 17 GHz.

To meet the growing demand for data traffic, optical interlea-
vers and optical comb filters became essential components in
WDM systems. The dynamic tunability of such filters in terms
of the central wavelength, bandwidth, and switching between
comb filter and interleaver operation is highly desirable for a
flexible WDM system. For example, Song et al. reported an
MZI-based interleaver structure assisted by RR, where the cross-
talk has been improved from 6 to 17 dB using thermo-optic fine-
tuning.'®" Jiang et al. reported a bandwidth and central
wavelength tunable optical comb filter with an MZI coupler-
assisted Sagnac loop mirror (SLM).*®! The proposed structure
consists of two cascaded SLMs with an MZI coupler. To control
the phase shift and reflectivity of the SLMs, microheaters are
placed on the top of both arms of each MZI. By thermally con-
trolling both the arms in common and differential modes, tuning
in terms of central wavelength and bandwidth has been achieved.
The proposed comb filter consists of 93 comb lines in the C-band
of telecommunication in which the central wavelength has been
tuned with an efficiency of 0.019 nm mW " over a wavelength
range of ~0.462 nm. A continuous bandwidth tuning has been
reported from 5.88 to 24.89 GHz with a differential heating
power, spanning over 0.53 from 0 mW. Zhou et al. reported a
reconfigurable filter incorporating both comb filtering and inter-
leaving functions based on SLM architecture,'° as presented in
Figure 9c. Three MZI couplers have been used with a metallic
heater placed on top of one interfering arm of each MZI to realize
the reconfigurability through thermal tuning. By properly adjust-
ing the three microheaters placed on MZIs and the fourth micro-
heater placed in the cavity of large SLMs, the reconfigurability
and switching between comb filter and (de)interleaver has been
accomplished. The FSR is found to be 0.22 and 0.45 nm for the
comb filter and (de)interleaver with a respective 3 dB bandwidth
0f 0.032 and 0.225 nm. The tuning efficiency for the comb filter
and (de)interleaver is found to be 0.0224 and 0.0193 nm mW ",
respectively.

In summary, this subsection provides an organized review of
MZI-based filters including a discussion about how to realize
flat-top response through cascaded architectures and the strate-
gies for attaining fabrication-tolerant and/or polarization-
insensitive structures. The realization of a switching section
between comb filters and interleavers by merging MZIs with
RRs has been also discussed.
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5.1.2. Microring Resonator (MRR)

The spectrum of an MRR has a Lorentzian shape, as shown in
Figure 5a, that limits possible applications. However, its small
footprint, structural simplicity, and scalability give it an edge over
other silicon photonic architectures. To guarantee a box-like
response, multiple rings can be cascaded with optimal coupling
coefficients. Little et al. reported a coupled RR design that pro-
vided a flat top response with sharp roll-off."”!

A more box-like response can be achieved with an increase in
coupled MRRs. Following this principle, several higher-order
RRs are being reported. For example, Dong et al. experimentally
demonstrated a fifth-order MRR with an ER of 50dB and stiff
roll-off in which a metallic heater was placed on top of each
MRR, to tune the spectral response, as shown in Figure 10a.'®!
The ER has been significantly improved for the fifth-order MRR
(50dB) as compared to the second-order MRR (30dB)
(Figure 10b). A third-order MRR, having an intraband ripple
of 0.65dB with an ER of 40dB, is reported in ref. [109]. For
the WDM application, MRR is used in add drop configuration
in which two straight waveguides have been used with the cou-
pled ring structure. The multiplexing function has been achieved
by adding the input port to the through port.

In MRR-based WDM applications, the number of channels is
usually limited by the FSR which is inversely proportional to the
ring’s circumference. In general, the radius of the rings is taken
to be 5-10 pm which provides FSR around 20 nm. Prabhu et al.
reported an FSR of 52 nm and a 3 dB bandwidth of 1.6 nm with a
ring radius of 1.5 pm."% In a recent study, the same authors
have further improved the FSR to 80.5 nm with the radius scaled
down to 1pum but at the cost of increased 3dB bandwidth
(3.3 nm).'' For these ultracompact MRR structures, the control
of the coupling between the ring and the straight waveguide is
particularly challenging due to phase mismatch and the excita-
tion of higher-order mode. For small bending radius, the bend
DCs can be the best choice over the MMI couplers or straight
DCs. Bent DCs bring some unique advantages, such as no excess
loss due to mode mismatch at the junction, flexibility in control-
ling the coupling ratio by choosing the length of the coupling
region and maximum FSR within a smaller cavity length. The
highest FSR for the MRR is reported to be 93 nm. It consists
of an MRR assisted by bent asymmetrical DCs with a submicrom-
eter ring radius of 0.8 pm."'? The 3 dB bandwidth is found to be
0.8 nm. Liu et al. reported a higher-order MRR with the bent DCs
in which elliptical rings with both adiabatic radius and width have
been used to reduce the propagation loss, and the sharp bending
produces an FSR of 37 nm,'"*! as shown in Figure 10c. Further,
an eight-channel WDM based on a second-order MRR has been
reported with channel spacing of 3.2nm, 3dB bandwidth of
2.6nm, and ER>30dB (see Figure 10d). Using the adiabatic
elliptical microring, an all-passive tenth-order MRR structure
has been reported, which produces FSR=37nm, 3dB band-
width = 3 nm, box-like spectrum, and ER=60dB.I""* Besides
reducing the circumference of the ring, the Vernier effect is also
used to increase the FSR. For example, in ref. [115], quadruple
MRRs with the Vernier effect have been proposed to achieve
an FSR of 37.52nm and channel isolation of 37.2 dB, resulting
suitable for DWDM application.
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Figure 10. a) Schematics of the second-order and fifth-order cascaded RRs and b) corresponding drop port spectrum. Reproduced with permissio
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Copyright 2010, Optics Express. c) Eight-channel second-order RR-based filter for WDM application with bent DC and d) the corresponding drop port
spectrum showing an FSR of 37 nm. Reproduced with permission.'"®! Copyright 2021, Journal of Lightwave Technology.

The high birefringence of the Si waveguide makes the
multiple-channel MRR-based WDMs highly polarization sensi-
tive. Therefore, to reduce the crosstalk arising from two different
polarizations, it is desirable to engineer the polarization depen-
dency of the filters. Tan et al. reported a TE- and TM-selective
MRR-based structure in which the bent DCs and radius of the
rings are designed such that the MRR only works for resonances
associated with either TE or TM mode.!"*® The bent DC controls
the coupling ratio for two different polarizations whereas the ring
radius introduces high propagation loss for the unwanted polari-
zation. This technique successfully depressed the undesired
polarization with a high ER. For the TM-type (TE-type) RR, at
the drop port, the peak transmission is depressed to be
<—50dB (~—40dB) and at the through port the transmission
loss is <0.5dB (<—0.5dB) when TE (ITM) mode is input. The
high TOC of Si is another source of concern for RR-based
WDM systems. Recently, Verma et al. reported a temperature-
insensitive RR  structure with TiO, as the upper
cladding.""”) The high negative TOC of TiO, significantly
reduces the thermal dependence while maintaining a high
FSR (45nm). Rukerandanga et al. designed a sixtth-order
silicon-rich nitride RR structure for the DWDM application
which is simultaneously insensitive to the polarization of the
mode and ambient temperature.®* The insensitivity to both
these parameters has been achieved by the careful selection of
materials and waveguide dimensions. The bandwidth is found
to be only 0.4 nm with an extended FSR of 20 nm.

Adv. Photonics Res. 2024, 5, 2300343 2300343 (16 of 44)

Tuning the central wavelength over a wide wavelength range is
a critical feature for a flexible WDM system. Because of that, var-
ious attempts have been made out of which the Vernier effect is
found to be particularly promising. With a fourth-order Vernier
cascaded RR, Ren et al. reported a widely tunable filter over a
range of 32nm."" The tuning has been achieved through
the TO effect. The proposed structure consists of two cascaded
double RRs with different FSRs of 7.8 and 6.5 nm. The proposed
cascaded geometry allows thermally isolating the two stages and
individual calibration, due to which accurate tuning of each
stage without further spectral optimization at each set wave-
length has been achieved. The tuning efficiency is found to be
80.6pmmW " and 83.4nm mW ' for the two stages.

Besides tuning over a wide range, hitless tunability is an
important feature in which the selected channel can be dynami-
cally rerouted without perturbing the other channel. Recently,
Morichetti et al. reported a polarization-insensitive cascaded
RR structure where the central wavelength was turned over a
wide wavelength range of 100 nm in a complete hitless fashion
with channel isolation >35 dB.”? The schematic of the proposed
structure with the TiN microheater and both with heater and
p-i-n junction has been shown in Figure 11a,b, respectively,
with corresponding microscopic images of the fabricated devices.
The wide-wavelength range operation has been realized by the
noninteger Vernier effect between the FSR of different RRs.
The radius of the rings is taken to be different to cancel the
periodicity of the filter response and realize FSR-free operation.
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Figure 11. a) Schematics of the fourth-order MRR with MZI coupler and TiN microheater placed 700 nm above the waveguide and the corresponding
microscopic picture of the fabricated device. b) Drop port and through port spectrum of the cascaded MRR structure tuned to three different channels
having 3-dB bandwidth 40 GHz. c) The coupled MRR structure with p—i—n junctions acts as variable optical attenuators in addition to integrated thermal
actuators. The corresponding fabricated structure is shown on the right. d) The drop and through port spectrum during the hitless operation for different
stages: connected state (0V, red), disconnected state (1.3 V, black), and intermediate state (0.9 V, blue; 1V, green). Reproduced with permission.’?

Copyright 2021, Nature Communications.

The hitless operation has been achieved with the help of p-i-n
junction acting as an optical attenuator. The polarization-
dependent loss is found to be 1.2 dB.

The above subsection focuses on RR architectures and pro-
vides details about how to realize flat-top sharp roll-off filters
and how to achieve polarization insensitivity. The different
approaches for increasing the FSR, which often limits the appli-
cation of MRRs, have been also discussed. The next section
reviews the WBGs which are free from FSR-related problems
and inherently provide flat top response.

5.1.3. Waveguide Bragg Grating (WBG)

Due to a flat-top response, tunability over a wide wavelength
range, and ultra-large FSR, WBGs in WDM configuration have
emerged as a promising approach to meet the requirement of
high data transmission capacity. In a conventional architecture,
WBG has two ports (input/reflect and through). To separate the
reflected port from the input one, a circulator can be used.
However, the presence of a circulator also makes a simple geom-
etry complicated. To avoid this, a four-port geometry can be
implemented (input, reflect/drop, add, and through), which
has been realized using highly asymmetric contra-DCs
(contra-DCs),""*"2! combining the MMI with two WBGs!'*
or multimodal waveguide gratings (MWGs) with an adiabatic
coupler.'?*! The structure based on MWGs provides the best
fabrication tolerance due to the larger waveguide geometry.
Various multichannel filters have been reported by cascading
the WBGs which are capable of realizing reconfigurability in

Adv. Photonics Res. 2024, 5, 2300343 2300343 (17 of 44)

terms of central wavelength and bandwidth, suitable for flexible
networking.!!'*124

In WBG, the main source of concerns is the SLSR, which
causes strong crosstalk between different channels. Therefore,
different apodization techniques, like amplitude modulation
and phase modulation, have been reported for the improvement
of the SLSR. In the amplitude modulation scheme, the recess
amplitude of the side wall corrugation is modulated following
the Gaussian function along the direction of propagation, induc-
ing Gaussian apodization in the coupling coefficient.'2>12¢!
However, this technique cannot suppress the side lobes in the
shorter wavelength side, due to local effective index change
caused by the local change in recess amplitude.*® To overcome
this, both the waveguide width and recess amplitude should be
tightly controlled, which requires precise fabrication.'”) In the
phase apodization technique, the grating tooth on the two sides
of the waveguide is placed with a lateral mismatch having
Gaussian apodization along the direction of propagation, !
as shown in Figure 12a. An adiabatic coupler is added at the
input side to separate the drop port from the input. This intro-
duces a cosine-like apodization in the coupling coefficient ensur-
ing strong suppression of the side lobes. Figure 12b shows the
reflected spectrum with phase modulation having an SLSR of
22 dB.I"?®! The left and right inset images show the comparison
between the spectrum of a normal grating and amplitude apo-
dized grating. The SLSR without the apodization is quite low
(7 dB) whereas the amplitude apodization improves the SLSR
(15 dB) only on the right side.

Using the phase apodization technique, a four-channel
CWDM flat-top filter with four cascaded MWGs has been

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 12. a) Schematics illustration of lateral shift apodized WBG in a multimode waveguide. b) The reflected spectrum of the reported structure has an
SLSR of 22 dB. The inset shows the reflected spectrum for a WBG without apodization (left) and one with amplitude apodization (right). Reproduced with

permission."?8! Copyright 2017, Applied Optics.

designed with low crosstalk (<—20dB), low IL (<1dB), and a
large 1dB-bandwidth ~15nm in the O-band.”"! In particular,
the ratio of 0.75 between the bandwidth at 1 and 20 dB ensures
sharp roll-off. Moreover, the negative TOC of the SU-8 upper
cladding guarantees low thermal cross-sensitivity (46 pm °C™").
In another study, a four-channel CWDM filter is realized with
four cascaded contra-DCs with a channel spacing of 6 nm, band-
width of 3 nm, and an in-band ripple <0.8 dB.I"*’ The high-index
contrast of Si/SiO, produces a strong dielectric perturbation,
leading to a large 3 dB bandwidth. Although the width of the grat-
ing teeth can be reduced to achieve narrow bandwidth, it is often
limited by state-of-the-art fabrication facilities. Therefore, it is
particularly challenging to implement WBG for the DWDM
application. To overcome this issue, a four-channel DWDM filter
based on phase-apodized cascaded contra-DCs is reported in
ref. [119], where a narrow bandwidth has been achieved by

carefully designing the two waveguide widths and corrugation
widths. Further, for each channel, two sets of contra-DCs are
cascaded to reduce the bandwidth and to accomplish rapid
roll-off. The schematic of the proposed structure is shown in
Figure 13a—c. The structure shows a 3dB bandwidth of
0.4nm, a 3-20dB bandwidth ratio of 0.5, channel spacing of
1.6 nm, and cross-talk <—20dB (Figure 13d). A metallic heater
is placed on top of each contra-DC to tune each channel
individually with a maximum tuning range of 25 nm. In another
geometry, an RR has been used with contradirectional WBG to
realize a four-channel DWDM filter with a 3-dB bandwidth of
0.5nm and crosstalk of 16 dB.°”

Several WBG-based geometries have been reported for the
simultaneous tuning of bandwidth and central wavelength to
move from a fixed frequency grid to a flexible WDM sys-
tem. %13 Yves et al. demonstrated simultaneous tuning by
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Figure 13. a) Schematics of the four-channel add-drop filter with lateral apodization, b) the cross-sectional view, and c) SEM image of the fabricated
structure, with an illustration of lateral shift apodized WBG in a multimode waveguide, and d) measured spectrum of the four channels for different
heating powers. Reproduced with permission."'® Copyright 2019, IEEE OAPA.
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cascading two contra-DCs with amplitude apodization.!"*”! In the
structure, the drop port from the first contra-DC feeds into the
input port of the second contra-DC. The two heaters are placed
on top of each contra-DC to realize the reconfigurability. To tune
the bandwidth, the second heater is activated keeping the first
heater fixed whereas both heaters are simultaneously activated
to tune the central wavelength. The bandwidth tuning range is
found to be 5.36 nm. A higher-bandwidth tuning range of
11.65nm has been reported in ref. [133], using cascaded
MWGs in a loop which also provides central wavelength tuning
over a span of 13nm. Wang et al. recently reported a two-
channel filter with the two cascaded geometries of MWGs for
the hitless and gridless tunability of the central wavelength
and bandwidth, which demonstrated that one channel can be
tuned independently without perturbing the other channel.l'**]
The 3dB bandwidth was tuned from 0.2 to 2.4nm whereas
the central wavelength by 14.5 nm.

One critical issue of WBGs that limits their use in WDM appli-
cations is the strong birefringence of silicon waveguides. The
polarization splitter and combiner can be used with the WBG-
based component to process the TE and TM modes sepa-
rately,3>1%¢! at the expense of a larger overall footprint.
Therefore, various polarization-insensitive WBG filters have
been designed to address this issue. For example, Liu et al.
designed a dual-polarization-based add-drop filter with MWG
and adiabatic coupler in which two gratings designed for the
TE and TM modes are cascaded together."*”) The triangular
(rectangular) shape grating is used to couple the fundamental
TE (ITM) mode with the higher-order TE (TM) mode having grat-
ing periods designed such that the resonance occurs at the same
wavelength in the C-band of telecommunication. The phase shift
apodization has been used with a lateral shift of two sidewall
gratings to suppress the sidelobes. An IL of 0.6 and 1.5dB,
3 dB bandwidth of 11 and 12nm, and SLSR of 23 and 17 dB
have been achieved for TE and TM mode, respectively, with a
shift between the Bragg wavelengths of 0.7nm caused by
fabrication issues. The triangular corrugation profile of
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Input po Through port

L NN RNy
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TE-mode MWG is used to reduce the undesired reflections
and suppress Fabry—Perot resonances. Recently, Ning et al. used
a hybrid geometry of Si and SiN to realize a polarization-
insensitive response of MWG-based structure,"*® as shown in
Figure 14a,b. The sidewall gratings with the lateral shift apodiza-
tion have been used to couple the fundamental and higher-order
TE modes, whereas the loaded SiN grating with lateral apodiza-
tion is placed on top of the structure to couple the TM modes.
The periodicity of two gratings is adjusted to achieve the same
resonance wavelength of around 1.55 pm. For the TE (TM) mode,
the 3dB bandwidth, IL and SLSR are found to be 5.1nm
(3.5nm), 1dB (1.72dB), 18.5dB (19.1dB), respectively
(see Figure 14c).

The detailed review on WBG addresses issues like improving
SLSR and realizing polarization insensitivity as well as discusses
the potential of these devices toward flexible WDM applications.
Here, we like to mention that WBGs can be considered as 1D
photonic crystals. The periodic or aperiodic variation of refractive
indices in 2D or 3D respectively generates 2D or 3D photonic
crystals, also characterized by the presence of photonic bandgaps.
Over the years, WDM filters based on silicon 2D or 3D photonic
crystals have been reported. A detailed analysis of such WDM
filters and their performance can be found in very recent review
articles.'3*140)

5.1.4. Arrayed Waveguide Grating (AWG)

The AWG is the most commonly used device for the WDM appli-
cation. Due to the large-index contrast, silicon waveguides dras-
tically scale down the AWG-based device cross section from cm?
to 0.1 mm?” or even less. However, the phase errors originating
due to the large area of the structure make it desirable to keep
reducing occupied space.'*!! The large size of AWG also hinders
efficient tuning of different channels in flexible WDM systems
due to high power consumption. For example, in ref. [142], the
central wavelength of the channels has been tuned by the TO
effect with a very low tuning efficiency of 7.5 pm mW ™" and

T—TM

\1—TE

\!" dB

Transmission (dB)

340 1550 1560 1570 1580 3540 1550 1560 1570 1580
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Figure 14. a) Schematic diagram of the polarization-insensitive filter and the top view of the fabricated structure, b) propagating field distribution of two
polarizations, and c) the spectrum for two polarization-insensitive filters with different dies. Reproduced with permission.l'*® Copyright 2023, Optics

Letters.
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high-power consumption of 7600 mW/FSR. Therefore, to reduce
the footprint, different techniques, like reflective-type AWG and
bidirectional AWGs, have been adopted. To reduce the size,
unlike transmission-type AWG, in reflection mode, a reflecting
architecture has been used at the end of the arms of phased array
waveguides. Different approaches, such as distributed Bragg
grating (DBR),"**"** photonic crystal reflectors,**! reflecting
surfaces,®'*#] etc. have been reported by the different research
groups. For example, Okamoto et al. reported a reflective-type
AWG with second-order DBR as the reflection facet."** The pro-
posed structure has a 14-output channel with a spacing of 400 GHz
and crosstalk of —20 dB within a footprint of 230 pm x 530 pm.
The average length of the array waveguides in reflecion mode
is found to be 3—4 times lower than that of transmission mode.
To further reduce the overall footprint, a reflective AWG structure
with photonic crystal has been analyzed, ™! as shown in
Figure 15a. The proposed idea considers dielectric photonic crystal
mirrors producing a WDM system with an eight8-channel spacing
of 0.8 nm (Figure 15b), a footprint of 134 pm x 115 pm, excess loss
of 3dB, and crosstalk of —12dB.

Chen et al. demonstrated an 18-channel DWDM with a bidi-
rectional AWG structure and MZI interleaver, shown in
Figure 15¢."*®! The proposed structure has a total footprint of
520 pm x 190 pm with 200 GHz channel spacing and channel
crosstalk between —15 and —18dB (Figure 15d). It has been
shown, that instead of two AWG and MZI interleavers, a single
bidirectional AWG with MZI can be used to achieve the double-
channel number and halved channel spacing.

The application of the AWG in closely spaced WDM is often
limited by thermal crosstalk due to the high TOC of silicon and
strong birefringence of the Si waveguide. To compensate for the
huge birefringence of the Si waveguide, unlike conventional
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AWGs, an angled star coupler in Rowland circle configuration
combined with different diffraction orders associated with
TE and TM mode has been utilized by Zou et al.'*”! The
polarization-dependent wavelength shift of all the channels of
a CWDM has been cut down from 380—420 to 0.5-3.5 nm, at
below 25% of the 3 dB bandwidth of each channel. The crosstalk
associated with the TE (TM) mode is <—14dB (—18dB).
In another approach, Dai et al. optimized the cross-sectional
dimensions of the arrayed waveguides to realize polarization-
insensitive channel spacing which simultaneously holds good
fabrication tolerances.'"**) In addition, the different diffraction
orders for the TE and TM modes have been utilized to reduce the
polarization-dependent wavelength shift. To compensate for
the thermal dependence, waveguide dimension optimization,
combined with negative TOC polymer, has been used.'>"
However, it puts a strict restriction on the waveguide dimension.
Chen et al. proposed two different architectures to reduce ther-
mal dependence where the slab or the free propagation region
has been used."*" In one case, the slab region has been divided
into two sections having different upper cladding, whereas in the
other case, the coupling section has been designed with an obli-
que incident. The wavelength shift due to the ambient tempera-
ture is found to be 5 pm °C™".

Recently, Chung et al. reported a bidirectionally tunable
(both red and blueshifty AWG for fine tuning of filtering
response with the potential of stabilizing the spectral response
using a feedback loop.l"*? Instead of a rectangular footprint,
an S-shaped footprint has been utilized with two triangular-
shaped heaters with complementary phase distributions, as
shown in Figure 16a. The proposed structure illustrated a bidi-
rectional linear shift (Figure 16b), with a tuning efficiency of
30.5nm W' over the wavelength range of 8 nm.
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Figure 15. a) Schematics diagram of the reflected AWG with photonic crystal and b) the reflector and the corresponding eight-channel spectrum.
Reproduced with permission.'"*! Copyright 2013, Optics Letters. c) Bidirectional-AWG with MZI interleaver and d) the output spectrum.
Reproduced with permission."*® Copyright 2015, Journal of Lightwave Technology.

Adv. Photonics Res. 2024, 5, 2300343 2300343 (20 of 44)

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

35UB017 SUOWILIOD BAIIER1D) 3|aedl|dde ay) A peusenob afe sajoiie YO ‘8sn JO sani 1oy Akelq 1T auljuQ A8 1A UO (SUOIPUOD-PUR-SWLLBYWOY" A3 | 1M ARIq 1 U1 UO//:SdNY) SUORIPUOD pUe SWS | 83Ul 89S *[5202/20/82] UO ARlqiauluo A3IM ‘Hieg 1Q 001udslijod AQ E7E00£20Z 1dPe/Z00T 0T/I0p/Wod A8 (1M Afelq 1 pUI U0 paoURADR//:SANY WO papeoiumod ‘0T ‘202 ‘6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH
e — i)

www.advancedsciencenews.com

°

(a)

Dutput sta
coupler ‘

Redshift
heater

Input star:
coupler

Transmission (dB)

20 pm

www.adpr-journal.com

Transmission (dB)

-40
125 127 1.29 1.3 1.33 1.35

0 V: solid line

1 V: dashed line

2 V: dotted line

2.5 V: dash-dotted line

Wavelength (um)

Blue-shift tuning

al b ‘
125 127 128 131 133 135

Wavelength (pm)

Figure 16. a) Mask layout of the bidirectionally tunable AWG structure and the position of the two heaters and b) redshifted and blueshifted spectrum
response for four different applied voltages to the micro-heater. Reproduced with permission.'*? Copyright 2022, OAPA.

Liu et al. demonstrated a 64-channel DWDM, around a
wavelength of 2 pm, driven by the demand to extend the telecom-
munication band from the conventional C + L band.">* The pro-
posed structure has 64 channels with a spacing of 50 GHz
spanning over a wavelength range from 1967 to 2012 nm. The
channels can be tuned through a metallic heater of TiN with
a tuning efficiency of 0.27 GHzmW . The proposed structure
potentially allows for 100 Gbits™' and even more using suitable
modulation schemes.

This subsection provides a detailed review on AWGs, showing
their potential for DWDM applications, different techniques in

realizing polarization insensitivity, as well as approaches to
reduce the size of the AWG architecture.

5.1.5. Discussions on Filter Architectures for Optical
Communication

To provide an overall comparison between different filter archi-
tectures, Table 4 summarizes the performance of such filters
with applications targeting CWDM and DWDM. The table
includes important parameters such as IL, bandwidth, crosstalk

Table 4. A comparison table between different filter architectures for optical communication.

Structure IL [dB] Bandwidth [nm] Crosstalk [dB] Tuning efficiency Telecommunication band Size [um?] References
CWDM MZI 1.6 - 15 - S-Band 500 x 400 [97]
~1 19 (3-dB) 20 - O-Band 300 x 100 [99]
0.9 2.3 (1-dB) 20.6 - 2pm 500 x 900 [95]
MRR 0.8 2.6 (3-dB) 18 - C & L-Band - [113]
WBG 1 3 (3-dB) 16 - C-Band 1.6 x 950 [92]
~1 15 (1-dB) 20 - O-Band 40 x 600 [91]
AWG 5 6.7 (3-dB) 25 - O-Band 55 x 3900 [293]
2.5-6 - n - O-Band 700 x 270 [294]
DWDM MZI - - 22 - C-Band - [93]
MRR 0.82 0.4 (3-dB) - 8.95pm V" L-Band 15 % 60 [94]
1.5-45 0.3-0.4 (3-dB) 20 0.45 nm mw™" C-Band - [295]
WBG 1 0.5 (3-dB) 16 - C & L-Band - [92]
26 0.4 (3-dB) 20 0.007 nm mw " C-Band ~350 x 900 [119]
AWG 3.9-8.4 0.66 (3-dB) 21.65 - O-Band 270 x 580 [296]
3.6 - 20 0.03 nm mw O-Band - [152]
6.28 - 27 - C & L-Band 276 x 299 [297]
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between different channels, the footprint, that is, the overall size,
tuning efficiency, as well as the telecommunication band in
which it is applicable. The table shows that the IL is very small
(~1dB) for all the architectures except AWGs in which it is
slightly higher. In terms of device footprint, the MRR is the best
choice and next to it is WBGs. The size is usually larger side for
MZIs and AWGs, highlighting the requirement of higher power
consumption to realize reconfigurability.

The above discussion points out various challenges and future
trends in research work with these commonly used filtering tech-
niques in silicon photonic platforms. The high-index contrast of
silicon waveguide makes it possible to realize dense integration
and is thus suitable for large-scale integration over a small foot-
print. However, the large-index contrast also brings issues in fab-
rication accuracy as slight variations in waveguide parameters
cause a significant deviation from the desired performance. In
addition, the sidewall roughness causes unwanted loss as well
as phase changes, degrading the filters’ performance, especially
for resonance-based structures like WBGs and MRRs. Therefore,
fabrication-tolerant design strategies are strongly requested,
which can be achieved through smarter designing approaches
like machine learning."**'**! Thanks to the small footprint
and better flexibility, MRRs and WBGs are gaining great atten-
tion in realizing flexible WDM technology which offers hitless
and gridless tuning.”>"*% It implies the tuning of central fre-
quency as well as of the bandwidth of a particular channel with-
out perturbing other channels. This is particularly suitable for
multimedia and cloud computing, inter and intra data center
interconnects, 5G backhauling networks etc.'>*™”) For
DWDM, applications based on AWGs are found to be the most
suitable ones. For example, a 512 x 512 AWG router is reported
with only 25 GHz of channel spacing in a silicon photonic rib
waveguide, reflecting its potential.l'*>® The two main issues with
AWGs which should be addressed in future are nonflat-top
response and larger footprint. Operating AWGs in bidirectional
mode or reflection mode can be one option to reduce the foot-
print as discussed above. Recently, it has been reported that par-
abolic tapering at the input end of AWGs can provide a flat-top
response but with a high IL of around 3 dB.""** Taking advantage
of each filter architecture and high integration possibility, merg-
ing different silicon filter architectures can be a future goal to
realize flexible WDM over large channels. However, further
miniaturization, power-efficient operation, and fabrication accu-
racy are still required. The last is expected to be achieved with the
advancement in fabrication and smart design technologies.
Integration of silicon photonic filters with phase change materi-
als (PCMs) shows promising growth in recent times which can

©
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offer a power-efficient and more compact architecture.****¢! n

PCMs, the phase change from crystalline to amorphous or
vice versa causes a large change in refractive indices.
Therefore, better reconfigurability can be achieved with a smaller
tuning element which significantly reduces the power consump-
tion and device footprint. Further, due to their nonvolatile
nature, a constant power supply is also not required to operate
the filters. Given that, different PCM materials such as
Ge,Sb,Tes (GST), Ge,Sb,Se,Te; (GSST), and Sb,Ses,are rapidly
emerging in recent times."®? The one drawback of such materi-
als is that, in addition to the large change in the real part of the
refractive index, phase change also induces a large change in
their absorption coefficient. Therefore, researchers are in con-
stant search for new PCM materials as well as smart approaches
to integrate PCM in silicon photonic platforms. The advance-
ment of WDM technology and the possibility of monolithic or
hybrid integration with lasers, modulators, and germanium-
silicon photodiodes can result in high-capacity silicon photonic
transceivers, expected to dominate the future communication
technologies.*®’!

5.2. Microwave Photonics Filters

MWP is becoming a trending topic in the research field since it
allows to manage RF signals derived from telecommunications at
the rate, bandwidth, and data processing capability typical of pho-
tonics. It involves the advantageous integration of microwave
technology with photonics to enable the generation, processing,
and distribution of microwave signals with the use of optical

waveguide architectures. A generic schematic diagram of

MWP is shown in Figure 17. The laser source generates the opti-
cal carrier frequency (w.) (in the telecommunication bands)
which is modulated by the RF signal (wgg). The modulated signal
is further processed through the compact high-speed photonic
ICs (PICs) followed by conversion back to the RF domain
through the photodiodes. This kind of ability could be extremely
useful in several fields, such as space, guaranteeing fast on-board
data processing and interlinking for Earth observation, commu-
nications, and aviation aims.["**"'%% A key element in this emerg-
ing field is the filter, useful in RF front-end receivers to cancel
noise, reduce RF interference, and avoid RF amplifier saturation.
Its use is crucial in applications that need wide bandwidth, ultra-
wide tuning bandwidth, high integrability,and low losses, as

next-generation telecommunications.*”! The main operation of

an MWP filter in an RF receiver is sketched in Figure 18.
After an electro-optic (E/O) transducer, an integrated photonic
processor performs filtering of undesired spectral components.

wef M
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Figure 17. Schematic representation of a typical MWP setup.
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Figure 18. a) Scheme of an RF receiver, consisting of an RF antenna, an IMWPF, and an RF postprocessing circuit, b) typical IMWP filter architecture,
c) scheme of fully integrated IMWP filter. a(i) RF spectrum of received RF signals consisting of a weak signal of interest and a strong undesired interfer-
ence. a(ii) Filtered RF spectrum. The filter response (the dashed curve) suppresses the strong interference without attenuating the signal of interest.
Reproduced with permission.??l Copyright 2020, Advances in Optics and Photonics.

The RF signal, generated by opto-electronic (O/E) transduction, is
sent to the postprocessor. The chain of O/E transducer integrated
photonic processor, and E/O transducer forms the so-called inte-
grated MWP filter (IMWPF). The E/O transducer consists of a
modulator performing the upconversion from RF to optical wave-
lengths, while the O/E transducer performs the downconversion
from optical to RF wavelengths, as the photodetector (PD).

The most important parameters to rate a silicon IMWPF are
the bandwidth, the rejection ratio, the tunability, and the spuri-
ous free dynamic range (SFDR), which in turn depend on the
sidelobe suppression ratio.”?! According to the devices proposed
in the literature, the architecture of MWP filters could be classi-
fied, as a tapped delay line or down-converted response of a
coherent optical filter.

In the tapped delay line architecture, the filter is made by the
sum of RF signal copies, with different amplitudes and delays
that have to be properly chosen to create the desired periodic fre-
quency response.['®® If the tap number is countable, the filter
shows a finite impulse response (FIR), while if the tap number
is approximately infinite, the filter shows an infinite impulse
response (IIR), with larger ER and narrower bandwidth with
respect to FIR ones.["”%) However, it should be noted that this
architecture needs a lot of few GHz sources, resulting in expen-
sive, bulky, and niche in the market. However, to overcome this

Adv. Photonics Res. 2024, 5, 2300343 2300343 (23 of 44)

problem, the use of a comb laser has been suggested, bringing
also reconfigurability and flexibility according to the number and
features of the selected taps.[**'*® The architecture of the tapped
delay-based MWP filter is sketched in Figure 19, where the key
building blocks are the multifrequency optical sources, as the
microresonator-based optical frequency comb,”” the spectral
shaper, that sets amplitude and phase to each tap, and a disper-
sive delay line, to create a basic unitary delay between consecutive
taps.'*®171 As a spectral shaper, an AWG could be used com-
bined with a semiconductor optical amplifier (SOA) to also guar-
antee reconfigurability, while a photonic crystal could be used as
dispersive delay line.'”"!

As a coherent filter, the basic architecture is schematized in
Figure 20, which mainly consists of a single-wavelength optical
source at A, as a continuous wave (CW) laser,""** and an on-chip
optical filter with tailored frequency response. The phase mod-
ulator (PM) is fed by an RF signal at Agr and it generates a mod-
ulated optical signal, with an optical carrier at s and sidebands
located at Ag = Agg. The optical filter coherently modifies the side-
band spectra. At the end of the process, the optical signal is
reconverted into an RF signal by the PD which transduces the
optical power into an electrical current.'*?! The coherent filter
operation guarantees higher flexibility with respect to the multi-
tapped ones, and flexibility of the output spectrum, since it is
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Figure 19. a) Schematic of a multitap MWP filter using an optical frequency comb, a SSB, dispersion-compensating fiber, fiber amplifier (AMP), a PD,
b) experimental scheme representation, c) experimental scheme of direct quasi-Gaussian frequency comb generation. CW laser; intensity modulator; PM
(PS) microwave phase shifter. Reproduced with permission.l'”?! Copyright 2012, Nature Photonics.

QOutput

Figure 20. Schematic of a coherent MWP filter, in which an optical notch filter is used to filter out one sideband of a phase-modulated signal, thus
achieving phase modulation to intensity modulation conversion. Reproduced with permission.'®* Copyright 2022, Science China. Information sciences.

easily tunable by changing the optical carrier and/or the optical — maps the optical response into the RF one. The SSB modulation
filter central frequency. To perform band-stop or band-pass can be easily implemented by filtering one RF sideband or using
behavior, the simplest approach is based on single-sideband  a dual-parallel Mach-Zehnder Modulator (DPMZM) or a dual-
modulation (SSB) and spectrum mapping, which one-to-one  drive MZM (DDMZM).["*2
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As from the topologies in Figure 19 and 20, the performance
of the optical filter affects the overall system. Therefore, the
research pushes for the improvement of the performance of pho-
tonic filters since the other MWPF building blocks are
conventional.

One of the most important features for the next generation of
filters is the tunability that guarantees the flexibility of the RF
system. The most common approaches for the tunability of
Si-based optical filters are the conventional ones, as TO!6172]
and EO,?774 extensively described in Section 4. EO tuning
allows fast reconfigurability (of the order of ns) at the expense
of a limited tunability range, while TO guarantees a larger tun-
ability range and limited power consumption with slower recon-
figuration time (of the order of ps). According to the target
application and related requirements, several topologies of Si-
based IMWPFs have been proposed in the literature, mainly
based on RRs, subwavelength gratings (SWGs), ring-assisted
Mach-Zehnder interferometers (RAMZIs), or exploiting the
stimulated Brillouin scattering (SBS) nonlinear effect.

5.2.1. Ring Resonators (RRs)

RRs bring the advantages of compactness, unique amplitude,
phase response, and the easy tunability of the central
frequency.’>17>7177] However, it should be noted that a trade-
off between the rejection ratio and the filtering bandwidth limits
the performance. The bandwidth, strictly correlated to the prop-
agation losses, increases as the coupling ratio increases, while
the rejection ratio shows a maximum value in correspondence
with the critical coupling condition when the coupling light com-
pensates for the optical losses.[*?

The early Si resonators, with ring or disk shapes, showed a
rejection ratio >20dB and a bandwidth of tens of GHz, due to
the large propagation losses in the C-band (x3 dB cm™}) 178180
As an example, Long, et al proposed MRR with a radius of
10 ym for filtering at 20 GHz, with a rejection ratio >15dB, a
bandwidth of 12 GHz, and a tunability of the central frequency
0f 14.2-30.6 GHz by varying the laser central frequency. The rejec-
tion ratio has been further improved up to 60 dB by cascading a
tunable bandpass filter."”®! Since the bandwidth is mainly limited
by the propagation losses, silicon multimodal waveguides with a
width greater than 2 ym[™®" have been investigated, aiming at
reducing the mode interaction with the rough sidewalls. A band-
pass filter bandwidth of 170 MHz with a tunability of 2-18.4 GHz
and a rejection ratio >26 dB has been achieved by a thermal tun-
able racetrack resonator with Q-factor >10° based on a 2 pm-wide
Si waveguide with a loss coefficient of 0.25 dB cm™*."®?! The race-
track configuration leads to a larger and more accurate coupling
region and then coupling coefficient with respect to RR, mainly
ensuring the enhancement of the rejection ratio.

Besides the Lorentzian shape and a rejection ratio correlated to
fabrication constraints, the principal drawback of the RR is the
limited roll-off and SFDR for a bandpass filter, linked to the peri-
odic spectral response of the architecture. The resonant nature of
RR leads to multiple equally spaced resonances (FSR) with the
same amplitude that, therefore, strongly limits the SFDR for
bandpass and notch filter, respectively. This issue could be solved
by engineering the FSR via the exploitation of the Vernier
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effect!'® or using the parallel-cascaded RR configuration,!®*

at the expense of a limited rejection ratio. Zhuang et al. proposed
cascaded racetrack resonators with different radii to achieve a
larger FSR with respect to a simple RR, with a flat-top bandpass
shape <1 GHz wide and a rejection ratio of 3 dB.!'®?

To enhance the tailoring capability of the ring filtering shape,
the double-injection technique has been investigated. It consists
of two waves that travel through the waveguides toward the reso-
nator, where they are injected into the racetrack in opposite direc-
tions. Since both injected waves show the same wavelength, they
interfere with each other inside the racetrack, thus allowing to
obtain several filtering transmission windows.['®*! An all-pass fil-
ter that consists of a double-injection-based racetrack resonator
has been proposed in ref. [186], with a rejection ratio of 50 dB and
a bandwidth of 40 GHz. By adjusting the voltage applied to the
microheaters deposited on the MRR, several functions can be
implemented, ranging from passband to notch filter, in addition
to tuning of the central frequency up to 40 GHz.

5.2.2. Coupled Ring Optical Waveguides (CROWSs) and Side-
Coupled Integrated Spaced Sequence of Resonators (SCISSORs)

To achieve both a large rejection ratio and flat-top response for a
bandpass filter, however neglecting the engineering of the FSR
that results to be constant, coupled ring optical waveguides
(CROWSs) have been proposed. They consist of N vertically cou-
pled resonators with a single-input waveguide. Several degrees of
freedom of coupling coefficients between RRs guarantee an
increased spectral bandwidth with respect to a single RR.'®"!
To increase the filter roll-off targeting to a box-like filtering shape,
the number N should be very large (N> 100) with a resulting
bandwidth of tens of GHz.'"®”"#8] Promising results have been
reported in ref. [189]. The proposed filter consists of three cas-
caded CROWs with different N values (see Figure 21a). The com-
bination of three stages with different N values allows to achieve
a bandpass filter with top-flat behavior and a large sidelobe sup-
pression ratio (>8 dB) with a bandwidth of 800 GHz. Finally, the
use of thermal tuning, not in the coupling regions, allows for
further improving the sidelobe suppression ratio.

A different arrangement of RRs, such as side-coupled inte-
grated spaced sequence of resonators (SCISSORSs), provides
more flexibility, for example, it is possible to widely tune the fil-
tering response or process different signal spectral components
with each RR.'” Zhuang et al. proposed a nonuniform
SCISSOR (N-SCISSOR), sketched in Figure 21b, made of three
thermal tunable racetracks with different pathways, able to
simultaneously and independently perform filtering and down-
conversion. Several filtering shapes have been achieved, ranging
from a flat-top bandpass to a notch filter with a rejection ratio
larger than 40 dB, both with a bandwidth of about 1 GHz and
large reconfigurability (2.75-10.25 GHz).!'*!

5.2.3. Ring Assisted Mach—Zehnder Interferometer (RAMZI)

To further increase the roll-off aiming at achieving a box-like fil-
ter response, that is the gold standard in the filtering field, an
architecture based on a RR located in an unbalanced RAMZI
can be employed."”>'”*! This configuration merges the
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Figure 21. a) Schematic layout of a multistage CROW filter with three stages and orders N = 3, 4, and 5. All individual resonators have identical racetrack
layouts and gaps. Reproduced with permission.l"®% Copyright 2018, CC BY 4.0. b) System configuration of N-SCISSOR. Reproduced with permission.!'®"!

Copyright 2016, Optics Letters.

advantages of RR, as the faster roll-off, and MZI, as the large
rejection ratio. To obtain a box-like shape, the system should
be designed such that the FSR of MZI should be twice RR.[??

A multifunctional filter with double ring-loaded MZI has been
proposed in ref. [194], shown in Figure 22. It can implement dif-
ferent filtering windows (Butterworth, Chebyshev, elliptical) add-
ing flexibility in terms of reconfigurability of the architecture.
The resulting bandpass filtering shape shows a box-like response
with an in-band ripple of 2 dB with bandwidth and overall rejec-
tion ratio dependent on the type of the filtering window
(minimum > 20 dB), for example, the elliptical BPF presents a
bandwidth of 250 GHz with a rejection ratio of 60dB.'*¥
However, the configuration shows a very large IL (~20 dB), with
a large power consumption for thermal tuning of the filter
(hundreds of mW).

To further increase the rejection ratio, also preserving the
bandwidth at the expense of Lorentzian shape, architectures
based on MZI in cascade to RAMZI™>' have been proposed.
Rejection ratios of 60 and 78 dB, with a bandwidth of 780 and
860 MHz, have been experimentally measured in refs. [195,196],
respectively, with a frequency tuning range of up to 40 GHz.

If two or more RAMZIs are cascaded, they do not influence
each other and can be driven separately. The cascade design ena-
bles box-like shapes with ultralarge flatness, large SFDR, and
larger tunability range, also allowing to reduce the number of
RRs for each stage, resulting in more tolerance to fabrication
imperfections, at the expense of a larger footprint. A remarkable
thermal tuning range of 760 GHz has been reported in ref. [197],

by cascading second-order RAMZI filter stages, with an ultraflat

bandpass shape (in-band ripple <0.1 dB), ultra rejection ratio of
25dB, SFDR > 60dB, very low IL (1dB), and a bandwidth of

120 GHz. To decrease the footprint of the filter, preserving
the benefits of the cascaded RAMZI configuration, the outputs
of the RAMZI could be linked together, exploiting the Sagnac
effect to produce a mirror.'*® However, this solution has not
yet been demonstrated in the Si technology platform.

5.2.4. Subwavelength (SWGs) and Bragg Gratings

The on-chip SWGs have recently been employed in filtering
structures thanks to their compactness and large dispersion fea-

tures. The gratings are realized by corrugating the sidewalls of

the waveguide, either on the ridge or on the slab. The coupling
coefficient can be varied by changing the corrugation width and it
allows a precise control of the bandwidth and a huge fabrication
tolerance. Narrow bandwidth (=50 GHz) has been achieved
using SWG 580pum long, suitable for practical WDM
applications.'*”! However, the performance could be affected
by fabrication and temperature changes. During the past years,
a remarkable enhancement of the SWG-based filter performance
has been obtained thanks to the ongoing improvements of the
fabrication tools. Recently, Zhang et al. proposed a fully
reconfigurable grating based on SWG that incorporates a defect
at the middle, that acts as FP, and an independent lateral p—n
junction that can be biased to shift the Bragg wavelength
(see Figure 23).%% The measured reflection spectrum shows a
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Figure 22. Schematic drawing of the tunable filter and the corresponding coupling and phase values to realize the elliptical filter. Reproduced with

permission.l"* Copyright 2022, CC BY 4.0.
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Figure 23. Schematic view of reconfigurable filter based on Bragg grating. The grating is made of multiple cascaded uniform Bragg grating sections and a
Fabry—Perot cavity section in the middle of the structure. Each grating section is connected to an independent lateral p—n junction, and between two
neighboring sections there is an un-doped grating acting as an insulator. A pair of electrodes (S: signal, and G: ground) are connected to each indepen-
dent p-n junction. Reproduced with permission.®* Copyright 2018, Nature Communications.

notch shape with a bandwidth of 6 GHz and a rejection ratio of
8.7 dB. When the device is configured as a uniform SWG, by
applying a large forward bias voltage to the p-n junction, avoid-
ing the light confinement within the defect, the reflection spec-
trum has a bandwidth of 88 GHz and a rejection ratio of 9.05 dB
with a quasiflat shape. An overall IL of 25.1/20.6 dB has been
measured at the reflection and transmission ports, respectively.
A tunability of 60 GHz has been experimentally demonstrated
with low-power consumption (applied voltages of tens of V).
An improvement in the fabrication has led to a smaller band-
width (3.5 GHz) with a rejection ratio of 6.4 dB.1*°"!

A similar configuration has been also proposed by Serafino
et al. in ref. [201]. It consists of a Bragg grating with A/4-long
phase shifters within each grating period. The Bragg grating fea-
tures, as a larger period with respect to the SWG, relax the fabri-
cation constraints. A sharp-edge passband filtering shape, with a
rejection ratio of 42dB, IL<5dB, a bandwidth @-10dB of
75 GHz, and a tuning range of 190 GHz, although with large rip-
ples (<4 dB) in the passband, has been obtained using a phase-
shifted Bragg grating (PS-SWG). By engineering the position of
defects, a notch filter with a Lorentzian shape, a bandwidth of
1 GHz, a rejection ratio >20dB, and an IL of 30dB has been
demonstrated in ref. [202]. Moreover, Brunetti et al. numerically
demonstrated in 2019 that the arrangement of the defects,
according to Newton’s role, along Bragg grating, which is super-
imposed within a part of a simple RR, leads to a Gaussian notch
filter with a rejection ratio of 40 dB, a bandwidth of 10 GHz, and a
tunability of the central frequency of 15 GHz via feeding p—i-n
junctions corresponding defects.[*®

5.2.5. Stimulated Brillouin Scattering

To guarantee high-resolution filtering (tens of MHz), SBS is usu-
ally employed. This nonlinear phenomenon takes place in wave-
guides made of high electrostriction and EO coefficients
materials. To produce this effect, it is necessary a high overlap
between the acoustic and optic modes. To produce it, phonon
loss, which takes place in silicon (Si) and silicon dioxide
(SiO,), has to be counteracted using suspended structures or
making a hybrid integration between SBS and CMOS-compatible
materials. The Stokes gain in the SBS process can be exploited to
realize an MWP bandpass filter, providing a broadly tunable
microwave filter with a bandwidth of about 10-30 MHz,***
although with a low-sidelobe suppression ratio (<7 dB).
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To improve it, SBS filters are combined with noise cancelling
filters, with a resulting sidelobe suppression ratio >20 dB.!"”*!
The nonlinear nature of SBS provides a large tunability range
(tens/hundreds of GHz) with a power consumption of hundreds
of mw.12%%!

Casas-Bedoya et al. proposed in ref. [204] a silicon stop-band
filter with a SBS gain smaller than 1dB. The filter performs a
bandwidth of 98 MHz with a rejection ratio of 48 dB and a tun-
able range of 14-20 GHz by changing the frequency of the SBS
pump.?®! Moreover, a photonic—photonic emitter receiver
(PPER) could be exploitable as a bandpass filter with a fine spec-
tral resolution using suspended membrane silicon waveguides
(Figure 24a). The acoustic wave induced by SBS transmits the
signal to the near-silicon waveguide and modulates the optical
signal. The modulated optical signal produces optical sidebands
that preserve the acoustic response with a resulting bandwidth of
about 3 MHz and a rejection ratio of 70dB @ 2.95 GHz (see
Figure 24b).2%20¢l

5.2.6. Programmable Photonics

Programmable photonics is a very hot topic to support the migra-
tion toward quantum networks. However, only a few experimen-
tal results have been reported on a mesh based on silicon
nitride®®”) and SOI11?°®2%! technologies. The concept behind pro-
grammable structures is the repetition in space of the same basic
building block, for example, MZI, that can be enabled or not to
make light passes.

Different functions can be realized through the same proces-
sor by defining the main mesh element, the kind (triangular,
squared, hexagonal), the light path and the phase shifts. In par-
ticular, a waveguide mesh composed of seven hexagonal cells
fabricated in SOI has been proposed in refs. [208,209] to imple-
ment over 100 different circuits. For MWP filtering applications,
basic MZI, FIR transversal filters, tunable ring cavities and IIR
filters, as well as compound structures such as CROWS and
SCISSORS are of particular interest. Figure 25 shows, for
instance, five examples of MWP FIR and IIR filters, realized
using the same architecture, achieved by changing the operation
state point of the different MZI elements in the mesh. The main
advantage of this solution is the possibility to have in a CMOS-
compatible single chip several windows needed for different
applications, ensuring both flexibility and compactness.
Although the bandwidth of the order of GHz has been
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Figure 24. a) PPER and b) normalized RF response of a PPER system (theoretical prediction in red, experimental results in blue, system noise floor in

green). Reproduced with permission.2%”! Copyright 2015, CC BY 4.0.

performed, the main drawback concerns the IL (up to 20 dB) that
limits its use in applications where the optical power should be
preserved.?*”

5.2.7. Discussions on Filter Architectures for MWP

Table 5 compares the performance of different topologies of
IMWFs discussed in the previous sections. The table includes
the crucial features, such as IL, bandwidth, range of tunability,
rejection ratio, footprint, tuning efficiency, and the RF frequency
used for the filter testing. From the table arises that RR-based
devices ensure larger performance in terms of the rejection ratio
(tens of dB). To achieve a more selective filter (bandwidth ~ MHz)
with respect to simple RR (bandwidth ~ GHz), more complicated
structures such as RAMZI, CROW, or SCISSOR are needed at the
expense of a larger footprint and IL. These configurations also
ensure a box-like shape. Other structures, such as SWG and
SBS filters, need very long waveguides to obtain promising
results. In particular, SWGs need several periods to achieve a nar-
row bandwidth (*xMHz) and large rejection ratio (tens of dB),
although with high IL, while SBS filters exploit a nonlinear effect
that uses long travelling time through the material to perform
remarkable results, as a bandwidth of MHz and rejection ratio
>50 dB. The tunability of all filters is strictly correlated to the tun-
ing approach. The TO one is the most commonly applied that
guarantees a simple fabrication process with a large tunability
range (tens of GHz) and power consumption of hundreds of mW.

The discussion clearly indicates the potential of MWP filters in
different fields. Among various filter configurations, the architec-
tures based on microrings and microdisks are the two most used
in realizing IMWPFs. Also, the on-chip SBS technology provides
spectral resolution of the order to tens of MHZ. The main chal-
lenge with IMWF is their poor performance with respect to RF
link gain which mainly originates due to poor O-E/E-O conver-
sion. It should be noted that the RF link gain is extremely sensi-
tive to the losses in the photonic circuits owing to the square law
of photodetection. This also deteriorates two important parame-
ters such as noise figure and SDFR. Therefore, significant
research work must be carried out to improve the IMWPF’s
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performance through the reduction of propagation losses as well
as losses arising from fiber-to-chip coupling.

It is noteworthy that this emergent technology harbors signif-
icant potential for transformative impact across various facets of
human life, promising advancements in safety, security, and
operational efficiency in diverse sectors such as infrastructure
and transportation.”’"! The integration of MWP is anticipated
to deepen, permeating various industries. One primary objective
is to miniaturize complex laser systems from optical tables to
board and chip levels, mirroring the historical trend observed
in electronics over the past 50 years.”*? This integration is essen-
tial for fostering a comprehensive assimilation of MWP across
systems. Another goal involves the development of more
efficient, low-power optical sensors with higher resolutions,
applicable in medical imaging, industrial safety, security, and
surveillance. Photonics-based sensors offer cost-effective solu-
tions immune to EMI and amenable to compact designs.
Presently, photonics-based techniques have been employed in
microwave radar measurements with a 1.5 GHz bandwidth, pro-
viding a resolution of 0.1m.** However, improvements are
sought to enhance sensitivity, necessitating multifunctional
and multiband integration within MWP for optimal outcomes.
One of the most promising breakthroughs in MWP lies in the
ability to measure signals in the terahertz range with a single-
shot sensor, opening a myriad of potential applications and
enhancing high-frequency radar performance. Additionally,
the capability to control the output frequency of photonic devices
through simple pulse-by-pulse commands holds promise for
applications such as array antenna beam forming and wireless
power transmission in remote locations.”'* The future of
MWP holds great promise and presents exciting possibilities
for technological advancement.

5.3. Quantum Photonics Filters

Quantum photonics is an interdisciplinary field through the
seamless merging of quantum mechanics and photonics which
explores the quantum properties of light through the principle of
superposition and entanglement of photons. In this field,
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Figure 25. Examples of RF photonic filters using the same seven-cell hexagonal mesh. The left side shows the used basic units; the central part shows the
equivalent circuit layout, the right part shows the measured spectra for the RF transfer function modules. a) Two-cascaded unbalanced 2-MZI FIR filter,
b) three-tap transversal FIR filter, c) two-cavity SCISSOR FIR filter, d) two-cavity CROW filter, ) three-cavity CROW filter (CS: cross-state switch, BS: bar
state switch, TC: tunable coupler, AV: available (usable)). Reproduced with permission.?°® Copyright 2017, IEEE OAPA.

researchers delve into the quantum realms of light holding mul-  communication network free from classical eavesdropping
tiple states. Being excellent low-noise carriers of quantum infor-  techniques. Leveraging from tight light confinement in silicon
mation, generation, processing, and detection of photons photonics, photons weakly interact with the environment. This
through integrated quantum photonics (IQP) technology can  feature provides a relaxation to the requirement to operate them
provide secure communication and help us to establish a  in ultralow temperatures or high vacuum, making them available
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Table 5. A comparison table between different filter architectures for MWP.
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Structure IL [dB] Tunability [GHz] ~Tuning efficiency  Rejection ratio [dB] RF frequency [GHz] Bandwidth [MHz]  Size [um?]  References
RR Cascaded pair MRRs - 6-17 - 22 95 1.65x 10° (3-dB) 160 x 70 [178]
MRR <14 12.4-30.6 - 60 19.32 12 x 10° (3-dB) 40 x 25 [179]
MRR racetrack 14 2-18.4 1.14 (GHzmw ™) 26.5 12.2 170 (3-dB) 5% 10* [182]
N-SCISSOR 9 2.75-10.25 - 25 7.5 1.8 (3-dB)  7x1.25x10°  [191]
CROW <0.5 - 31 (mWnm™) mn 1565 950 (3-dB) 4x2x10° [189]
SWG SWG - - - 15 - 50 x 10° (3-dB) 65 x 4 x 10° [199]
PS-SWG 20.6 30 - 8.7 - 62 (3-dB) 3% 10° [169]
EPS-SWG 15 30 17-48 (pmmW ") 6.4 - 3.5 x 10° (3-dB) 8x10° [200]
SWG 206 - - 9.05 - 90 (3-dB) 3% 10° [169]
SWG 5 0-20 - 20 - 1000 3-dB)  6x500x10°  [202]
PS-SWG - 250 - 41.5 - 75 x 10° (10-dB) 450 x 0.522 [201]
RAMZI Double ring RAMZI - - 20 (mWz ) 60 - 250 (3-dB) - [194]
RAMZI <15 4-36 - 60 24 780 (3-dB) 500 x 200 [196]
RAMZI - 0-40 - 50 20 - 700 x 400 [186]
Cascaded RAMZI 1 735 - 25 - 120 x 10° (3-dB) - [197]
RAMZI 25 - - 78 - 860 (3-dB) 630 x 310 [195]
SBS SBS - 14-20 - 48 15.7 98 (3-dB) 480 x 12.5 [204]
PPER 15 - - 70 2.95 315 (3-dB) 648 x4x10°  [205]

for real-world application. Moreover, with the advancement of
on-chip laser sources and detectors, and the possibility of hybrid
integration, in recent years, IQP has shown tremendous growth
with silicon photonics architecture.?’>?'% Since the realization
of on-chip quantum interference in 2008,*'”! quantum photonics
has shown a steady and commendable growth toward large-scale
integration. Given this, IQP has gained much attention in recent
times and has been intensively investigated in different fields like
quantum key distribution,”’® quantum signal processing,*'*
quantum sensing,*2% etc.

5.3.1. Pump Rejection Filters

In any large-scale PIC, entangled photon sources are the primary
requirements. The photon pairs can be generated through spon-
taneous four-wave mixing (SFWM) by pumping a nonlinear
medium through a strong laser field. The guided pump laser
light () generates two correlated photon pairs known as signal
(ws) and idler (w;). In this setup, it is important to drop the resi-
due of the pump laser light through a bandstop filter with a high
ER, narrow bandwidth, and low loss. To accomplish this, differ-
ent filter architectures have been reported in recent times includ-
ing MZIL,?2Y WBGs,[??%?%%] a5 well as CROWs. 2242261

Harries et al. reported an on-chip photon pair generation and
rejection of pump light through MRRs and a distributed Bragg
reflector, the schematic of which is illustrated in Figure 26a.12%7]

The high-Q thermally tunable MRR having a radius of 15 pm
is used for efficient generation of the signal-idler pair, whereas
the DBR is used to drop the pump light. Two additional MRRs at
the output are used to demultiplex the signal and the idler pho-
ton. Figure 26D also includes the throughput spectrum of the first
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MRR where the generation is taking place. When the MRR is
tuned at the pump frequency, the photon pairs generated at
the resonance wavelengths are spaced equally as the FSR.
Figure 26c¢ represents the transmission spectrum having a stop
band overlapping with the pump and thus blocking the pump
while passes the signal and idler. Finally, the two MRRs are
tuned to drop the signal and idler photons, as shown in
Figure 26d. The DBR produced a pump rejection of 65 dB, which
has been further enhanced to 100 dB with the help of tunable
add-drop MRRs at the output end.

A cascaded geometry of MZI with unbalanced arms is used by
Piekarek et al. to achieve an ER > 100 dB.*?! The structure con-
sists of two dies with one chip containing six cascaded MZIs and
the other one containing four cascaded MZIs. To overlap the spec-
trum of two dies, accurately thermal tuning principle is used.
However, it also requires accurate control in the one-step fabrica-
tion process, making it difficult for mass production. Utilizing the
large suppression ratio of MZI in addition to the highly selective
nature of MRR, an extraordinarily high ER of 150.55 dB has been
numerically achieved by Brunetti et al. in ref. [226]. The schematic
diagram of the proposed structure is shown in Figure 27a. It con-
sists of a single MZI with two MMI couplers at the input and out-
put sections. One arm of the MZI is coupled with an MRR,
whereas the other arm is coupled with three serially coupled
MRRs forming the CROW structure. Figure 27b shows the trans-
mission spectrum with ring radii of 15 pm. The spectrum shows a
high ER of 150.55dB with a bandwidth of 0.243 nm and IL of
0.104 dB. Heaters are placed on top of each ring to effectively tune
the position of the resonance position with a maximum detuning
of 6 MHz to bring flexibility to the structure. To minimize the
effects of heating on the coupling efficiency, the heaters are placed
outside the coupling regions.

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 26. a) Schematic layout of an on-chip generation of signal-idler pair, dropping of the pump light and demultiplexing of the signal and idler, b) idler
(red), pump (green), and signal (blue) signals, c) filtering shape at a central frequency wp, and d) resulting spectra after filtering. Reproduced with

permission.??”! Copyright 2014, CC BY 3.0.
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Figure 27. a) Schematics of the pump rejection filter having a high ER consisting of MZI and coupled MRRs, with b) the related spectrum. Reproduced
with permission.’??®! Copyright 2021, Optics and Laser Technology. c) Configuration of polarization-selective structure and d) corresponding view of TE
and TM mode propagation at 1550 nm. Reproduced with permission.??® Copyright 2022, Optics Letters.

Polarization diversity is a critical issue to push the increased
performance of silicon PIC to further miniaturization. Recently,
Michon et al. reported an innovative technique to overcome this
problem.”?®! The structure is illustrated in Figure 27c, made of
modal-engineered Bragg grating which provides high rejection to
the TE mode whereas anisotropy-engineered metamaterial bends
remove any residual power propagating with the TM modes.
Figure 27d shows the light propagation associated with the TE
and TM modes, reflecting the lossy nature of the TM mode in
the metamaterial bending section. The proposed structure shows
a good ER of 60 dB associated with the TE mode.

Adv. Photonics Res. 2024, 5, 2300343 2300343 (31 of 44)

©

5.3.2. Silicon Photonics in Entangled Photon Generation and
Processing

The above analysis is focused on the suppression of pump power
through high ER filters. This section focuses on the formation of
entanglement through the generated signal-idler pair in the sili-
con photonic architectures. Entanglement in the context of quan-
tum photonics refers to the correlations between two or more
photons within the integrated optical waveguide geometry, which
plays a pivotal role in different fields like quantum communica-
tions, computing, teleportation, cryptography, quantum imaging
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and sensing, etc. Depending upon the states/modes of the pho-
tons the versatile platform of quantum photonics paves the way
for forming different types of entanglements such as polariza-
tion, time-bin, frequency-bin, energy-time, path, spatial entangle-
ment, etc. Among the various entanglement techniques,
polarization entanglement??*>"**! is the most widely used tech-
nique especially in free space applications whereas path entan-
glement has become a popular choice in on-chip quantum
information processing. In the path entanglement technique,
which correlates the spatial paths of the photons, silicon photon-
ics has shown immense potential. Due to the strong third-order
nonlinearity (;’) in silicon, photon pair generation through
SFWG is relatively easy in silicon waveguides; as a result, various
silicon photonic circuits have been generated in recent times in
which filters play a pivotal role.”*22**! However, the integration
of all components including source, generation, processing, and
detection in a single chip is still a challenge. Silverstone et al.
proposed a SOI device with two SEFWM sources having an inter-
ferometer with a phase shifter to create and manipulate degen-
erate and nondegenerate path-unentangled and path-entangled
photon pairs.[**! In this device, the coupling between the bright
pump power and SOI chip took place through a lensed optical
fiber. Next, the pump distribution and single-photon manipula-
tion have been accomplished with 2 x 2 MMI, whereas the gen-
eration of signal-idler took place through a 5.2 mm-long spiral
silicon waveguide in each arm. Further, the phase shifters
manipulate the quantum state, and another 2 x 2 MMI coupler
at the end either bunches or splits the two-output state depending
on the induced phase shift. The process took place over a 1 mm-
long SOI chip but the off-chip WDM filters were used to separate
the signal, idler, and pump before measurement. In another
study made by the same group, the generation of path entangled
photons, their processing, and the analysis of the entangled pho-
tons are carried out in a scalable silicon photonic chip, as shown
in Figure 28.12**! In this architecture, the SOI chip operates in a
telecommunication band able to generate and process the path-
entangled photons from two coherently pumped photon-pair
sources. It is to note that unlike a spiral waveguide here, the pho-
ton pair generation took place in two MRRs. A picosecond pump
laser source having frequency v, is coupled into the silicon chip
generating the two photon pairs at two adjacent resonance wave-
lengths (v}, = 800 GHz) having a cavity linewidth of 21 GHz. It is

Picosecond
laser Damulhplexer L]

B

www.adpr-journal.com

to be noted that the pump source used here has a 10.8 ps pulse
with a linewidth of 40 GHz. The average pump power is 150 pW
with a peak power of 253 mW which generates 0.06 and 0.09
probabilistic photon pairs. Next, each photon pair is demulti-
plexed by double-bus MRRs and separated into a signal (blue)
and an idler (red) path qubits. Each MRR filter is designed to
select the signal while maximally rejecting the idler. The super-
imposed signal and idler path qubits are next analyzed by the two
MZIs with TO heaters before detection. However, in this struc-
ture also, the fiber-based WDM filters are used to separate resid-
ual pump power before detection. In a single-silicon chip,
Santagati et al. demonstrated a switchable entangling gate to pro-
duce a range of separable and entangled quantum states through
the principle of path entanglement.”*%! In the architecture, they
used four photon-pair sources and a six-mode reconfigurable
interferometer in a scalable and mass-reproducible geometry.
Recently, Zhang et al. experimentally showed a pathway to realize
all integrated silicon photonic path entanglement structures with
the help of on-chip high-speed germanium photodiodes.**”!
Besides path entanglement, time-bin entanglement through
silicon photonic architecture also has gained much attention
in the last decades or s0.2*42*! Although the time-bin entangle-
ment is extremely resilient to the phase fluctuations originating
due to external parameters like thermal variations, controlling
the quantum state of the photons at which the entanglement
is generated is extremely difficult. On the other hand, the polari-
zation and path entangled suffer highly from thermal fluctua-
tions. In this context, frequency bin entanglements in which
the frequencies of the signal and idler photons are entangled
have proven to be a promising alternative in recent times. It
shows a stable performance with respect to amplitude variation
as well. As a result, pioneering work has been carried out by dif-
ferent groups in the generation and manipulation of frequency
bin-entangled photons through integrated resonators.**'=2*! It
is noteworthy to mention that the MRR architectures are found
to be the most suitable ones for generating entangled photon
pairs as the cavity structures provide an enhancement in
generating the photon pair as well as offer a narrower band-
width.2*¢2*7) Utilizing SOI MRR Chen et al. reported 21 pair-
wise correlated peaks over a wavelength range of 1.3-1.8 pm.
In frequency bin, there exists a trade-off between the generation
rate and the bin separation and thus the number of accessible

Phase shifter

Pair source

\'/S'|gnai

C -

e :
/

Cllc r
Pump pulse ‘ y <

Figure 28. Schematic of the silicon photonic chip for the generation of entangled photon pair, their superposition, and analysis of the generated qubits.

Reproduced with permission.[**! Copyright 2015, CC BY 4.0.
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frequency bin/states. This can be attributed to the requirement of
an off-chip commercially available EO modulator which has lim-
ited bandwidth. As a result, the separation between the frequency
bins cannot exceed a few tens of gigahertz. This limits the gen-
eration rate as the efficiency of SPWM scales quadratically with
the FSR of the MRRs.**®] To overcome these, various approaches
have been proposed in the past few years.**>?**! In one of them,
researchers have realized different states piece-by-piece by selec-
tively and coherently pumping multiple MRR-based filters with
the help of MZI and bus waveguide architecture which elimi-
nates the requirement for off-chip modulators.***!

Leveraging from hybrid integration, Mahmudlu et al. reported
an on-chip high-dimensional frequency bin-entangled states by
merging the InP platform to silicon waveguide architectures,
as shown in Figure 29.2**! The structure consists of an electri-
cally pumped reflective semiconductor optical amplifier generat-
ing an optical gain profile shown at the topleft corner of
Figure 29.

The laser cavity is formed through a reflective coating at the
amplifier side and a Sagnac mirror on the other side. Followed by
the amplifier medium, three MRRs having different radii form a
Vernier filter which can be tuned by controlling the microheaters
placed on top of each MRR. The Vernier effect through the MRRs
enables a strong noise suppression >55 dB. The backward signal
excites the SFWM in the third ring (R3) and generates the fre-
quency bin quantum states. Although silicon photonics is a

www.adpr-journal.com

relatively new addition in the quantum domain, it holds an
immense potential to become a mature technology and pave
the way toward large-scale commercialization.

5.3.3. Discussions on Filter Architectures for Quantum Photonics

The quantum photonic section focuses on different approaches
to achieve a high ER bandstop filter to drop the unused pump
power and generation of entanglement between the signal-idler
pair. It has been observed that the high ER, narrow bandwidth,
and low-loss filter are equally important for the quantum pho-
tonic application. The initial part of this section includes a basic
description of dropping and separating the pump and generated
signal-idler pair through nonlinear effects, respectively, by com-
bining MRR and distributed WBG geometry. To drop the unused
pump power, the highest experimentally reported ER is found to
be 100 dB, whereas a theoretical ER as high as 155 dB is achieved
with a narrowband response. It has been also observed that sili-
con photonic components like MRRs and MZIs also play a piv-
otal role in the generation of different forms of entanglement
between the signal-idler pair. The formation of different entan-
glements like path, time-bin, and frequency-bin is discussed
briefly emphasizing the role of silicon photonic filters. Due to
the various advantages of silicon photonics, filters are a hot
and open topic to carry forward the research activity in the field
of quantum photonics as well.
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Figure 29. Schematic of the laser-IQP source with frequency bin-entangled photon pair in a hybrid integrated chip. Reproduced with permission.**’!

Copyright 2023, Nature Photonics.
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Silicon photonics possesses immense potential for quantum
photonics due to its multifunctionality, strong third-order non-
linearity, tight light guidance, small footprint due to large index
contrast, etc. To sustain its growth and large-scale commerciali-
zation for real-world applications, silicon photonics still has to
overcome multiple key challenges. One of them is the propaga-
tion loss. Although high-index contrast furnishes strong light
confinement, it also makes it vulnerable to sidewall roughness,
demanding a loss-tolerance approach. Normally, the propagation
loss in silicon waveguides is 2dBcm ™', which can be signifi-
cantly reduced by emerging fabrication technologies like etchless
fabrication, oxidation, hydrogen thermal annealing, etc[249-2>1]
Instead of single-mode operation, tapering to the multimode
waveguide can be one solution, but it also brings noises arising
from multimode interference. Hybrid integration of silicon
waveguides with different materials like silicon nitride and
wedge silica with small angles can also reduce the losses to
<0.1dBm "**? Another major source of loss in silicon is
two-photon absorption (TPA). This limits the strength of the
pump in the near-IR telecommunication band, where SEWM
occurs. Recent approaches also attempt to operate at longer wave-
lengths, which significantly reduce the propagation losses asso-
ciated with the TPA mechanism.!*>?) However, this also demands
the development of the supporting infrastructure at the longer
wavelength, which remains to be a challenge.

It is to be noted that, in the on-chip generation of pure and
deterministic single photons, photo-pair plays a crucial role in
quantum photonics, especially for large-scale quantum photonic
circuits where a repeatable large number of identical photon
sources is very important. An array of 4 SWFM sources is real-
ized in silicon having a purity of around 95% showing its prom-
ise toward large-scale integration.*>® Recently, S. Paesani et al.
reported single-photon sources in silicon with improved purity of
99.04%. However, the array number is still lower than low-index
waveguides like SiO, where 18 array of SWFM base sources are
reported with purity of 97%.”>*1 An important issue although is
that production of photons in silicon is the less deterministic
nature since the probability is around 5-10%. Time and spatial
multiplexing techniques can help overcome this issue.”>>%°") In
silicon, the y® effect is normally used for such purpose.
However, the y® effect is weaker than y!? effect (absent in sili-
con) or the quantum dot technique. Designing a high

Q-factor filter can play an important role since the photon
pair generation is nearly proportional to the third power of
the Q-factor.”>”! Besides the source, the reliability of quantum
photonics also depends on its integration capability with a
single-photon detector. In recent times, significant growth has
been achieved with transition edge sensors, fully integrable
superconducting nanowire detectors based on Si itself or hybrid
integration with GaAs or Si3N,. The problem is such detectors
normally operate at cryogenic temperatures. A significant
research focus is given in developing such detectors close to
room temperature.”**! Some recent developments like avalanche
photodiode with germanium in silicon operating around 80 K
have shown some promise in this direction. The on-chip detec-
tion efficiency of such detectors has shown a tremendous growth
from 5.27%!%°% to around 38%!*°*?*"! within the past few years.
However, significant research work is still required to improve
the detection efficiency of such room-temperature detectors.
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The real-world application of quantum photonics also needs to
overcome the challenges associated with electronic—photonic
integration. Often it is required tha photonic circuits are inte-
grated with electronic components for the control, power supply,
as well as I/O to the classical domain. Since the quantum states
are highly vulnerable to any external perturbations, integration
with electronics makes it challenging to keep the photonic
circuits immune to EMI, demanding its shielding. A significant
research effort has been also recently given in 3D wafer
technology to merge photonics and electronics in a compact
geometry.**! Overall, the above discussion shows the immense
potential of silicon-based quantum photonics, its integration
challenges, as well as its promises and future perspectives for
large-scale quantum photonic circuits. Recent developments
have shown the potential of quantum photonics in creating
long-distance space-to-ground secure communication over
distances of more than a thousand kilometres®**%%3! through
satellite links in which silicon photonics can play a crucial role
in the near future.

6. Silicon Photonics Market

Due to their various advantages besides academic areas, silicon
photonics has seen astonishing growth in the global market
recently. There are several factors contributing to the growth
of the silicon photonics market. These include compatibility with
existing fabrication technologies and integrability with electronic
components in the same platform, aspects that ensure compact
and cost-effective devices. Moreover, silicon photonics enables
signal processing at the speed of light and high-bandwidth oper-
ation, which are essential factors for high-capacity data process-
ing and high data transfer rates that bring added value to the data
centers and telecommunication sectors, along with low power
consumption. In addition, miniaturization capability and immu-
nity to EM interference, which reduce the requirement for
shielding, are further aspects that make silicon photonics attrac-
tive for space applications, with increasing investment from both
government and private initiatives and collaborations between
the semiconductor industry, research institutes, and various
companies. In the early days since its invention in the middle
of the 1980, silicon photonics does not catch much attention
towards commercialization. Two important milestones in silicon
photonics are the invention of low-loss silicon waveguides at sub-
micrometer scale in the late 1990 s and the significant advance-
ment of microfabrication technology reaching linewidth
~100 nm in the early 2000 s. These gave a boost to the research
in silicon photonics, and it started to gain market attention in the
late 2000s which is reflected from Figure 2 shown in the
Introduction of this paper. After the release of the first optical
transceiver with silicon photonics by Luxtera (now known as
Cisco), the market interest started to grow. A landmark moment
that reflects the growing interest in silicon photonics took place
in 2012 when Cisco purchased Lightwire, a startup specialized in
optical interconnects. A true acceleration began in 2018 when
companies like Cisco, Huwai, and others observed a marked
increase in sales of silicon photonic-based transceivers. In
2020, Intel developed 100 Gbps 4-channel CWDM transceivers
with low power consumption (around 4 W) and extended
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temperature range from —40 to 85 °C marked as an important
milestone in silicon photonics market development. According
to the reports published in ref. [264], the global silicon photonics
market at present mostly focuses on telecommunications, data
centers, and high-performance computing, military, defense,
aerospace, etc. In 2022, the silicon photonics market stood at
1.3 billion USD, and it is predicted to reach 5 billion USD by
the end of 2028 with a compound annual growth rate (CAGR)
of 28.5% (see Figure 29).*°°) Figure 30 shows the predicted
growth rate and provides the region-wise growth of the silicon
photonics market. It is estimated that the growth rate will be max-
imum in Asian-specific areas driven by a high number of inter-
net users. The potential of the silicon photonics market resulted
in gaining interest as well as the formation of various companies
such as Intel corporation, Cisco system, MACOM technology

SILICON PHOTONICS MARKET
GLOBAL FORECASTT0 2028 (USD BN)

www.adpr-journal.com

solutions, Lumentum operations, Marvel technology, etc.
Among these companies, Intel and Cisco hold the highest mar-
ket share with 58% and 29% in units according to the
Yolegroup.*”) In Figure 31 geography-wise companies are repre-
sented to provide an overview of leading market players, as
reported very recently by IDTechEx.[2%%

The primary silicon photonics market is centered around opti-
cal communication mainly due to the rising demand for data cen-
ters in which WDM filters play a crucial role. It is estimated that
among products the transceivers will share the highest growth
rate. Since its first launch in 2016, Intel is still the industry leader
for transceivers. The various companies presented in Figure 30
are the pilot lines to carry out the research activities in different
institutes whereas few are fully commercial companies from
foundries to delivering the final product. These foundries

28.5%

The global silicon photonics
market is expected to be
worth USD 5.0 billion by
2028, growing at a CAGR of
28.5% during the forecast

13

Figure 30. Market growth of silicon photonics.?%®
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provide multi-project wafers, process design kits and volume,
and/or customized production to carry forward the research
work and industrialization.!*?!

Besides optical communications, silicon photonics has started
to put its mark in domains like MWP. Being an emerging tech-
nology, major players that compile market research reports, such
as Yole, Markets and Markets, Research and Markets, and
Transparency Market Research, have not yet included MWP
in their major market trends. However, it is explicitly stated that
such new technologies can bring benefits to the defense, tele-
communications, and computing sectors. In Figure 32 a sum-
mary of different companies that developing MWP circuits is
shown®”! which includes companies designing basic compo-
nents, developing MWP modules, as well as packaging. A prom-
inent application of MWP is observed in the domain of medical
imaging, wherein it harnesses terahertz waves to generate high-
quality, frequency-tunable images. This application offers dis-
tinct advantages over conventional methods, including X-rays
and nuclear magnetic resonance, by providing superior imaging
capabilities and essential spectroscopic information often absent
in optical and X-ray modalities (MWP GmbH, Philips).
Furthermore, MWP plays a pivotal role in communications,
offering a promising avenue for telecommunications by enabling
signal transmission over extensive bandwidths. To meet the
demands of applications in medical imaging and communica-
tions, devices must exhibit characteristics such as high speed,
wide bandwidth, low-power consumption, tunability, and
resilience to EMI, making photonics an increasingly favored
solution over digital electronics (iPronics, Miraex, Hamamatsu).
Beyond medical imaging and communications, MWP finds
applications in diverse fields, including military technology,
medical technology, diagnostics, space communications, and
sensing (MWP4SPACE, AirBus). Its utility extends to enhancing

www.adpr-journal.com

the efficiency of high-powered lasers, achieved through minimiz-
ing losses in the gain medium and optimizing coupling
efficiency to external cavities (OSRAM). Furthermore, MWP con-
tributes to noise reduction in pump lasers using resonators to
filter time-independent noise. The MWP market emphasizing
silicon photonics also has started to grow in the wireless commu-
nication domain due to its superiority over conventional
electronic counterparts.[268]

As shown in Figure 33, the quantum photonics market is
expected to grow from 0.4 billion in 2023 to 3.3 billion USD
in 2030 with a CAGR of 32.2%.*%! The main driving force
behind the market growth of quantum photonics is secure com-
munication and quantum photonics computing. During the fore-
cast period, the Asian-specific market is expected to grow at the
highest rate and the largest market share is held by the quantum
computation segment. Given that companies like Toshiba from
Japan, Xanadu from China, ID Quantique from Switzerland, and
Quandela from France are developing a competitive ecosystem to
drive investment in research and development to build highly
reliable and efficient quantum systems, it is noted that quantum
computing is gaining great attention in which quantum photon-
ics can play a crucial role since photonic quantum computers
can perform at room temperature. As a result, several companies
like Xanadu Quantum Technologies, ORCA Computing,
PsiQuantum, Quandela, and Quix Quantum have shown great
interest in recent times.”’”) Recently PsiQuantum has raised
USD 450 million to build a commercial quantum computer,*”"
which makes it one of the largest independent Quantum
Technology companies. It is projected that the quantum compu-
tation market will grow at a CAGR of 19.6% from 2023 to
2030.%72 The growth of the quantum communication market
is even higher with a CAGR of 29.3%.*”?! Its market will grow
from USD 0.82 billion in 2023 to USD 8.3 billion by 2032.
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Figure 32. Supply chain of MWP-based components/systems. Reproduced with permission.”®”! Copyright 2020, CSEM.
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Figure 33. Market growth of quantum photonics.?*!

The major players in the quantum communication market
include AmberFlux, Atos, Fujitsu, Toshiba, MagiQ, NEC
Corporation, Mitsubishi etc. It is expected that the banking
and finance sector will dominate the quantum photonics market
during the predicted period due to real-time data analyses, pre-
venting fraud, financial transactions through more secure encryp-
tion, etc. Besides quantum photonics is predicted to play a crucial
role in sectors like healthcare, defense, transportation, etc.

7. Conclusions and Discussions

In summary, a comprehensive review of silicon photonic filters
based on MRR, WBG, MZI, and AWGs is presented with their
applications in optical communications, microwave, and quan-
tum photonics. The initial part of the review discussed the basics
of silicon photonics with the four most favorable filter architec-
tures and a guideline to simulate these filters and realize recon-
figurability. The developing trend of the different silicon
photonic filters in an application-specific manner has been dis-
cussed. The optical communication section provides details
about different filters with applications targeting the CWDM
and DWDM/demultiplexing. It is important to note that WBG
naturally provides a flat top band with sharp roll-off, making
it particularly promising for WDM technology. In addition,
the cascaded structure can increase the number of channels
as well as provide the possibility of simultaneous tuning of cen-
tral wavelength as well as the passing bandwidth. However, with
WBG it is particularly challenging to achieve narrow bandwidth
as it requires extremely small grating teeth to reduce the coupling
coefficient which is difficult from a fabrication point of view. This
feature hinders WBG’s application in the DWDM system. The
MZI and MRR-based structure cannot provide a flat top response
in general. However, the cascaded geometry is capable of provid-
ing a flat top response with MZI and MRRs. Among all the
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geometry, the smallest footprint can be achieved with MRR-
based architectures due to their circular geometry. Therefore,
with MRRs, it is possible to realize a low-power consumable flex-
ible WDM system. For MZI and MRRs the main source of con-
cern is the FSR as the number of channels is often limited by it.
It has been observed that for a large number of channels, AWGs
are particularly promising and usually preferred. Due to their
large footprint, AWGs usually require large power consumption,
hindering their application in flexible WDM systems. In addi-
tion, this section also includes the different approaches proposed
by different research groups to realize polarization-insensitive
and fabrication-tolerant silicon photonic filters which can signif-
icantly reduce the crosstalks between different channels as well
as the IL. This section points out the importance of carrying for-
ward the research work in silicon photonic filters which can
simultaneously provide a flat-top response, sharp roll-off, low
power consumption, polarization insensitivity, as well and great
fabrication tolerance. The MWP section takes a portrait of differ-
ent approaches to perform various kinds of filters with a large
rejection ratio, tunable central frequency, small footprint, and
desirable bandwidth according to the RF target application.
The large tunability of MWP filters paves the way for their
use in several applications, such as Space and telecom payloads,
to obtain flexible structures able to be reconfigured according to
the user demands. The quantum photonic section focuses on dif-
ferent approaches to achieve a narrow bandstop filter with a high
ER which is important to drop the pump laser source. It is
observed that among the four filter architectures, AWGs are
found to be more suitable for dense WDM operations. The
WBGs and MRRs can provide great flexibility in realizing tuning
in terms of central wavelength as well as bandwidth. This makes
it suitable for flexible WDM technology. The possibility of real-
izing reconfigurability makes them suitable for MWP where sig-
nal processing is required over a very small bandwidth. For
quantum photonics, MRRs are found to be the dominating
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one since the cavity structures provide an enhancement in gen-
erating the photon pair, which plays a crucial role.

We believe that the state-of-the-art analysis presented in this
article can significantly help in understanding and advancing the
research and industrial development of silicon photonics.
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