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1. Introduction optical communications. .[1] Optical fiber-based
Optical fibers, with their large bandwidth and low devices with more flexible features were created, such
power losses, contributed to the quick development of as  tunable  fiber lenses[2] and  bandpass
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filters[3]Nowadays, the usage of fiber optics MMI
devices is common, owing to their ease of fabrication:
in its most basic form, it consists of sandwiching a
multimode fiber (MMF) between two single-mode
fibers (SMFs). All of the mentioned ones allow simple,
robust, and highly repeatable fiber-based devices.
Furthermore, the performance of MMI devices,
notably their spectrum response, is determined by
both geometric and optical characteristics. These
characteristics provide several degrees of freedom for
manipulating and controlling MMI devices, making
them particularly adaptable in applications. The bulk
of MMI operations have been associated with
combined the field of optics including MMI. Optical
couplers [4][5], MMI splitters for sensors [6]and MMI
switching [7], [8], Fiber-based MMI system research is
still in its early stages, with just a few devices previously
shown thus far. A key feature of fiber-based MMI
device is their reliance on the wavelength dependency
demonstrated by the self-image phenomenon. As a
result, the fiber-based MMI functions as a band-pass
filter, making it suitable for a variety of applications.
They've been employed as movement sensor [9]as
band-pass filters [3]and as sources of single-transverse-
mode lasers from multiple modes of active fibers [10].
With the advent of nanotechnology, a new class of
smart nanomaterials appears as an useful foundation
for novel optoelectronic devices. Ferrofluids (FFs) or
magnetic fluids, which are stable colloidal solutions
which  includes  surfactant-coated = magnetic
nanoparticles distributed in an appropriate liquid, have
the magnetism of magnetic nanoparticles as well as the
fluidity of liquid materials [11][12].External magnetic
fields can adjust FFs' unique characteristics, including
optical anisotropy and birefringence, the Faraday
effect, tunable refractive index, and field-dependent
transmission. Because of their excellent magneto-
optical abilities, FFs have been utilized to create novel
photonic devices such as optical switches|13],optical
modulators[14],tunable optical filters[15],optical fiber
gratings[16],and sensors[17][18]. Fiber optic filters
based on single-mode—no-core—single-mode (SNS)
structures have various benefits, such as low cost and
simple fabrication, compared to other optical fiber
filter .In this paper, we optimized the tunability of the
MMI filter for different NCF dimensions for 4t self-
image theoretically COMSOL  Multiphysics
software and investigated experimentally the magneto-
optical filter-based NCF.
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Figure (1): Single mode -No-Core-Single mode fiber
Filter
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2. Self-Imaging in SNS Structure

The single mode input from SMF stimulates
multiple linearly polarized LPoy higher order fiber
modes in the MMF because of their circular symmetry
and an absence of lateral offset between the axis of the
SMFs and MMF following fusion splicing. The
modulated transmission optical response at the end of
the MMF is directed back to the output SMF as a result
of interference between the many modes traveling
with different phases and velocity along the MMF.
According to the SNS filter the
transmittance is given as[19].

structure,

T = 10log,, | Shi=1 Cig exP(~¥im L)exp(=ifm L) |z] a

M 2
Em:l Cm

Where T is the transmittance , L is fiber length, Cyt
is the excitation coefficient of m# excited mode (m =
1,2,3,..,n), Ym is the evanescent field absorption
coelfficient, and fm is the propagation constant of the
mt" order mode. When various modes are activated
inside the fibet's multi-mode segment, the input field
is repeated at regular intervals throughout its length, a
phenomenon referred to as self-imaging. The length of
the MMF section required to generate the periodic
image of the input field is stated as [20]

- (nMMFDZMMF
Lep|l——

) wherep = 0,1,2,3,4,...(2)
Ao

Here, nyyr and D pyypsignify the refractive index
(RI) and the diameter of the MMF core where (D ppyr
» Ao, free space wavelength). In particular, every
fourth image (p=4N, with N = 1,2,3,..) reproduces the
input  field's profile, including a
narrow transmitted peak/dip at an identified central
wavelength, including a narrow transmitted dip at a
specific central wavelength.Fig. 1 show the SNS filter
stuctue.Equation (2) confirm that the 4th self-imaging

exact

length is greater for bigger diameter fibers 2 (L

D? umr)for a certain  wavelength or shorter

wavelengths for a specific fiber diameter (L « Ai) and
0

vice versa. This study takes use of the fourth self-
imaging condition's limited spectral response.

Magnetic fluid/fetrofluid is a low-cost matetial
having a variety of physical, thermal, and tunable
magneto-optical characteristics, including refractive
index RD), absorption coefficient, and
birefringence[21] [22][23][24]. Whenever a magnetic
field is applied over a specific critical field intensity,
scattered magnetic nanoparticles begin to combine
and form magnetic chain/column structures along the
magnetic field direction until saturate
[25][26]Propagation and chain formation are affected
by the temperature (T) and magnetic field (H),
resulting in a tunable absorption coefficient and
refractive index (RI) of the MF material. The refractive
index (nmr) of the MF is defined as [27]

nur (H,T) = (ng —no)L(H,T) + ny,

ForH > H. ....(3)

H—THC) _ (

T .
oa(H —Hc))] 18
Langevin function. Here, H and T are applied

Where L (H, T) = [Coth (x
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magnetic field (Gauss) and temperature (Kelvin) of
MF, H. is the critical field strength (which is the
minimum field required to align the magnetic domains
along the direction of field overcoming the fluid
thermo-dynamics of the MF, below which there is no
column formation and n, change in RI), ns and n, are
the Rls at saturation field (H = Hs,) and at field below
critical field (H < Hc) respectively, a is fitting
parameter. Besides magnitudes of H and T, the nur
change also depends on the relative direction of
magnetic field with respect to light propagation
direction (k), concentration of the magnetic particles
in the colloidal solution, type of catrier liquid and the
light-MF interaction length[25] [27].

The nur rises with the strength of the magnetic
field above Tc if the magnetic field is parallel to the
light transmission direction (i. e. T || k), and reduces
with field intensity if the H-field direction is
perpendicular to the propagation direction k (i.e. T L
k) [25] [28]. Futthermore, when H || k, the magnetic
field has a wider refractive index modulation varied
than when T L k. This nur reliance on relative
orientation between H & k is connected with the so-
called magnetoelectric directing effect when electric
susceptibility y varies as a result of magnetic field y =
X (T) [29]and is expressed as:

nyr = Ve =41+ yx (H)

The microstructural modifications of MF into
column formation, which modify the effective
concentration, absorption, and scatteting cross-
sections in the presence of an increasing external
magnetic field, are responsible for the tunable
transmittance of MF[30] [31]. At zeto H-fields, the MF
with uniformly dispersed Fe304 is basically a liquid
phase that is semi-transparent to light; however, as the
H-field intensity increases, Fe304 gradually evolve
into column-like microstructures, resulting in a liquid-
solid phases.

The measurement approach used here is the
relative loss of intensity with respect to the 4%-self
imaging wavelength dip in an SNS filter using
magnetic fluid forming the cladding of the NCF fiber.

3. Results and Discussion

In this section we will discuss the theoretical
results.
3.1 Self-Imaging Condition Optimization in SNS
Filter

The optimization of the SNS structure for the
fourth self-imaging condition is based on both the
NCF length and diameter optimization, allowing for
greater tunbility to transmission loss Fig.2 show 4@
self-imaging condition Dncr =40 um, L.=0.6 cm, A =
1550nm . The NCF length mostly determines the
central wavelength of the interference peak/dip.The
refractive index of the cladding/ medium selected
close the RI of the NCF core (ncore=1.444) lets more
evanescent field access to the medium around it, thus
offering higher contact with the material used for thus
tunbility, yet being too near and above the RI of the
core produces total intensity loss because the fiber
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waveguide just stimulates the cladding modes and not
the core modes.
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Figure (2): 4 sclf-imaging condition based on
COMSOL simulation with NCF length optimized for MMI
fiber structure showing interference E-field patterns and E-
field amplitude along the propagation lengths: (a) & (b) for
for D_NCF =40 pm, L=0.6cm, A = 1550nm

3.2 Optimization of NCF length for 4th self-
imaging

In order to achieve a transmitted intensity dip at a
required wavelength,for instance, the 4% self-imaging
lengths for 125um, 80um, and 60pm diameter fibers
with a transmitted dip at 1550 nm are 5.85 cm, 2.4cm
and 1.35 cm, consequently [32].The corresponding
wavelength shift per cm length (AA/AL) on each of
these NCF fibers are approximately 26 nm/cm, 63
nm/cm, 114nm/mm and maximum tunability is
260nm/mm as the length deviates £1mm from the 4
self-imaging length needed for 1550 nm dip (calculated
utilizing Eq.2). we examined altering NCF lengths in
increments of 0.1 mm and obsetved the shift of the 4t
self-imaging dip wavelength is blue shift when the
NCF length increased .We subsequently compared the
results of the simulation for the following NCF core
fiber length: 5.85 cm (Fig. 3. a & b), 2.4cm (Fig. 3. c &
d), 1.35 cm (Fig. 3. e & f) and 0.6 cm (Fig. 3. g &h)
optimized for wavelength: 1550 nm. when predicted,
the transmitted fourth self-imaging dip (P= 4) red
shifts lineatly when the NCF length decreases and
inversely.
3.2 Experimental setup and result

Figure 4-2 (a) shows the experimental setup for the
magnetic field filter. a physical representation of the
experimental setup consists of a broad band source
(BBS), an optical spectrum analyzer (OSA) (FTB-2-
PRO), and a filter based - NCF. To use the SNCS fiber
filter, a short length of NCF is sandwiched between
two standard SMF-28 fibers, one for lead-in and one
for lead-out. For this experiment, the NCF is 125um.
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Figure (3): Transmitted intensity loss of 4th self-
imaging peak/dip for vatious filter with different
NCF length (a) SNS filter with (Dnce= 125um,
Lxcr=58mm -59mm). (c) SNS filter with (Dxcr=
60um, Lincr=23.5mm -24.5mm) ,(e) SNS filter with
(DNCF: 60um, LNCF=13.1mm —14.1mm) and (g) SNS
filter with (Dncp= 40um, Lncp=5.5mm -6.5mm). (b)
(d)(®) (h) show the relative linear fitting of the 4th
self-imaging dip for four SNS filter.

The experimental work consisted of two essential
stages. First, SNS is constructed using a commercial
arc fusion splicer (type SWIFT KF4 from
ILSINTECH). The splicer was set to automatic mode
to reduce splicing losses to the minimum possible.
Based on the simulation results, we found that 4tSelf-
image It can be achieved at NCF length 58.5 mm and
NCF diameter 125um . The operating concept is based
on the MMI effect .The SNS structure is formed by
splicing a NCF (NCF125) between two SMFs. SMF's
have core/cladding dimensions of 8.5 um and 125 um,
respectively. Before splicing, the protective coating
layer was removed with a fiber stripper. Next, the fiber
ends were carefully cut. A correct splice requires the
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cut end-face to be precisely flat and perpendicular to
the fiber's axis. Figure 4-1 displays the splicing joint
and tapering area, each having splicing losses of less
than 0.5 dB. This illustration clearly shows a tapering
zone near the splicing junction. Simulation findings
indicate that the needed length of NCF is 58.5 mm,
ensuring the filter works at 1550 nm and 125 um NCF
diameter.A precise Vernier caliper was used to
measure the length of the NCF. Finally, the outside
surface of NCF was washed with alcohol and covered
with ferrofluid which consist of the carriers are water,
and the magnetic particle is Fe304 with
concentrations (¢ = 0.5%) .During the testing the SNS
filter was securely extended and connected to a glass
slide at both ends using joining tape to avoid the
effects of fiber bending on its wavelength transmission
properties. The purpose of the SMF safety layers was
to prevent slide contact. A difference of approximately
85um proved between the filter and the slide. All
experimental measurements were conducted at room
temperature.

Table (1): SNS filter based on optimized 4% self-
imaging condition for different NCF- Specifications

th -
NCF- I 4 'seg' Response | Tunability
Specifications mjil?ngm;eak/ linearity (nm/cm)
Dner=125 um., 1550 nm  [R2=0.99026 26
Lncp=5.8 cm
Dncr=80 um,, 1550 nm |R2=0.99802 63
LNCF: 2.4 cm
Dncg= 60 um., 1550 nm  |R2=0.99923 114
LNCF: 1.3 cm
Der=40pm. | oo 00 [R2=0.99785] 260
Lnce=0.6 cm

b 3 = 00348

Figure (4): (Left) The experimental setup of
cascaded tunable filter, (Right) Splicing process of
NCF with SMF.

3.3. Tunable Filter Based on Multimode
Interference

Figure 4.a, show the variation of intensity dip as a
function of magnetic field strength for the NCF length
58.5 mm and NCF diameter 125um. The experimental
results show that the tunability of magnetic field
measurement reach about 5nm (1550.9 nm _1555.9
nm) From Fig. 4. b, it can be predicted that the
intensity dip of output light changes slightly for the
magnetic field below 5mT, It is found that the dip
intensity of output light is function of the applied
magnetic field. the intensity of the output light tends
to be constant for the magnetic strength range beyond
the saturation magnetization of Fe304 magnetic
nanoparticles which is above 50 mT, is not
investigated in this study Similatly, observe the 4™ self-
imaging peak location as it disappears in the general

308

interference spectra across various wavelengths[2][33].
So, one requires a balance between the intended fourth
self-imaging dip wavelength and the RI of the filter.
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Figure (4): (a) The transmission of the SNS filter at
LNCF =58.5mm and DNCF:125um utilizing
Ferrofluid, (b) the dip wavelength shift as a function
of the applied magnetic field.

4. Conclusions

A theoretical simulation and experimental
investigation have been used to optimize the SNS filter
for the optimal spectral condition, namely the fourth
self-imaging condition. The center wavelength of the
SNS at the 4% self-imaging peak may be precisely
adjusted within a few nanometers of the free spectral
range. The four SNS filters with four distinct NCF
core diameters, optimized for the fourth self-imaging
spectral response, produced good response linearity
(R-squared value as high as 0.99923). When the RI of
the fluid is closer to the NCF core index, it yields
maximum tunability. In the magnetic field level below
50 mT, Further improvement of the (filtre
performance can be achieved by using magnetic fluid
with greater saturation magnetization magnetic
nanoparticles and a carrier fluid refractive index that is
closer to the NCF core index.
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