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1. Introduction

Abstract

The recent progress in integrated photonics has promoted microwave
photonic filter (MPF) technologies to a supreme level to develop wireless, radar,
and internet communication systems. Thus, the tiny size, low power consumption,
and low cost of the MPF chip are its unique features. By choosing the appropriate
spectral content and rejecting sideband signals, the MPF made use of numerous
technologies that proved the value of wide frequency tuning and reconfiguration in
addition to its tolerance to electromagnetic interference. This paper reviews recent
techniques involved in microwave filter design on multiple platforms, which involve
(MRR), ring-assisted =~ Mach-Zehender
Interferometer (MZI) coupler, Brillion-active waveguide, reflector-type MRR, and
Bragg grating with phase shifts. In particular, the output characteristics are
demonstrated for the MRR integrated with a MZI coupler technique. The reviewed
work will highlight the significant technological constraints and major technical

cascaded micro-ring  resonator

limitations. Additionally, it suggests potential future directions for enhancing and
optimizing microwave photonics-based filter technologies, which could pave the
way for the next generation of communication systems.

Keywords: Microwave Photonic Bandpass Filter, Microting Resonator, Mach-
Zehender Interferometet.
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photonics emerged when scientists discovered that

As the name signifies, the study of the interplay of
microwave and optical signals for various purposes is
known as microwave photonics, which is a
multidisciplinary field], such as fiber-to-the-home,
wireless communication, radar, sensors, broadband
access networks, and filters [1-7]. The field of

transmitting microwave signals in the electrical
domain was challenging because of various factors,
including bulkiness of the apparatus, heating effects,
high losses at elevated frequencies, narrow
bandwidth, and almost non-existent tunability of
high-frequency filters [8]. Wilner and Van den
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Heuvel's study was among the first to propose the use
of optical fibers as delay lines to produce a photonic
filter [9]. Microwave photonic filters became available
in the development of this ground-breaking idea.
Much work has been put into developing various
microwave photonic filters in the last few years [10].
Significant benefits result from the employment of
photonic components. For example, photonics-based
microwave filters can be made tunable and
programmable, which is a characteristic that is not
feasible with conventional microwave technology
[11]. Recent advancements in this field have shown
that it is feasible to obtain filters with tuning ranges of
1 GHz to over 40 GHz, Q factors well above 10000
in the 2 and 10 GHz bands, and the capacity to
reconfigure arbitrary transfer functions using
electronic control signals in less time than 1 ms [12].
An abrupt slope in the transition band, excellent stop-
band rejection, broad tunability [1,13], and a small
flat-top bandpass [14,15], are among the most crucial
and desired properties of microwave photonics
(MWP) integrated optical filters [6]. Since this topic is
gaining popularity, it is clear how challenging it is to
simultaneously attain all these features given the
narrow bandwidth of a filter operating at optical
frequencies for the processing of microwave signals
with  sub-GHz  resolution.  Therefore, new
technologies and networks for broadband wireless
access—like 5G mobile wireless systems, local
multipoint distribution services (LMDS), wireless
local area networks (WLAN), and World
Interoperability for Microwave Access (WIMAX)—
require an increase in capacity by constricting the
coverage area [10,0]. The literature has described a
number of silicon photonics-based technology
possibilities in depth, including: phase-shifted Bragg
gratings, ring-loaded MZI topologies, and high-order
micro-ring resonator MRR-based designs. Cascading
different ring resonators together results in a higher
insertion loss but sharper, narrower filtering in high-
order MRRs [16]. An MZI configuration can be
modified to create filters with varying shapes and
perform the necessary signal shaping by incorporating
MRRs [13]. Because of the nonlinear phase response
of each arm of the MZI, small frequency bands across
a large range can be eliminated [11]. Lately, several
platforms have been used to design MPFs, including
silicon on insulator (SOI) [17,18], silicon nitride
[19,20], As2S3, indium phosphide [21], and lithium
niobate. The most promising photonic integration
platforms in recent times are those based on silicon
photonics.

This paper focuses on the characteristics and
features of different modern filter technologies that
are used in the processing of microwave signals such
as cascaded MRR, ring-assisted MZI coupler,
reflector-type MRR, Brillion-active waveguide, and
Bragg gratings. Many contemporary communications
applications, including radar, optical networks, and
satellites, take advantage of these features, which
include vast tunability and reconfigurability as well as
high rejection rates. Furthermore. the output property
of the MZI coupler combined with the MRR design
technology is thoroughly mathematically analyzed in
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this research paper. The concentrate on this
technology was placed for several advantages,
including power conservation, small size, and simple
design that indicates a good option for designing
MPEF.

2. The general principle of MPF

implementation

Photonic subsystems called microwave photonic
filters are made to provide features that are either on
par with traditional radio frequency (RF) systems or
offer advantages unique to photonics, like low loss,
immunity to electromagnetic interference (EMI),
tunability, and reconfigurability [1,6]. The general
steps in the simplest form involved in MPF are seen
in Fig. 1. A modulator (E/O) modifies the RF in the
CW laser light. The optical wave is transformed to the
required spectral content after passing through one of
the optical elements which include high-order MRR,
ring-loaded MZI topologies, teflector-type MRR,
phase-shifted Bragg gratings, and Brillion-active
waveguide. After optical to electrical conversion, this
optical signal was transformed into an electrical signal.
Consequently, producing the output RF signal
employing various optical receivers, therefore the
optical filter transmission spectrum is measured.
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Figure (1): General steps concerned with tunable
and Reconfigurable MPF.

3. Filter Design Technologies

By choosing the required spectral content and
rejecting sideband signals, the MPF that made use of
several technologies has shown the value of wide
frequency tuning and reconfiguration in addition to
its tolerance to electromagnetic interference. This
work examines contemporary methods for designing
microwave filters on multiple platforms such as:
reflector-type MRR, Brillion-active waveguide, ring-
assisted Mach-Zehender-Interferometer  coupler,
cascaded micro-ring resonator, and Bragg grating
with phase shifts. Specifically, the MRR integrated
with a MZI coupler technique's output characteristics
are shown.
3.1 Microring Resonator

A common choice for tunable photonic filters is
an MRR due to its scalability, small footprint, and
straightforward structural design. When the phase
shift and the coupling ratio are controlled with the
tuning components, the bandwidth for MRRs is
modulated [23 A bandpass MPF used an ultra-high-Q
silicon MRR to provide an adjustable sub-gigahertz
bandwidth [24] as shown in Fig. 2.

RF
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Figure (2): Diagrammatic representations of the
MRR power field figures for the simulated
fundamental TE mode. (a) Ultra-high-Q MRR
layout; (b) MRR schematic top-view diagram [24].

The temperature dependency, size, practicality,
standard complementary metal-oxide-semiconductor
(CMOS)  manufacturing  technique, operating
bandwidth, tunability, and practicality of the extreme
narrowband MPF are all well-adjusted in this
structure. It has a lot of potential uses in microwave
frequency  measurement and  optoelectronic
oscillators. This narrowband MPF breakthrough
makes the prospect of MPF based silicon-system in
the nearly futurity more encouraging [24]. A tunable
MPF with an ultra-narrow band and excellent Q MRR
is produced by combining the ultra-low coupling
coefficients of the multimode ring resonator with the
ultra-low loss of the silicon nitride waveguide [25].
MPF is based on a subwavelength grating-assisted
microring resonator (SWG MRR), characterized by
flat-top, strong sidelobe suppression, and wideband
filter as shown in Fig. 3.
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Figure (3): Diagrams showing the design
parameters for the suggested double modulated
grating assisted MRR (a) Perspective view in three
dimensions. (b) Top view in two dimensions [27].

This feature allows for fabrication using electron
beam lithography for additional experimental
examination of the proposed wide-band filter output
performance [26]. An adjustable bandpass MPF-
based phase modulation with MRR as dual optical
carriers is designed in order to lower the residue phase
of the MRR, which limits the outside-of-band
rejection ratio of conventional MPF based on phase
modulation with a single optical carrier [27]. The
technique of optical switchable filters between band
pass and also band stop which used with MRR-related
devices. On account of being very simple and
accessible, also the device demonstrates high
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tunability for both band stop and band pass responses
[28].
3.2 High-order MRR

Cascading various ring resonators produces
sharper, narrower filtering at the cost of a higher
insertion loss. The optimal coupling coefficients for
cascaded MRRs can be used to generate configurable
responses, which are necessary for many applications.
Because of the microring waveguide's tiny minimum
bending radius, MRR that functions as optical filters
may be extremely compact, which makes it ideal for
low power exhaustion [7]. Double-bus-coupled and
cascaded silicon MRRs include an optical signal
processor designed to handle the sideband and optical
carrier signals independently. This system has high-
quality characteristics, which makes the MPF very
sensitive to waveguide propagation loss and is utilized
in communication systems as optoelectronic
integration technology develops [29]. A method of
tiny notch MPF consists of integrated MRRs on an
SOI chip as shown in Fig. 4 demonstrated. A filter
improvement with a wide tuning range, high rejection
ratio, low cost, very small footprint, shape-invariance,
and shape factor during the tuning process is
established [16,30].

Passband MPF built on a SOI platform with high-
order MRR make flat top optical filter by adjusting
each MRRs resonant wavelength [31,32]. Using
cascaded photonic crystal (PHC) nanocavities in the
suggested MPF is beneficial for the development of
energy-efficient all-optical microwave systems on-
chip. Consequently, it offers excellent rejection ratios,
ultra-high tuning efficiency, and robust all-optical
control [33].
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Figure (4): Illustration of the optical double-notch
filter schematically [106].

Employing a low-loss Si3N4 circuit with cascaded
MRR increased link gain, tuning rang, and decreased
noise figures [20]. An intensity-consistent single-
stage-adjustable cascaded microring (ICSSA-CM)-
based phase-modulated flexible sideband cancellation
technique is utilized to get rid of complex auxiliary
devices and bias drift problems for a range of useful
filter responses. This architecture for the silicon
photonics platform produces broad-spectrum control
flexibility, which has significant promise for next-
generation wireless communication, radar, and sensor
networks [34].

3.3 Reflective Type-MRR

A single microring resonator and two straight

optical waveguides with a reflector connected to the
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MRR's drop port make up an add-drop MRR with a
reflector. Probably the reflector-type becomes a metal
film, looped mirror, or grating coupler [14,35]. The
reflective-type MRR, in comparison to conventional
cascaded MRRs, reuses the identical MRR for two
steps as a filter, this permits an on-chip system to be
more stable. and decreases the chip magnitude and
the number of microheaters that control the tunning
process [15,36]. By adjusting the MRR's coupling
coefficients, reflector-type enables reconfigurable
intensity, group delay, and filtering with flat-top.
Morteovet, electro-optical modulation, XNOR/XOR
optical logic operation, and wideband optical real time
delay. This topology, as shown in Fig. 5, may enable
new, compact, efficient designs for integrated
reconfigurable or programmable microwave photonic
systems [35].

Loop mirror Output Pﬂ

heater
( \_h._ N

C

Input Port

Figure (5): (a) Structure of the artificial reflective-
type MRR and (b) microscope picture. Zoom-in
views of the asymmetric Mach-Zehnder
interferometer with a thermo-optic heater and the
loop mitror are included in the insets [35].

3.4 Brillion-active Waveguide

RF photonic filtering is enhanced by the
combination of passive design and Brillouin
technology. Higher functionality, better performance,
and compactness are achieved by combining both
linear and nonlinear features. For the first time, a
high-performance integrated photonic processing
system utilizing photonic chips comprising passive
ring resonators integrated with Brillouin-active
waveguides is demonstrated. The nonlinear Brillouin-
active waveguide and the passive over coupled OC
ring resonator are shown individually in Fig. 6 by
dashed boxes [37].

Using silicon multi-pole photonic filters improved
performance by accessing long-lived phonons
through designed Brillouin interactions, considerably
increasing the silicon coherence periods. This type of
filter uses linked defect modes in photonic crystal and
acoustic mode engineering to build line geometries
with an increase of 40 dB in out-of-band rejection
over previous silicon-based filters [38]. This record
performance is achieved by breaking the amplitude
equality of a phase-modulated signal using a Brillouin
dynamic grating (BDG) with an extremely narrow
reflection spectrum of less than MHz. Thus, a single
passband MPF with unprecedented performance—
such as a wide spectrum range, great stability of center
frequency drifting, and ultrahigh spectral resolution—
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was produced. [39]. Fig. 7 confirms a sub-kHz
bandwidth MPF approach wusing a double-ring
Brillouin fiber laser (DR-BFL).
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Figure (6): (a) A new class architecture of IMW
processors that integrates a Brillouin photonic
processor on the same photonic chip. (b) The

IMWP notch filtet's architecture consists of a (OC)

with a Brillouin waveguide that provides resonance

for SBS gain [37].

Figure (7): Configuration for an experiment. PM
is for phase modulation; EDFA for erbium-doped
fiber amplifier; Cir is a circulator; and NKT is an
ultra-narrow linewidth fiber laser. PC, controller for
polarization; PD stands for photodetector; OSA for
optical spectrum analyzer; VNA stands for vector
network analyzer; RF stands for radio frequency [40].

To generate a single passband narrow bandwidth
MPF, the DR-BFL employed the Vernier effect with
a single longitudinal mode laser output. To the best of
knowledge, the MPF achieves the highest Q value.
This architecture presents a novel concept for
integrating high-precision signal extraction in next
sensor or communication systems [40].

3.5 MRR assisted-MZI coupler

MRRs are often used in conjunction with MZI for
several features. The phase shifter used with MRR-
assisted MZIs can be very small due to the resonance
in MRRs, resulting in significant power savings.
Because of their compact footprints and simple
structural design, MRRs and MZIs are frequently
chosen to realize tunable photonic filters. When the
phase shift and the coupling ratio are controlled by
thermally adjusting the resonant wavelength, that give
rise to the bandwidth for MRRs is modulated [23]. On
a silicon-on-insulator (SOI) substrate, the MPF
construction  with ~ MRR-integrated MZI  is
characterized by a wide tunable and reconfigurable
bandpass MPT with a high rejection ratio [7], and also
bandstop MPFs for processing sidebands individually
[13]. This device could also achieve reduced crosstalk,
a wide 3-dB bandwidth, and a rapid roll-off on the
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band edges [41]. By using this method, the filter also
achieves a high delay bandwidth and a moderate delay
ripple. [42-43]. InP waveguides can be used to create
an MPF constructive on the ring-assisted MZI
(RAMZI) with significant filtering performances as
shown in Fig. 8. The bandpass and band-stop
functions of the filtering response can modify with
flexibility and a small response time [21].

(a)

InP RFin| Silicon

* Lser DOMZM PD
High-Q v.mn

Figure (8): (a) The hybrid integrated MPF
schematic diagram. (b) The principles governing the
integrated MPF's bandpass/band-stop switchable
filtering response [21].

This design found a workable way to achieve the
larger frequency range, more compact size, and
reduced power consumption that will enable a variety
of RF applications, such as wireless communication
and radar [44]. Because MZI can perform both infinite
impulse response (IIR) and finite impulse response
(FIR) filters, there are benefits to employing a SisNy
waveguide device. It achieves a range of filter
functions by combining rapid reconfigurability in an
optical structure composed of both ring resonators
and MZIs [19].

3.5.1 Analysis of the Output Characteristics of
MRR Assisted-MZI Coupler

A symmetric MZI coupler linked to MRR satisfies
high-Q resonators, which show the ability to modify
the phase difference between the MZI couplet's two
arms by varying the two-coupling coefficient in
relation to the applied voltage in the microheaters [22].
As a result, MZIs show promise as an integrated
coupler. For example, MZI modulators made of
electro-optic polymer [45], a push-pull modulated
MZI [46], and tunable and reconfigurable optical
filters based on ring-assisted MZI coupler [7, 21,23].
We analyzed the phase modulation of the 2 X 2 MZI
coupler [24] with high Q MRR, as the reason for
studying the output characteristics as shown in Fig. 9.

t

E — kK Ex

-
-
]

Figure (9): Diagram showing a MZI coupler
coupled to a coupling-modulated microring.
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Where a is the attenuation coefficient of the ring
waveguide, The cross-coupling coefficient is denoted
by k, and the self-coupling coefficient by t of the MZI
coupler which is designed identically. The phase
vatiation in the microheaters deposited in four arms
of the two MZI couplers is expressed AQ. To resolve
the interchange of optical power between optical
waveguide MZI and ring waveguide, the coupling
region proposed to a be lossless coupler, and this is
represented in t* + k* = 1. Where t* and k*are the
complex conjugate of the self and cross coupling
coefficients, respectively, which are equal t*= -t and
k*= -k. The electric field is slowly varying amplitude
A, tis the time, and v indicates the frequency of the
optical signal which is expressed in:

E, = Aeliwt (D
and A is defined as:
A= (1-tit,ae™?) )

The intensity response was characterized by
analyzing the electric field in the design according to
the dynamic of microring resonator theory [47]
shown in Fig. 9 from the input E; to the outport Eo:

E; = (t1e™8% X By + ke % X Eq,) ... (3)

The electric field inside the ring is represented by
E 1a-

Design MRR with symmetric MZI coupler by the
proposition of lossless coupling region, high-Q MRR
was obtained and thus satisfy two conditions:

e minimizing the ring's attenuation as much as
feasible (o« =1),

e by applying the condition of critical coupling
when the coupling at steady-state value to is equal
to the attenuation |to|= «,

It’s worth mentioning that the over coupling and
under coupling condition have come true when
[to] < o and [to| > @, respectively [22]. In addition,
by using the method of adjustable coupling strength,
rather than the refractive index or ring loss, it is
possible to create modulation bandwidths with high-
quality factors, which operate at frequencies
significantly higher than the resonator linewidth [48].
Thus, the dynamical transmission T(t) could be
expressed [47] as;

T®= = [t+

k() i(6+AQ)[t(t—T)T(t—1)—1]
s ae | @

Where 1, and 0 represent the propagation time
coupler, and propagation phase shift, respectively. To
solve Eq. (4), It can be written as a second-kind
Fredholm integral equation, which resolves the
Neuman series solution;

T(t) =t(t) — %a(t) exp[—i(6 + AQ)] +
f_w %a(t’ + )t(t")
exp[—if(t' + )] 6[t' — (t — 17)]

T(t)dt'" .. (5)
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From Eq. (5), the dynamical transmission becomes
equal to the static state transmission by assuming o(t),
k(t), t(t), and O(t) recurrent with a period equal to the
propagation time. And so, by removing time
independent through applying conditions of critical
coupling when tp = a« and o =1, the static stat
transmission T'ss are satisfied;

[to—ae —i(9+A01)]

Tss = [1—atere—i(0+402)] ~- ©)
o —Kkoxkr
t=—r NG

Where t* and k' are the intensity of the coupling
strength, ko and to are the steady-stat values of two
coupling coefficients. Based on the previous Eq. (6)
and (7), the high-Q transmission design was examined
through the following equation:

TQ =Ts +t ... (8

[to—ae—iO+A0D)] koxk!
— to*
TQ = [ [1—atore—10+202)] ]

)

When there is no resonance in the input and the
ring is critically connected, and the output of the high-
Q resonator is given as;

2k, [1+ %sin (© +A¢y)
|TQ|2 = |Tss|2 + k' g 3
1+ a?|ty]? + 2altylsin (6 + Ag,)
ﬁ 2
12 tO
e T r2altgsm@ + a9y 0
ITQI? = ITss|? + K'(G1) + 1K'|?G2 (1)

From Eq. (11) its noticeable there was an
enhancement in the gain represented in G1 and G2
arising from field and intensity coupling strength k'
and |K'|?, respectively. At resonance input, Gi and G2
represent in these equations;

3 2k0(1—%)

T (-altol? - (12

Kol?

G, = [tol®
(1-alto))?

.. (13)

Gy
Gz

L= .. (14)

The linearity parameter L describes linear change
in high-Q transmission |TQ|?due to the coupling
strength |K'| and |K'|>which represents the gain
factors G1 and G2, and thus with regard to the applied
voltage in two arms of MZI that causes phase
variation [22,49]. Fig. 10 represented inserting these
three Eq. (12,13,14) through MATLAB software, the
relationship between the gain factors in two different
valued of « could sketched. Where Fig. 10a and b are
demonstrated the relationship of the two conditions
that satisfied high-Q) resonator which causes the
vatiation in output gain. The value for [to] in Gi and
G2 is lower in the smaller value of attenuation o. In
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Fig. 10c illustrates the linearity parameter in three
situations; for LK 1, the attenuation is greater than
the |to] and over-coupling conditions satisfied [to] <
@, thus the intensity of coupling strength |k'[?are
dominate. When L= 0 at critical coupling conditions
[tol = @, Gi= 0, |Tss|?= 0 where only |k'[*are
dominate. And L =1 to obtain low-loss resonators
and that will satisfy the under-couple condition
where |to| > a.

10*

_ a=0.9964
- ====7" | = —o=0.0003|"
- p

107 F E

G
=

(@)
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a=0.9964

= = =a=0.9993

|Gy

-1 L L L L L L L L L
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[£0]

10’

104 L
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0.99 0.991 0.992 0.993 0.994 0.995 0.996 0.997 0.998 0.99
to]

Figure (10): Various values of |to| for input
resonant in; (a) |G|, the gain parameter related to
the |k’|. (b) Gz, the gain parameter related to the
[K'[. (c) The linearity parameter L.

From all above, the MZI coupler integrated with
MRR was showed liner change in the transmission
specttum due to the small variations in coupling
strength with respect to the voltage applied in the two
arms of MZI. Which showed a good specification to
examine the characteristics of coupling modulated
microrings with MZI couplers. The research
demonstrates that combining a microring with a MZI
is a great way to take the advantages of both resonant
and nonresonant modulators at the same time.

3.6 Other Design Technology

An MRR with a single ring covered in Bragg

grating makes the filter a silicon-based wideband filter
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with  excellent side lobe suppression. The
subwavelength grating (SWG) waveguide, which
consists of two identical-period gratings with differing
filling factors to cause refractive index change in the
direction of transmission, is what creates the Bragg
grating in microring. Hence, wider bandwidth, higher
sidelobe suppression, and infinite FSR can be
obtained in this device [26]. An article showed how to
make a programmable SOI on-chip filter using a four-
tap finite impulse response topology. The photonic
filter might be programmed because thermal heaters
vary the amplitude and phase of each tap. It also
demonstrated the tuneable center wavelength,
bandwidth, and passband form of the filter.

Benefits of this project include its compact design
and its ability to integrate with electronics [50].
Particular attention has been paid to the description
of novel optoelectronic oscillator or MPF techniques
that are thought to solve the serious shortcomings of
traditional systems. With the use of these methods,
high-performance optical filtering-assisted MWP
signal processing and sensing will advance more
quickly [5]. Table (1) showed results of MFPs in
different technologies.

Table (1): Comparison of Different Technologies
Results Involved in Tunable and Reconfigurable

MPFs
) Q g o~
s | §| & | &3 2522
£ | 5 S0 [22|580
8 | & | Z 3= |gg|lFHE=
o R &
MRR&M| InP |Bandpass 0.36 40> | 3-25
Z1 [21] Bandstop
MRR Si | Bandpass 017 | 237 | 2-18.4
24]
ICSSA- | Si | Bandpass 30 60 0.22
CM [34]
MRR | SOI |Bandpass [0.97-0.84| 62 5-35
[18] Bandstop
DR- |SisN4| Bandpass [0.79-8.87| 20 2-9
MZIs
[19]
R-type | SOI |Bandpass [3-78 60> |37.7-95.2
MMR Bandstop
[32]
DR-BFL|SMF | Bandpass 114 10.735
[40]
4. Conclusions:
In both present-day and future wireless

communication systems, tunable and reconfigurable
microwave filters are essential components. This
work presents a broad overview of current methods
used in the design of microwave filters. Different
technologies are used to compare the parameters
involved in filter designs, and the findings are
summarized. The methods utilized to develop and
implement filters with specified frequency and
bandwidth-adjusting capabilities were the main
emphasis of the workshop. Some of the uses for
microwave filters were also covered in this
publication. Furthermore, the output characteristics
of the MRR assisted MZI coupler technique were
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demonstrated. The following are some salient features

of the primary technological issues of today.

1) Creating strategies and processes to produce stable
filters with high Q values.

2) Creating more condensed methods for obtaining
complicated and negative coefficient filters.
Research on innovative MZI and electro-
absorption modulator structures is necessary for
this.

3) Improving the methods that result in filter
tunability — and  reconfigurability — through
employing Brillion technology, GC-reflector, or
cascaded MRR.

4) Overcoming the scattering and losing effects in
filters with compactness considering circuit
integration.

Worth mentioning, Fig. 11 proposes the
principles of integrating new innovative concepts to
address emerging challenges, which might open the
way for next-generation photonic filters with
enhanced performance and related versatility. Future
Research Direction.

Future Research Direction

Machine Learning for MPF Optimization:

Al-driven algorithms can enhance filter tuning
and real-time adaptability.

New Materials for Low-Loss MPFs:

Investigating hybrid silicon-lithium niobate
platforms to reduce optical losses.

Miniaturization and Integration:

Developing compact, monolithically integrated
MPFs for mobile and satellite applications.

Figure (11): The suggested future research
directions for optimizing MPFs in next-generation
communication systems.
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