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In this era of rapid development in communications technology, we face many
challenges, the most important of which are energy consumption and cowitage.
hough 5G networks offer high data speeds and low latency, they use millimeter waves,
which limits their range. On the other hand, narrowband Internet of T(iNEd0T)
iIs characterized by wide coverage and low energy consumption, but it does not have
the bandwidth to accommodate all applications that require high data transfer speeds.
To solve the problems of 5G and N&T, this paper proposes an integrated communi-
cation model that uses FabPgrot optical sensors to combine INB and 5G tech-
nologies. This model improves both energy efficiency and coverage.

Keywords: 5G, narrowbandnternetof things(NB-10T), energy efficiency, cov-
erage, FabryPerot sensors, network integratiorfgINR signatto-interferenceplus
noise ratO.

1. Introduction

Smart cities have infrastructure that enables them to use many devices connected
to the Internet 24 hours a day, i.e., enesgying checks with wide coverage, but they
do not have the bandwidth to meet all applications, especially in the agriculture and
healthcare sectors [1Pn the other hand, high data transfer speeds are required, which
is what 5G networks provide, as they have extremely low latency, but their coverage is
limited due to the use of high frequencies, which restricts their coverage area. This
contradiction between the two technologies highlights the research question. How can
we combine the two technologies to reduce their disadvantages and increase their ad-
vantages, especially in the agriculture and healthcare sectors

This paper answers the question of whether it is possible to integrate narrowband
Internet of Things(loT) supported by fiber optic sensors with ngeneration net-
works (6G, 5Q that can achieve a balance between energy efficiency and expanded
coverage. To this end, we propose a simulation model using MATLAB that enables
the use of softwardefined networkg¢SDN) and network function virtualizatiofNFV)
to controldynamic resource management32,
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The proposed model relies on Falftgrot optical sensors, which are considered
the nerve center of the system. Through these sensors, the model feeds intelligent con-
trol systems to achieve unprecedented proactive adaptation, while providing the possi-
bility of creating a hybrid model that collects data and integrates the two technologies.

In this research paper, we were able to integrate Hadrgt optical sensors with
the internal structure of the network, transforming it from a traditional system into a
sensitive neural system capable of changing operating conditions, makingHeaibty
sensorsPerot optical sensors the key element in achieving the ideal balance between
energy efficiency and service quality in re@rld conditions, enabling the network to
monitor itself and respond intelligently.

An examination of the demand for the Internet of Things in the agricultural sec-
tor, as illustrated in the graph, reveals a significant increase in recent years.

loT in Farm Management Market Size, By Component, 2021 - 2032 (USD Billion)

5.2 <L |
i . i i I

2021 2022 2023 2024 2025 2026 2028 2029 2030 2031

m Hardware ™ Software m Services

Fig. 1. The demand for the Internet of Thin@gsT) in farm management is projedte
toincrease from 2021 to 2032

The central research problem is therefore as folldwsy can the requirements
of low-power, widely distributed devicgmarrowband networlsbe reconciled with
the enormous demand for broadband and critical ser¢ig®@setwork¥? The paper
sets out the hypothesis that the organic integration of narrowband network technolo-
gies(such as NBoT and LTEM) within fiber-backed 5G infrastructure could be an
ideal solution, achieving synergy between improved energy efficiency and expanded
coverage4i 8].

2. Background and related work

Narrowband I0T(NB-I0T/LTE-M): NB-IoT is a lowpower, widearea technolo-
gy designed for Internet of Thind$oT) applications. Key features includEnergy
efficiency. i Support for Power Saving Mod@PSM) and Extended Discontinuous Re-
ception(eDRX), enabling years of operation on a single battery. Enhanced coverage
Offers up to 20 dB gain over traditional LTE, improving penetration in basements and
rural areas [910].
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5G wireless networksThese networks offer three services. The first is enhanced
mobile broadband, which is used for higjreed applications such as hugfinition
video and virtual reality. Second, massive mackype communications, which are
used to connect Internet of Things devices. Third, wdliable communications, which
are used for critical applications such as smart vehicles and remote surgery.
Advantages of using fiber optics in 5G networks, where it becomes the backbone,
providing highcapacity bandwidth with connectivity between small cells and the core
network, enabling the transmission of millimeter wéeguencies.

Proposedintegrated model

The proposed simulation system, which combines 5G network infrastructure and
narrowband Internet of Thind#T), operates on the principle of synchronization and
adaptation, enabling the sharing of antennas for both technologies at shared cellular
sites and towers. It enables the use of shared fiber optic links for data transmission, re-
ducing capital and operating expenses. This facilitates the deployment of narrowband
loT within licensed bands, improving spectrum efficiency and reducing interference.
Dynamic network partitioning allocates resources based on demand, prioritizing mo-
bile broadbandeMBB) during peak hours and mobile broadb@&miMTC) during off
peak periods.

Centralized SDN controllers enable r#iahe optimization of bandwidth and
power. NBIoT acts as a coverage and sensing layer, collecting data from diverse envi-
ronments. Meanwhile, 5G and fibre optics serve as the-dpgkd processing and
transmission layer, relaying data to cloud data centres.

3. Mathematical modeling and analysis

The total energy consumption of the integrated system can be expressed as fol-
lows: [11, 12]

CA
Ca

0 B

Ca

R O RO, (1)
where P_tota(t) 1 total energy consumed at the tinfe _active(t) T number of active
cells at a given timgtime-dependent function based on smart cell managgment
P_(sastic,) (t) i the constant energy of the cédlven in a state of relative inactivity
P_ (dynamic,) (t) i the dynamic energy of the cell, which depends on the load of
movement.

The spectral efficiency of the integrated system was measured using Shannon's
modified equation for maximum channel capaditgproximation [12].

8 5 81 YOO'Y & &é® YOU'Y; ()

o —, 3)
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where B_5G,B_NBBandwidth allocated to 5G and NBT technologies, respectively,
B_totat Total available bandwidthR SINR? 5G,R SINR? _NBSignaito-
interferenceandnoise ratio for each technology.

The resource allocation problem has been formulated as a constrained optimiza-
tion problem. The goal is to minimize total energy consumption while maintaining
quality of servicdQoS) [13i1 16].

Subject to restrictionfl7]
YOO ¥ YOO 'Y h v
whered 0 1 transmission capacityY"O0 'Y i minimum connection quality.

The energy saving rati(ESR was calculated in comparison with the conven-
tional systen{based on continuous cell operadias follows
R 0Qo0
R 0Q0

oYY p

cq &

¢

The simulation results yielded ESR38.67%, confirming the efficiency of the
proposed model.

The Role of FabryPerot Optical Sensors in Enhancing the Performance of Inte-
grated Networks

Scientific princples and structural integratiori-abryi Perot(FP) optical sensors
rely on the phenomenon of optical interference resulting from reflections between two
parallel reflective surfaces. In this model, the sensors are integrated into the network
infrastructure as followg3]

Integration with fibre optic infrastructur&P sensors are embedded along the fi-
bre optic cables used in the backhaul and fronthaul of the 5G network. As standalone
units at cell sitesThey are deployed near NBT and 5G antennas to monitor envi-
ronmental conditions and the operational status of equipment.

Mathematicaimodel of the FabrPerot sensorPrevious studies indicate that the
FabryPerot operating principle on the relationship between the maximum interference
wavelength and the FabBerot cavity length is given by the following equation

CE QO
] —_

il X
YO 08 0 &Y 1

wheren i Heart refraction coefficientgdl i temperatureapeax T peak interference
wavelengthm i Interference rankd h) Sensitivity coefficients for stress and tem-
perature, respectively.
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The displacement measuremdgideak allows the change in the influencing
physical parameter to be calculated with high accuracy.

Integrating FabrmPerot optical sensors represents a quantum leap from a 'smart
network' to a 'cognitive network'. These sensors provide operational and environmen-
tal context data, allowing the system to adapt proactively and intelligently to the real
world. This maximises the reliability, efficiency and performance of the proposed in-
tegrated model.

Methodology

The proposed model was developed and evaluated using a methodology that
combines theoretical modelling and advanced computer simulation. Architectural
model design

The integrated model is based on an intelligent layered stru@eresing and
Coverage Laye(NB-loT): Responsible for collecting data from a large number of
low-power 10T devices deployed in hammreach areas such as basements and rural
locations. Highspeed transport lay€sG and fibre optigs Responsible for transport-
ing critical, highbandwidth data at high speed and low latency to data centres. The in-
telligent control laye(SDN/NFV) Represents the 'brain' of the system. A centralised
controller (SDN Controllej collects reatime network status and traffic volume in-
formation. Based on this information, hybrid control algorithfnspired by model
predictive contrgl dynamically adjust network slicing and resource allocaffoe-
guency spectrum and transmission pgwer

Simulation results

The following analysis will examine NHBOT signals in both the time and fre-
guency domains. The representation of signals in the time dorhairdata set un-
der consideration represents the relationship between amplitude and time, measured
in milliseconds. The signal displays oscillations between amplitude values ranging
from O to 2 during the specified time period, which extends from 0 to 2 millisec-
onds. This representation illustrates the waveform of the signal iswadd condi-
tions. The segment of the signal that has been magnified specified NBoT
band is 89%i 900.2 MHz, with a bandwidth of approximately 400 kkés is typi-
cal for NB-1oT) and a centre frequency of 900 MHz. The following section will
provide a detailed overview of the technical characteristics ofldcNBsignal pa-
rameters. The bandwidth is narrow, with a typical value of 180 kHz. The spectrum
efficiency is as follows=ig. 2: The phenomenon under scrutiny can be attributed to
an elevated concentration within a constricted band. Building penetrdtienlow-
er frequency is responsible for the excellent result. Practical applicafitesfol-
lowing devices and systems are considered to beplower 10T devicesRemote
monitoring systemsSmart meters and Wearable devices.

The graph illustrates the high spectral efficiency ofNB. Implementing a nar-
row band reduces interference with other systems

The figure above shows fluctuations in network traffic density throughout the
day, with 5G traffic shown in blue and loT traffic shown in green.
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Fig. 3. Traffic patterns over 24 hours

We conclude from the above diagram that 10T traffic shows a more stable pattern,
while 5G traffic peaks during the evening hours, from 6 to 10 p.m.
Active cell management is also represented in the figure below. Those cells that
are deemed superfluous are deactivated in order to ensure that energy is conserved.

The reactivation of cells is a response to an increase in defigndl.
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The following information is provided on the subject of SINR distributibime
objective of this study is to demonstrate signal quality for a range of users.-®ignal
Interference plus Noise Rat(®INR) is a metric used to evaluate connection quality,
with higher values indicating superior connection performance.
It is concluded from the normal distribution that good coverage is indicated, and
that low values may necessitate improvements in planning and help to identify areas of
weakness in the network.



Dynamic energy consumption

The indicates the amount of energy consumed over a given period. The red line
indicates the 5G cell consumption. The purple line represents the foltolhegcon-
sumption of narrowband cells is a key consideration.

Black line Total consumption.It is acknowledged that the utilisabbthe pro-
posed model is advantageous in a number of ways.

Among the things that must be taken into consideration is the need to conserve
energy without compromising service quality, while taking into account the reduction
of consumption during periods of low load by adapting energy to user needs.

Simulation and analysis

Analysis of the narrowband IoT signal shows that signal stability with capacity
variations between 0 and 2 km confirms compliance with spectral standards. The ener-
gy was concentrated at 35 MHz within the narrowband 10T ré@@@8i 900.2 MH2),
with 5G traffic peaking in the evenin@ 10 p.m), while IoT traffic remained stable
throughout the day. The integrated system achieved a 38:@duction in energy
consumption without compromising service quality.

Conclusion

We found that integrating narrowband networks and-figheration architecture
supported by fiber optic technology is not just a technical option, but a strategic neces-
sity to meet future challenges in the telecommunications sector.

The proposed model simulation has proven its ability to conserve energy and
provide high flexibility in management while maintaining signal quality. Through dy-
namic managemend5.32%. This indicates that the system succeeded in saving near-
ly 50 % of energy with a signalb-noise ratio of 15.25 dB, which is an acceptable val-
ue, as the use of fiber optic sensors with the system under study had a significant im-
pact on energy consumption efficiency. The integration of FRlerpt sensordPerot
sensors was not merely a complementary measure, but a pivotal factor in achieving
unparalleled gains in energy efficiency and reliability. The most important added value
of this work is the transformation of optical fiber sensors from passive monitoring
tools to active elements in the control loop. This study confirms the hypothesis that the
future of nextgeneration networks depends on the deep convergence of advanced op-
tical sensing technologies and communications engineering. This leads us to research
and implement circuits based on optical sensing technologies on a broader scale as a
standard in the architecture of future smart networks.
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Digital phenotyping of sunflower heads as a method
for objective genomic breeding
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Manual seed phenotyping remains a major bottleneck in sunflower breeding pro-
grams because the process is laht@nsive and difficult to scale across large experi-
mental populationsin this study, we propose an automated digital phenotyping ap-
proach based on the YOLOV8 deep learning object detection architecture to detect and
classify seeds in sunflower heads. A dataset of annotated sunflower head images was
used to distinguish fertilized and unfertilized seeds. The trained model achieved an
overall mMAP@0.5 of 0.79with reliable performance under complex seed arrange-
ments. This scalable framework facilitates objective yield evaluation, supporting ge-
nomic selection to accelerate breeding cycles.

Keywords: agricultural imagingdeep learningobject detectionsunflower phe-

notyping

1. Introduction

Digital phenotyping is now an essential tool in plant science that provides the ca-
pacity to measure complex plant traits in a rapid and accurate way through advanced
imaging and computational methods. Manual phenotyping remains slow, subjective,
and limited to smalkcale operations, which hinders the speed of genomic breeding
programs. In contrast, digital phenotyping automation offers scalable, objective, and
reproducible measurements, enabling breeders to evaluate multiple traits across large
populations efficiently.

Sunflower(Helianthus annuug.) is a key oilseed crop, with seed yield and head
architecture being critical breeding targets. Accurate evaluation of seed production,
head structure, and growth patterns is crucial for crop improvement. The integration of
modern imaging systems with machine learning algorithms has enhanced breeders'
ability to link genetic information with phenotypic traits, facilitating more effective
selection and breeding strategies. However, automated sunflower phenotyping faces
challenges such as the complexity of head morphology, high seed density, and incon-
sistent results from manual counting methods.

Semiautomated approaches using traditional computer vision techniques often
fail to handle the morphological complexity and high seed density of sunflower heads,
resulting in detection errors and limited scalability. Most current phenotyping systems
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lack useifriendly frameworks suitable for redme field conditions, limiting their
practical adoption.

This research addresses these gaps by developing an automated sunflower seed
phenotyping system based on the YOLOVS8 object detection architecture. The system
enables accurate detection, counting, and classification of fertilized and unfertilized
seeds, with a usdriendly Telegram bot interface for retane field deployment. The
approach aims to improve breeding efficiency, support genomic selection, and con-
tribute to food security through enhanced sunflower crop improvement.

2. Methodology

Image Acquisition and Preprocessirytotal of 1,218 higkresolution images of
dried sunflower heads were captured using an iPhone 11 Pro smartphone camera. To
ensure high data quality, images were taken under controlled lighting conditions in a
dedicated imaging box. Two primary preprocessing techniques were applied to the raw
images Contrast Limited Adaptive Histogram Equalizationimprove visibility against
complex biological backgrounds ai@hussian filteringo reduce sensor noise while
preserving seed boundaries.

YOLOv8 Implementation and Bot Deploymeithe research utilized the
YOLOvV8 architecture, known for its superior performance in detecting small, dense
objects. The system was specifically trained to handle the morphological complexity
of sunflower heads where fertilized and unfertilized seeds often overlap. To facilitate
reattime use, the model was integrated intbedegram bot interfagallowing breed-
ers to upload field images and receive immediate count and classification data without
requiring specialized technical expertise.

3. Results and Discussion

The YOLOvV8 model achieved an overalAP@50 of 0.79&nd a recall of 0.86.
The system showed a higher accuracy for fertilized sé®848 mAB compared to
unfertilized oneq0.738 mAB, which are often more difficult to distinguish due to
their flat, empty structur. Validation against human experts confirnmdam relative
error of 13.2, which is comparable to the natural variability found between human
annotators. Locally, the system processes images in 112 ms, while the Telegram bot
provides results in I80 seconds, demonstrating its readiness for integration into
large scale breeding pipelin€Bgig. 3).

4. Conclusion

This research successfully addresses the measurement bottleneck in sunflower
breeding by providing a reliable, automated phenotyping framework. The combination
of YOLOv8 and a mobile bot interface offers a practical, scalable solution that sup-
ports genomic selection and yield evaluation. Future updates will explore three
dimensional reconstruction and hyperspectral imaging to further enhance the system's
operational capabilities in diverse agricultural environments.

2C



F1-Confidence Curve
35000 1.0

—— fertilized_seed
unfertilized_seed
= all classes 0.78 at 0.772

fertilized_seed a2z e
30000

0.8

20000

2 unfertilized_seed 10e31
2

0.6

- 15000

F1

0.4

background 347 4209

0.2

fertilized seed -
background -

0.0
0.0 0.2 0.4 0.6
Confidence

Z unfertilized_seed -

Fig. 1. shows the normalized confusion matrix Fig.2. shows the FConfidence Curve

Sunflower Detector

d i o B
® Sunflower Seed Analysis Results

Total seeds detected: 573
Fertilized seeds: 394
/. Fertilization rate: 68.76% (¥

Green boxes = Fertilized
@ Red boxes = Unfertilized

LS e
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The developed system is available as a Telegram(Hits:/t.me/sunflower_

detectorl bgt and the source code is available rgtps:/github.com/Fami2040/
sunflowerDetector
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kdodesets foscdst O kMmlss2ydotsmlsd. t OL OB SlsO
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Btolz bkjrdtksedydi MSdr § OO stetsea, B M j yc
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3. Olsj B3OIsduyd M OW dsHjdz EMmksts2ydoetsmisd or Is!

10 fitcotsd3 1 IsOfj orf f sdzdzgj dzO dzddzj OtedL Oydgw
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fise d2. 10 Mmdi ) fazda 5PfsdsH 6OL Hj dzj ded ™
mMdMmisj B0 Mo jHj O € MdMmisy &i3i dzddzj 2 dz" = BT C da
dzd 2. 11 dmMSte] lsduc@®@y glzjsInisCas dg) dyletis sH sd3 § sozlz yJ dzO
OdzG § Bt ulg h@o dzj dzd 2 o RO lg telaDaiatits o5 eandsHsR yldd Jts iy |
ZO0 tftejHjdjddd LdadOSO St WWd{ydpPpdshad 3o als 68 2
Bdzd B3s?2 yoOmlsd dL eMmjr- MoeMmlse jdedzr = yYydmj dz 3¢

40 JAtetsmjlsj o OW dsH jdz2 CdZzZOMMdW dSOydd Ekmist

ANzdzH Odzj dzls 4 H®OdgEd j8 t©OL OB BlsOdedzs?2 BOIsJ
dzd dzj 2 des?2 kM2 ydetsmisd ftetseo jHY dz d3OMh IsOB dzr -
sro0OIsr 90 h d2 tjftejL jdlsOlsdoadz 2 HdOY OLBBdz ~ C
BOMMde HOddz = fohmdzEyddz BOL B2, HGMISOIstsyYdsts:=
RMatsHd] f ttsilstc® &is apg difftdsforddaQiCfidoe j dzdz" = ff j to
(LsdzO® dzOBW®OH HAY  Isj BY j tcOls Iz to dal 9] dzlzAs@atg @Edis] j?2tc ¢
odzj hdzd?2 w©WOH]IANSEOSIssyfSdOyd d 9.4XKigwj ®Pvets
{4 tej &BJ Bzdz@Otc dzO (ZdgJslisR @ o " )20 (Y elssjytg iz s ts2 yd o ts
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0JCIststcO M jloedOW Igzfizd agtsm  f J toj d3d dedz =. 1 " f sdzdzd
(Z-score normalizationy Odzdz" j t©OL H j dzj dz60%)z® Oted & Q Q ¢ & gizglzts
(20%)d s 4 MEOSYdsdetsy § Mise O.

dbterdlisj (IS Bide@®.dz dBdztsc smdzts 2 WILR) M Jjistd Usjd oot dizts
CtsdeV d 6 2 90 G4 B21 2»: 9 - SH dzs5 J9 M eHsadB oM C tor Isr 7
64 d 32 dzj ?tetsdz0,o " GBlsPAS@y doiizBRed AP A Z 826 f t ma :
yqvw fisdsQlsy ¢ tstcd Ode! ddisow'ts fSotets, iy fifs Adand. dsd L Ols st

t Jekzdzw tegddz Oy o j Hislso tcON j dad W f j teQrapeukz y j dzd W
(p=109, L2-tc j ¢ &z dz¥ te(f,Q)PBjaftvxc h Nor mal i zati on, Ear |
ftosH | BcdzMistcdtctso OdzO o' MsC ke (s@rdeEEY ¢ 2O &
shdsolk dJdzsj dzdzj ClskOdz detsets WHtCO wl1 1.

[Mdesodzr | &5jlstedSd SOyjfloO dzj2tetsmyls

T/ [ itcd§ O 1 20y d dz
1 sy dztfAdsiracy 91,67 %
2 ) tetsygd dzls (ErorcRatds € 8,33%
3 Pty Stej MisdOW | dzlstetsf dW 0,2368
4 MtjHAd] S90OHKBOIJMSENS OW tsh dB ¢ 0,0771
5 |AUC 0,937

5ydmdzj dgdz" 2 0OdzOdzdL ykzoemlseadlsj dz desflsd f tots-

[y tsyj d&Sd tj0OCydd ftesyj Mo dzO@ W dkkClkkC
HY dz ydmdzj dadz" 2 OdzOdzdL ff sczdets?2 dzj dzd dzj 2 dets?2 1y
C d2i4.] tBd&OMIsd dddj2ds? Efss2 ydetsimlsd KO .
BY LOERO¥Is. | ceddxBEtdda emMisEgqddsphled M j d
M2 SCtkObdshthtswp)fihy & o' ntsHdl dOs MisOyd
MdMmlsj B MBRLOds smw CdjsOddv, O&fddlskzHO
swyCd. ¢dzOdzdL HtsLotsdzw jls tsftejHjdzdls: Ctedlsd
dzd yj M dr otsL gzh j dzd 2, O IsOCyJ Byjdedls: n 0O
 Odzdz” 2 BsHEZd o9Cdz¢F yy dz 9 t©OLWOBBISOdzdzze w1}

6. ROzlsj dzdzj S sz2Odzr d&zOW MdMmisd BO EBHA Ity & d |

H4tSLHOZO | OmMdals H28O®Is k@ O OV w1 1 { , mMtsmistsw
dzdL O, BOL'"™ HOdzdz =~, Hobkr tWJhNhOILjdj2 d Wd@GsHE
sjteW j2Mm oo9tHdIs §f OttOd3j Iste’ orlswy<¢d:j fifdsH iz dz
f OtcOd3j ster sls dzd A dats dzth)y d wigdh @ d dsd] r IOBPE fis G & o 16)fig v
tej " Olsj dz' dzO0 tsfydptiedgd dajlsxizeftufig v Is. off SOW) G 15 ¢ dim
Mo s2 Miseo Lo dASHECAED), IsMwWY BSHEd dddj 2 ds?2 EMists?
sdyd MEts2 dsHj dzd .

t dh Olsj@dj 3O0Isdyj MS:dZbrtshlf BIs Ndz'Oy d 5 dz0O tc dzts |
mMudisr 9a0jIs St WWdydj dzls7 dzddzj OtedL Oydd, Mmistet
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1J2sMjlsjots? RO &z cOL OB ls Odzdzetts?f todef 2 o s
Hjdzw jiIs Emlsts?2 ydoe tsmis: 9 oL Bf mMiste] J , Yls s
tcj N jdadwWw Isj n desdzisg ts03.

[ SH k& dz! OdzOdzd L O ylzdavin Iske i dstg Xz flatstidsts) . f totsy j M f
fsojHjddj oL A&z jdd?: Gjiddjustbs? fdsylddiddsd H tz]
tcOodej dzd?2 M o dzj My dzdzr d3d o dzOYyOdz! dg' § EMmdztse d
otsHYWIsMWY HJZOBdSCO dL d3j dzj dzd 2, BOC Md &30 dz¢ dzO W
dzj M2 ydetsets ftesyj MO tyygldde Offistmed ls sBElH &
Hd 203 yd MEts?2 MmdMmilsy d3r , fsCOLr 90V EMlsOdzse d
OB dzdlszHs?2 d fjtedtsHsd, §oteWHBSE Clstter m L O

4 tS5L HOWAdAOfvted df5j dg¥ j Isfqw € OC Hdzv OdzgOdzdL O 9 " Is
sO¢ d COf ddzdzv t.c©.

6.1 OC dz¥ ygj dzd j

it OLtcOBBSIsOdzdzOwY w11t Bl jHdqd jIs Mlstesglzs
dzts?2 kM2 yde siisd, or M slstsydzze dzj 2tetsmj Is
Mlsodlsj dz@ desmisd. wdMmlsj BO fLotsdw jis Isj n datsdzisc
9 Ols! Emsts?2 ydo tsmis: ey dddse orkswyCd CoOtyld
tej OCyde sy MMO dzO oL BB jddw d d&OSC O dzd
mMyfsmtseMmMlselzjls Mdedy j ded¥ BKBOSCO d otej d3j dzad dzOcC

s dMsS ddlsj Ok’

1. Modeling the fabrication of hollow fiberscapillary drawing /A.D. Fitt,
K. Furusawa T.M. Monro, C.P. Please// J. Light. Technol.i 2001 i No. 19. i
P. 1924 DOI: 10.1109/50.971686

2. Pervadchuk V.RVladimirova D.V, Derevyankina A.L. Mathematicahod-
eling of capillary drawing stality for hollow optical fibers //Algorithms i 2023 i
Vol. 16,n0.2.7 P. 83. DOI: 10.3390/a16020083

3. Hagen T, Langwallner B. A numerical study on the suppressf draw res-
onance by inertidd ZAMM-Z. Angew. Math. Mechi 2006 i No. 86.1 P. 63. DOI:
10.1002/zamm.200410225

4. Gospodinov B.Roussinov V Nonlinear instability during the isloermal
draw of optical fibers /Int. J. of Multiphase Flowi 199371 Vol. 19,n0.6.7 P. 115
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CsiWWdydjdilstse d Mmdsjhjded? dsHjdd o Gy,
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CoOLdMBMtc] HslssY | trdgsd mkOddsHL ©d Chtsdcy dL dzOE
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Ad dzOdzid tetso Odzd J
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fsHHjEYC)] [dddhmlsjthkse0 dOkSd d o' Mhjdts
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1. Advances in sensors technologies for composites structurdh hreahitor-
ing/ Y. Zhang, X. Wu, Q. Guo [et all] Composite Structure$ 202517 No. 370. i
P.119448 DOI: 10.1016/j.compstruct.2025.119448

2.Cui C, YuanX., Li Y. Realtime monitoring and propagation prediction of fa-
tigue cracks in steel structures using distributed {fdggic sensing technology/
Journal of Building Engineering i 2025 7 No. 111 1 P. 113304 DOI:
10.1016y.jobe2025.113304
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[fsdyui MSOWw twjWdzjClssdz] st{GFDR) & o ig®@ fls gl dzis 2
M lsydsr d@3 di3j ssHBdE twOMYtej Hj dzj dgder = dL d3j tc,
dets?2 tjcedMmlsteOydd BteOlsdets tOMMj W dzdese s dL
zOL j EAkzOMind yj M2 omMsOdkseat ] HtojHf cdZOGO|
sMisOY Ismw dzj L d3j dede” &5 © Isj ud dedJ otej o3 dad M
EmMdzcodw e dz20O obdzsC dzt Bseckzls oaLHJj2Msoatse Ols
By dedz" | BOMhIsOBT Cwlstster n Msf sMlsOoa ddzr Mts ¢
fs5¢COL Odzts, ykss O0Sdj] otLHj2MlsodwY fttdotsHW
otcj d3j dedes?2 L Qo dMmddismisj 2 Mdce dz0OdzO, w©OL k" j
cOBtsls¢d d fwedzjdzads WOLBSO'Am dMECOYJ ded 2.
md e dzO0 dzO, fsLosdzwe hd2 dLoeodzj C Ols! d dzls j ¢ tc O dz
d Sl j dzifdetse Ols! Jvy eodzdwdzed g . 1 sC OL Odzts,
ftocjlsdieso OdzO CO¢ Htfdzjsomitsy dME Oy J ddd
oL BIsy dztsls! COC dJL d3j tod degdv HJdzOBd yd M dnr t
dtsflsd MisOldud MSdrn dL d&3j t6 dad 2 .

sdzt yjor Jj: sifdetgfouq MC OW tojWdzj Clstsdzj stedw o 4
ftcj HJ dzy dzdz' j-tstplisdlapfCfiptdafigs H Ol yd < d, tcl dzj j o MC s
HddZOdkd yj MSOW HjWBSttddOydqwy sflksdyuj MSEsets o s
Lso" j dMSOyjddy, HBfdjttsemMit] dmsoyjdd],
stseo, twOMftejHjdzy dedz" § dL Bdted dedw HIWBSed3OYdJ.
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ZzOL jteO® d ftsmdzjHEzsh j2 BtOBBISS] MdedOdzO o

s ZOMMmd yj MS OV cBEO®RBES Of ®F PR OO ls, yls
ZsC ds sMISOj IsMmw dzj L d3d dedz” d3 o Isj yjdzdJ oted o
Wjtjdzydesdade 2 Mmd e dzO dz, LOtej cdMmistcd tctso Odgdz" 2
Bsy jls B Is! ftc] sSBtcOLtso Odz o9 ftotsMmistcOdzMmise j ded
fsdz Ltso Odzd j &3 f toj 5BIAJOL troCDzd W2 AtfztieH RjtsH 20, d o ts G
® LOHOYOr o MClydtes Bsddlststcddzc © HJj W B

104



dlzh jMmlso jdedetsy t©WOLoadlsdj OFDR MmewL Odets ) |
Mmd e dzO dzO, o Cdzg yovw Ctwtotej Cyds dzj dzd dzj 2 dzets s d
oY telsClz d dgj IstsHT filsH.Oo tiz] dgpistizlz ig®d [ 5 M & dz-
ddzls j oW j totsd3j Ister H dzw dzd dzj OtedL Oydd yYOfMmlstsisr
sftcjHjdzjdzedW MHodewse M jSClstcO, 7lMsslse jIlsMmilse z¢

[JHAdOCts Btsdz! "ddzgmlsets MmMikh jMlsekzs hdr ©OBKIS
MsOydtsdzOtedetsmisd MtcjHT . |1 toj Odz' dgf = EMmdzse d v -
d O0CEkMmMlsdyj MEtsets dsded Iststcd dzé O, o dzsC dzgts ff SH-
w d3. ( Mdzd R~ OtcOCIsjtodets] otcjd3wW 1 Isdr otSLHJ2MIs
B3 dzd 3 MEC Odzdtetso Odzd v, otsLddCOjls HEs sdzded Is j d
Zydlsr e 0jlsfmqw o CdZzOMMdyj ME 2 dsHj dzd .

1 OHB tSlsdijIsdls!, ybt ftwd ko j dadyj ddd Hdzddz
sBl jd3 HOdzdz =, dzj sBrtsH A" 2 HdzvW Cwtotej € Isdats?
Hf 90jIs BetOded yd dedw O MEBsMmMIs!  Jjtel Mistets2 €

l twjLikzd IsOIj otLdzdC OjIs WlkzdzH Od3j dzls Odz! dz" 2

izojdzduyjddy HAEdd ottt dd IttjBljls ko j dzd

izojdzdyj ddj otj ddjdd M Oddtoss Odzedw Iz Mmd dzd :
3z h j dzd 2 .

ddzj His9 Ols j dz! dzts, ftcd twOBBls] M Hzdddz &3 o
MsOdzsowisfmw dzj JLBjyde" &3d d wSftcjHjdzwsls ftojH
B3j ssH s 5B tc @p]ldgOjdizs®F D R

Clsts ftedosHdls € Ibtdikz, Yybsts M j CSlstcOdz dzOW
fjtejMmMsOjls BT Is! fn ts ¢ dp@ffig saO@dsds 2 M ¢ tstictictg dzwdg d s
sjtew jls or tcOy j dadz 2 BOSC Md Bk . ] ftoj HJ dz/ dats
dLdBBjtcjded] MsOIduyujMEts?2 HJWsSttd3OYydd ItcOHJdYydt

s0Cddz BKOL 53, oLz OjIs dzj sBRtSHJd BsMIs!
® OFDR d t©OLtcOBBISCd d&jlstsHtse dma EkEZyjlso. ]
HJdOBduyuj MSdr etLHj2Mload?2 dz0 MtwkzClskztclkz Md
tcOBtslsCd d tsBMEyHOE IsMw WEdHOM] dzelsOdz! dz" | SG

2. [BHjd MdekOkO d HdOBdUjMSd) W% jcl
] OFDR dL®Bjtew jdr 2 MdedOd dBsyjls B 51§t

SBtObds ©OMMjwddscts {sdY sHsd otdksS do.
ktsd €5 sl sflsfyj MSs2 yYOfksls:

'0Qe YaQ MQé p
ltod dzOdzdydd HddzOdBdui MSdr oBBLHJ2MIssad2 WC
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I smMStsdz S22 fjtoj Mstes2C O yYOMmistslse smikzh j mis:
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AdLrdudméd HddZ2OBd ui MEsy dLd&d daj dzdi Y Isdy
dzj dzgd ¥ HEtsf dzj etso MEts?2 MsisOo dzw s h j 2

o~ A e A o ., PQOO
Q O Q O YQ ohyQ 09 ———
1 Qo

sO0Cdds tsBteOL 53, HJdZOBdSC O fwsweodvjlsmw CO

dzts?2 h C Odzr .

o

3. yvdMmdzj dedetsy dBtsH § dzd tetso Odzd §

[ dzv  O0dzOdzdL © HddZOBdud MEdrms 1 WWJiGlstse B' dzts
ZOdZO o BflsduyujMitsd o sdzsC dzgj HAg]jdasPC B3z tdifs tdaC
Is j dzw d3d . Il d3tsH j dz 99 jJH]dO A& OoddL so OdzdzOW
Mswddddzld hdeddetsR H.stcp g ®JIDEH O HJ W sStedBO
(L0715 U, O yoOmbslsO dL d3j dzyf te@ftzd B85 HAARH JOL s
Mtets?2 ¢ d d&OL jJtO of f sdzdgw dztsfp! o HJO§ OL sdzy 5
slso jlsMisoalzjls otcj di3j dz2d MCOdzdtetso Gdzcfic i fusefH C O
fdyde &3 § OttO®Rj stcOdF ZOL jtc® IsdfO | TLA.

4. [ JlbH BBtOBBISCd Mdce dzOdzO

rdzv  dredzj ujdzdv HJdzOBdUd MS 2 ddat stedsOy(
o Cdzs yos h d2 dzsC Odzd L Oy s B Ez@Bfisle S O o asth)dpts Odia® o d
fdzj Cdesets Mde dzOdzO, or ydmdzij dedj WOLr ¢ ftc
yds WOLtse " af fetdr jledzdatsshipls + ¢ f SHARBSHO WwWodzw j Isfpw
dzd dzj 2 dzs?2 Mmoo dzwe h j2 WOLT HAW ftttdscts
dMmyf tsdz’ L tso Odzd J  fiehtscye) oz teri dzvb r § H gt j demOydd M¢
fsLotsdzv jIs EMlsts2 ydets oatMmimisOdzOo dzd o Ols+ W OL 5¢
Isjdzt dgr = dMSC Oy J ded 2.

1 sdzzyj deder 2 MdcecdzOdz Msslse jlsMlsekzjls ddzlsj Gt
ydd oHBdz o' BtOdzlztets Zyomlsc O o sdzis$ dzO.

5. tdLrkd sOIr d BMEyHjdd ]

10 shdtse] SfdmMOoddtscects OdzetstedlsdzZO BTM &ZO o
YyjmMetsets oatsLHj2Mlsadwy, ftoddztsy j ddsets ¢ o dzts
tcdo Ojlsw MdcecdzOdz, otMmMmisOdatse dzj dedz" 2 s kyoOfm
des?2 otsLHj2Msoadw, Ykt fMtstslse jsMisoakzjls ddzlsj ¢
dzZ HBs IstsySd dL d3j tej dad W .

l sz yj dedz' | tojLlzdz sOIsr ftsCOLTr 908 1ls, yYlsts o
SlstcOYOjls HZOBI U] MSEs HjUBtedROYyds Gtod o' f
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MowL Odzdzr = f f OtcORR] stcOBd MdMIsj &3 d ~OwLOCIs
oL 3 detsils: otsMMmlsOdzso dzj dedwWv HJdZOBISd s tcj H
TORBf dzdlszH O dL d3j dzj dadjvW BitegQ@a) d Wo ts dzts € dzO
TyomlstslsO® HddzOBd yMEtsets oatsLH]j2MIsadw
iHdzd 20 O0dzO0dzd L d gdaUgzsse s EZyomils¢ O
imMistesMmis! § jtoj Mstes?2¢Cd dzOL j 0.

Bridge-based processed phase in window [2.03, 2.33] m

e, rad

idual phas

Delta res;

T T T T T
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Freq_equ_sim offset (Hz) lel

t dhsmiilsOdztse dzj dzdzr 2 Md e dzOdz € ded@aiaP V)G TetE)|D QHs € WOt te

o sdzsCdi) jfg € d 3 Gilstc Oy O HAY f3df , I f _k@2zdig CGatla] v d d

WOLBern MEOYSse dL t©OL dtshisdes?2 WOLT tj W tcj dz
Mddaww )Ctcd o OW

[ v ddzdzs MlsteOydd twOmMMiskiedd Mz y02, Nt
kdtcso Qv smis! §jtoj Mstes2¢Cd d&zOL jte® 20 4 4 y/ f
Mssls® osLHj2MisadY 1 4y d HJOfOLEBd Hj W St dC
EyOfmisSj. 1 1Idf bkidksesdws otMmihksOdtss dzj dzdz 2
osMitesdLosHd®BEY HJBZOBISE, Mslke jlkMmsoks hizs
fted EZojddvyjddd yoOmlstslsr eotLHj2Mseodw ddzd O
Mkh jMlse jdedetsj] EZREZHD jdzdj] COyiMmlsoa O oMl Odztse
dzr 53 L WWjSIssds Ehdtej dzedw M j CIstcO sSlstcOy Olsj dzw

rdqdzod3d ud M sy dLd3jdzjdedd ©flsduj MEs?2 Hddd
csomME B2 Col@Bfd dels', oemdzj HMmlsadj uydiet MfJc¢
Bfls: ELSCdd d dOuyddzOjls ttOmh dqewlis!: mw. 1 td
LO Mujlk smsO yOMmistslsr )d ddsd@BY dadlg i€ Hs'tc Op B LsH
( Mdzd P dteddzO M jSClstcO MlsOdesa dlsmw My slsOo d «
detsc 5 b w®RlsO@mbasj 1] dzv j Bse s f)Qoddd |s i gg ¢ dsdeuogl
dqdW stedsOydd ECOL" 90jkfmMw L O ftojHj Z2Z0d3d ¢ dzO
Hdl flsjtew dqdaW stedzOydd t fMdecdzOdzj, d Cttete
oBLH]j2Mlsady MIsOdsa®E gy dp wc®OL gy dz'idg.h | Mise &z
Motslsdetsh jdadj dBjAHE OO IstcORBd oL Hj2MIse d
sstetsdy o tsMMmlsOdetso dzj dedjy HIJdZOBISd MO Ismw o
desh jdzdw HtedotsHdl € WEdHO®R] disOd sz et
Oz stedlsBsds SBEOBRISCd, O M YdLdCc?2 WstddEt

1l sdzzyjdeder | tojLEzdz sOIsr ftsHIse jtey HOB s, yls
yofmsdzsmisd Hdozddz ©Sdz0 OdzOdzdL O d MSttsihlsd f
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M Byl BYJHOj Bsets Mf j ClstcOdz! detsets tOMmh d tc
mMedrm otLH]j2Mlsad?2.
l Oydzr &3 jLbkzdzt SO WwWodzWw j spw Ists, Yylsts ot

P stedBOydY Esyjls dMfsd LseOl! v dzj bksd §ts
flsod2, des d Hdzw f§wsorh jddw bksydtsilsd Mksolsd
dzd J Hd 2O yj MSts?2 HjWtstedOYydd oHBsdz - 9 sdzts€
&q dzj OtedL Oydy §jtjfsies2¢d &OLj©wO § sflsdy

dqL dBj dzj dzd 2 6flsdujMEéBs2 HAadd . 1smMSitsd Sk Hd
C Hofsdddlsj d desdzsz %W OL so sz dzOB j ez, BGdats ¢
dzd s yYyoOmlstslsdzgs?2 h COdzr, d20O Cltes?2 ftosdL o tsH

Y MEts?2 Ctdikftsdgj dzls'™ HsLotdzw jls MSttotcj SIsdtoso
Mtse zOMtso Odadzts M ls ¢ Mdedz0dzO o YOflsslsdats?2 tsBC
ERjde h Ojlsiw dMCOyjddj Sttetej dvydoddas? Wizd
v MsOdyuiMSB2 HjWsttkOydd, d f§sorhojilsmw
Hjdzj dgdzr = f OtcOd3j Istetso .

s O0Cdd3 tsBtcOL A, ftojHbsYy jddr 2 fBHAtSH 6L
OB ud M ¥ ddW sted3Oyde, dts d SCodifJj dzhdtetse O
yde COyjmlseoaO dJqLd3jtej dd?2, ~OLOSCISjtedzlz® Hdzv
Hj2Mlsead?2.

6. 1 OCdzs yj ded

l OBty wOMMdBsIstey dz@ HJ OB Ui MEdy 1+ WWJ
fjteiMmMstes2¢j yYyoOmlstslsr dzOL jteO. 1 tC0L Odets, yls
ftesdmMrrHdls M3 " jdedy GtesmistcOdzmise j dzdets?2 d ¢
ficdosHwh jj € WOLtsear s dMC Oy jdedwds d h de & Oc

VMlsOdzso dzj dets, ybsts fted ko jdzdyj ddd Hdzd dz
Missds otcj d3dj dzed MC Odzdtetso Odzd W, o dzd W dzd J H d dzO
fteddydf dOd! dets L dOudd3r &5 d dzj dsyilb Br !
90jIs WkdzH O3 dzlsOdz! dzr | tGeteOded yd dzdvw dzO | ted 0,
BtslsC d -MFOROdeGoH.dztsy jJ dzdz" 2 fSHAatSH € BBBteOBBISE,
O st OdkzdL Oydd EZyomlse O otdsC dzO, o tMmmils Odas:
HEze h j2 Cottej Cydd WOLtsera twOLt ase, L oS
Bdyd MS ks HjWsttdRdOydes oHtlzicd o1 Bes@detesdziz y @D &
Oz BBtsy jIs BT Is! ddzelsjteftejlsdteso Odz ¢ OC :toj L &z dz
2 mdzsddz® ydtsddOtfclslaic @ j MC 52 o tdzder , Mtsslse jIsilse 28
dzeds, d otdzdzr, MtsH jtoy O j2 HE{f dzjteseomMClkzs Cts
Ud Medds L dj dej dedj d3 Hdzddz" sflsduimitsets flzisd.

Il 1lstsdy Md3r Mdzy Htoj Hdztsy J dedz" 2 d3d ssH By dats
tcjWdzj CIstsdzj stedd, BBXZOHOE N2 OdOdsedj?2 M d
Isjdz dzr 3 € dL d3j dzj dedw dz WOL "™, orf LoOdedzr &3 HoO (
sls CdzOmMMmd ud MEsets ddzlsj e j tesd3] SteO® w Odz! W ¢ O,
cO WdSCMdeseo OdzO, o tCi)lzPe tsd o Gzp dzis &'s flzdizir & ks ) Y
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GBI Isteduyui MEd L OH Odzdz" a3, O tsftejH]Jdwjlsmw 9
dzts € dz0O.

s0Cddz BBEOL B3, Hdzd dz0 vykzoefMmlseadlsj dz@ dzs?2 15
CteOdz! dz" 2 BlSdzd¢ MmMdMmisj 3" d&Bseckls cdBSt dL d3j
¢Cd, uybt tlsCttr a0jls dtsor j o -0dd3sy &zOR[§ dz' Hztle® S5t
dzdL O HJdO®RId Ui Msda §esYy) NNz v ddf lsid yg Jfns sl
fsCOL" 90O s, Yybsts HJqdzOBd yd mSdJ L WWJGClsr )
stsdzr ¢85 COC dMmstsydzd¢ fYtscetejh desisd, dets d €O
fsLosdzvehd?2 tj OdzdL s OlIsy dztse " §j fHteddzydyf ' tec
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[ 8COdd L AUkt s sksmdsets oL Hj 2 f)
fEYf j CltcOd dzg B3 3 dzad Bz BOB o tOMm
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BsHdY qydiese Odzdzs e 5 d dzls § jottzrj jots @5 |

R. o] ¥ flda pdzdEfsod. 1 deskdzd € o
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RiMMdzj Hso OdzO  OMMd o dzOw @ figff twjj HNf @YW dzdg@vj dzd
dzso | BsHIW Jydtetse Odzdzets ¢ 66 A g das j 6 g G tsasj l48ateddls jf do)j.
d "duesisfsdmds?2 L OMojlsts. 1 85C OL Odzts, yls
COdz' dgtsets otsLHj2Msadw sy jls ftcjHjdvis! iw
Bseo Weokssftwdy dddzgsets MdedzOdzO BJjL ey Ho OtedIsy ¢
fdzj Hise Odzdzts?2 bk fMls Odets o € d F=f 10821 6§ 82858 fiy tOjo H{dgrdwd3ts fi
shdBCO dzsCOddL Oydds. Mg Od Puz@Gs &z b 5 Sasyo s
WOLBsoaOWY HjBSHEEZYydwY otMmmisOdzOe dzdo Oj Is o tcj d3j
ftotsMmistcOdzMmise j dedzr 2 MY j ClstcOdz! dzr 2 ftodL dzOC .

sdzs ud o' j: tfliffdfetdy Hj dzv dzdz-sA Isaf gz o gl @is ud ¢
Wdydtetse Odadz 2 ddzlsj 6§ gizis i@ IS ts tc O @T @z jozsB(Odzd A3z
zdL Oydw o BILOH jJSoiPYe dHWj IRBte AzLdey jyleford Is j dz

1. JlojHjdedj

t OMYted Hj dzy dedesff sof gz & Hdedes OsudCd odBteOYd
Bsdzd sstcd dzce O foslswyy deder » tBI jClsse, EHj st
zddzdd, or MsC k¥ yYkeMmlsodlsj dz@ detsfls!  EkEfMmlsts2 yc
Il OS¢ dnmn MdMmilsj B3O~ Hteddzydt d Odz! dats o Oy dets dzj |
des d Ctstotcj Clsdets tsftcjHjdzdls! jets CtststcH ddzOlskz,
ftcOCIsdyj MS ke yj dedesfls HdzW tSatcOdzr fJteddidls
Nd dej tedets?2 d dzt Bi@Qinlspe? IsHwzs j oW j tetsd3zd sted ud MS d
ftcdowL CO BM Yydaets dUdfdzj CoQgjjlsihydzdd tsifn oL jCdadptdc ) ¢ Od
Mistslsdz” d3 ftedL dzOS Ods Mmd ¢ dzO dzO .

d$ClskzOdz! detsfls! twOB®SlIsr MawL OdzZO M Isjdz, yYbt
fs MfjSbteOd dz' i3 o&d ded d3lz BO[H daf oy K 50 B5Y M) KO
BJL WodssGts twOLGtOddyjddy dm LOHOY. Gl
o OtedlIlsj dzt dzgOw W OLtSOOW HJBBHEERZYYydqw BYWL Olsj dz
fteOC ey O mMftshse dd EMisOdvIis: Mifj clstOd
stcHd dzOIsdets? ftcdow L Cd hdqe s scdzshdses 9L HJ
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A j dz! ZOMIstswhGtROI4LEs tstfists j HMIsOo dls!  toj L Zdz Is
Yylsts Hdzvw "M dosC s sdshdsets dsC Odz dzgsets o 8L H,
Mrd &3 HesMmMistcOdzmise § dadz" 2 HtedL dzO¢ s OdzdL Oyc
stsif ted VY d3flasdz®&dzO SBcHO COC WOLtso OV TrojsdygsH iz dzw
MsOkso dzj degdj otcj A3 dzdese 5 L OC B5dzO G OtedZs dzd yJ MS

2. g J O, otsLHjJ2MlsadYy d BBttOBBISCO

RMf sdz! L o OdzO § OmEpifls dz@) ) oDdizsR s dam® M dzj
s s sdzsmdzts?2 L OMmMe j IsC 52, Hokdszw Wikt tody didz
(tedi Hdzts ff dzj ys Maj &3 MBHJ oy Odzts dchlaiz@vdzJJ_OHJ
f dzj yd tBi jHJdz" dzd iy tcOLo jlsodlsjdzjds 21 2 d
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dzsj] cOtod3tsded yj MS sy oBBGH SAMYsoadj M yomlstslsts?
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Femtoseconepulse induced artificial scatterers and their
application in fiber laser and sensor systems
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A. Revyakin'?, D. Kharenko!?, A. Kokhanovskiy?, P. Elizarova?,
E. Golikov?, O. Egorova®, S. Semjonov, A. Dostovalov?, S Babin®#
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4 Prokhorov General Physics Institute of &S, Moscow,

> Fiber Optics Research Center of R&S, Moscow,
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Femtosecondfs) laser inscription enables efficient fabrication of artificial scat-
terers with enhanced Rayleigh backscatte(RB) in optical fibers. We review recent
advances in both conventional direatiting and structuredight-assisted approaches,
including spatial light modulatofSLM) -based techniques for precise 3D control of
scatterers structure geometry. Discietént random reflectors provide superior per-
formance, achieving RB level enhancement up to ~60 dB with low insertion losses and
weak polarization dependence. In multimode fibers, tailored 3D reflectors enable
modeselective scattering in addition to the improvement of RB level. These fabricated
scatterers are successfully applied in fiber lasers and distributed sensing, demonstrat-
ing improved linewidth and reduced random lasing thresholds, enhancedtsignal
noise ratio and robustness to optical losses, respectively.

Keywords: femtosecond laser processirigayleigh backscatteringlistributed
fiber sensingfiber lasers.

1. Introduction

Natural Rayleigh backscatterif&B) in optical fibers, originating from intrinsic
refractive index inhomogeneities, sets the fundamental limit for signal attenuation in
telecom fibersAlthough its amplitude is extremely low, RB provides a unique random
spectral and spatial fingerprint, enabling applications in distributed fiber sensing [1]
and random fiber lasers [2]. However, weak RB limits spatial resolution and-gignal
noise ratio in sensing systems and requires either long fiber lengths or high pump
powers in laser applications, motivating the development of artificial scatterers fabri-
cation to enhance RB.

Various approaches have been explored to fabricate artificial scatidaaoparti-
cle doping can enhance scattering by up to 50 dB but introduces high insertion losses
and complex fabrication [3]. UMdased techniques, such as hydrelgaded fiber irra-
diation [4] or chirped fiber Bragg grating inscription [5], achieve moderate RB level en-
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hancemen{~20 dB. However, it is limited by narrow spectral bandwidth and reduced
effectiveness outside the design range. More advanced inscription techniques, such as
Talbot interferometer schemes with randomized phase mask movement [6], can further
increase RB level, achieving up to 50 dB, but such techniques remain limited in spectral
bandwidth and involve technically complex procedures.

Direct laserbased modification, particularly with the use of femtosedds)da-
ser, offers a flexible and efficient alternatifeemtosecond pulses can induce smooth
refractive index changes, nanogratings, or microvoids, producing broadband RB en-
hancement in nephotosensitive fibers, even through coatings, with high thermal sta-
bility [7]. Artificial Rayleigh reflectors can also be formed as discrete scattering points,
functioning as ultraveak gratings or microcavities, providing substantial RB level en-
hancement with low insertion losses [8]. This approach enables improved performance
in distributed sensing and random fiber lasers while overcoming the limitations of
conventional techniques.

In this study, we review recent progress in fabrication of artificial scatterers with
femtosecond laser exposure, including conventional divethg techniques as well as
novel approaches based on the structured light formed with spatial light mo¢isilatr

2. Results and discussion

Artificial scatterers fabricated by tightly focused fs laser pulses enable a sub-
stantial RB level enhancement in both singlede and multimode fibers. Two
primary inscription regime$ continuous and discref@oint i were investigated
and compared.

In the continuous regime, overlapping lasetuced refractive index modifica-
tions in singlemode fibers results in a broadband RB enhancement of up to +50 dB
relative to the intrinsic RB leveHowever, such regime exhibits relatively high inser-
tion losses of approximately 0.95 dB/cm and demonstrates significant polarzation
dependent backscattering due to the formation of nanogratings at higher pulse energies.
Discretepoint reflectors, created by individual fs pulses randomly spaced at approxi-
mately 50 um intervals in a singtaode fiber, achieve a superior RB level enhance-
ment of up to +60 dBfig. 1, a, b) and a broadband reflection spectrum within the tel-
ecom spectral range of 80 nm around 1550(ingm 1, c). These structures exhibit sub-
stantially lower insertion losseg0.0860.17 dB/cm and weak polarization
dependence, making such reflectors more suitable for applications requiring low loss
and high RB contrast [9].

In multimode gradedndex fibers, RB level strongly depends on the transverse
positioning of the discrete artificial scatterers. 1D arrays centered in the fiber core
provide higher and more uniform RB enhancem@®4 dB) than 3D arraygran-
domz 10 pm shifts from the fiber axiswhich yield +45 dB but exhibit mode
dependent scattering behavior. The mode composition incident on the reflector criti-
cally affects the RB level, with high@rder modes enabling more uniform backscat-
tering from 3D structures.
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Moreover, we experimentally demonstrate a multicore fiber 3D shape sensor with
enhanced RB achieved via fs laser inscription of randomly distributed dipoiatee-
flectors in the fiber cores. The enhanced RB improves the dignaise ratio and pro-
vides robustness to additional optical losses up to 20 dB [10]. The sensor maintains a
relative shape reconstruction error belo4whereas conventional sensors based on
intrinsic RB show severe degradation. Both 2D and 3D shapes are accurately recon-
structed(fig. 1, di g), with reconstruction error increasing slightly at smaller curvature
radii but remaining below ~%. These results demonstrate a robust and efficient ap-
proach for higkprecision, losgolerant distributed fibeoptic shape sensing.
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Fig. 1. OFDR trace of discretpoint reflectors array, inscribed in Fibercore SM152025
P fiber at different laser pulse energias OFDR tracgb) andreflection spectrun(c)
of discretepoint reflectors inscribed in Fibercore SM1500125 P fiber at laser pulse

energy of 620 nJrhe measured shapes of spiral curves ditierent curvature diamet&r
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In contrast to conventional fs inscription techniques, the use of a structured light
provides enhanced flexibility in controlling the thidienensional geometry of artificial
scatterers In particular, spatial light modulai6t.M) -assisted femtosecond laser in-
scription provides a flexible platform for fabrication of artificial reflectors with precisely
tailored 3D reflectors inside optical fibets.singlemode fibers, lindoy-line inscription
produces broadband reflectors with RB level enhancement up to ~50 dB/mm, with the
reflection characteristics governed by pulse energy and reflector Igiggti2, ai d). In
multimode gradedndex fibers, poinby-point inscription assisted by a SLM allows the
formation of ringshaped reflectors with tailored transverse geon{égy2, €), achiev-
ing RB level enhancement up to ~67 dB/rffig. 2, f) and broadband reflection due to
randomized geometrical parameters. Sueindsribed ringshaped reflectors were suc-
cessfully implemented in fiber lasers, enabling natlioewidth Erdoped fiber laser
with random distributed feedback and khiveshold random Raman lasing in kilometer
scale multimode fibers, demonstrating improved efficiency and beam quality, or special
(e.g. ring beam shapes [11].
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3. Conclusion

In conclusion, femtosecond laser inscription provides a versatile and efficient ap-
proach for the fabrication of artificial scatterers with significantly enhanced RB level.
Among the investigated techniques, discigbént reflectors demonstrate the best per-
formance in terms of high RB level enhancement, low insertion losses and weak polar-
ization dependence. The use of structured light and -8&8isted inscription further
extends these capabilities by enabling precise 4tlireensional control of reflector
geometry and improved tailoring of optical properties. The developed artificial RB
structures have been successfully applied in fiber lasers and distributed sensing sys-
tems, demonstrating improved linewidth and reduced random lasing threshold, en-
hanced signalo-noise ratio and robustness to optical losses, respectively. These re-
sults highlight the strong potential oflsserfabricated scatterers for advanced fiber
optic applications requiring high performance and flexibility.
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[ sy dets s53dHOL!, ybts Moy bodd) efmjns ¢4t ud
dzj dzd j 53 osdzsC sdz dqdzr » df s BlsCtetsils detsar j
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Isjdzt dets, © WWH] OBl fsCOLOds {ftoddj dsy dzd j
sdf so o tdzs¢ sdz.

1 Oftedd3j 6, o twWOBBI] [6] {(-&{flsdisHol )Wz M fatk
zOvw MmMdMmlsj BO O thdtsej syt HAEY ©OMYtjHJ d
f sdzdzj dzdzOW dzO B OL j B j fgfpjltadj otfdtezdatsipldsO oodky dy dst
sdf BtsctcBsHtsottets okt dzO, odzj " dvvw tsBt5dzts
h j2 MejHts?2 [7]. 1 &ZzOctsHOY ftow Bz ¢ sdzls O
JIsiqw o GCOyjmlsej vykzemlseodlsj dz' desets 1 dzj d3j dzls O
s dzg yj o OW sMise § dedzts yls ftod HdztsY J dzdzts 2 Mistclz ¢
By MMjtHyjoddades] otdzsC des dzj f sftcj HMise j dadets
fMls: 8, Yyt Lotk jls tcjecdMmistcdteso Ols*  jVv { toc
sBicOlsdtcets tl dzj joMEtets ttOMMiwdedw. 1 MmdMmlsgj «
desdtsdzH Jtetso Odad W o de@As,d Wy lint€ dE€ B jofiptzis§d o Oj Is o
sB dzOtclzy jdzdw Y dHSEC A COf j dzv .

l tOBBlOR [ 8, 9] diMmdzjHEzjlmhy otL i3ty dztsf!
Hydzy dedets? HtsLddBBjlstedd. o¢olbtster HJj Bsdemistcdtolz® |
dz2r » WeshWtstktsd, o COyjMmbej vyYykeofMmlsadlsj dz@ dztsce s
ftesMistcOdefilse j dedz” d3 tOL tcjh jdedj i3 dsdedL qtelzs h j
odesmddzr =  BIsj to! .

Il tOBtlsy [10] COLOds fteddijdei dzdi s Yt
tcOMfted Hydzj dzgdw CBLWWdydd dzgs© EfmMddzj dzgdv o H Bdz
detsflst 8. ¢dzOdzdL OSCIsdodzr » otdztsitsdz ISOC Y] {te
OolsstcOd3 EHOdsM! dL BBjtedls! Isj BB j cOlskztodetsj to
Ljtese dzO tshdtseo ] dlsisjteBdjotsets d etd d3dj o 5S¢

Il dzOfplsswh j2 tcOBBIs] ftojHMIsOodzj dg@ toj L zdz' |
stsctcOBd3 H&YW wWWHO Mfjydodz dzr » otdktsttsd ) dif
Mlsej Bl jCItse dMmMMmdzj Hise Odzedw B ' dzd B $ ) B Jo @ Mz
YyJoddedzr | otsdzsCdzO, dMisd LEzjdk j C0O0¢C M Bt
orj ot@EPYCE dzd ydzr = BOtC . J tcOBtsls] HBCO0O
fsLotsdzYjls §tsdzzyOls: detso ¥ JdeW stedzsOyde B ¢
Bsydls Brils! ftsdzjLdoO, o Itsdd ydmdzi, Hdzv Mmj dh

2. CCMmY jtodd3y dzls Oz dzOW yOMmls:

RL A tedlsj dz2 dzOW MmdMmilsy @O Mmistsf sc ¢ tcj ez WzB G |
tcJ W dzj € Is ®aBRAs(GdderentOptical BackscatterReflectometricAnalyzel) d
OdzOdzd L dtelz § B3t ts MY jltaycfif).da'~IpsEOs Pefddditstcdi@ dz0 s
MOdzdzts?2 o tcOB sSBY ME A L dedzts fglsizse WEPBRE) § fig fstezdzils tet®-
o0Odzdj ©® COydfmlej dMssyddtO dL dkkzyjddw MOd
@l diteiMmistcOdo O 3?2 lsdyud M2 yYoOmlstsists?
Isr ftesdmMatsHdls BjL ftoddjdej dedw odgj "N dedr § j to
MistcOdzmise j dzgdzOY HdMCtejIsdL Oydw toj Wdzj CIstsc tc Odic
B' dzs tceteOdzd yd des dmf sdz' L se OdedJ &3 M § & Istc ©dz!
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BOdz! Wzl dz0 dzd ded d M ®o &Y P H I dztzdzs ! o j dzd Y
Is T dmf sdz’ L & bz3we Hf |42 @@ dzf 2 Bkteise j dz'i Md 6 dal
105 Hiu/ d3d3. g dzw Mmdedy J dedV Eteseodzv " kdilse f t6fs
Isj dz' des dL d3j teJ dzdz" n~tc jHEHZE Gy divisds HA] Hjdagfoim e © O dzd
MdHdzdd3 ftesMmistcOdzmise j dzdz” d3 IstsyS¢ O .

&

= . — ‘”

FC/APC 980 BeccepaueBuHHoe BonokHo (BCB) FC/APC 980

Coherent Optical Backscatter Rel nalyzer 4 FC/IAPC 1550 Er-ner"pOBaHH()e BOJNMOKHO PM 1550-XP BCB
| t COBRAY0Z2N o’ B: D
> —~ .

Power

tdigpe = jJ BO Isj Misith & dzq dedize] dAff f H € dz¢  § dedfrdzcqvdzy 1 o |
fsHCdzs yj dedwvw Hdzv OCIsdodzr » Lt tBdjor 2 otdst sd.
(s jtoj desdzse s QOBRALZ) S Istsdsj Istc O

S WjWwdzj SIstsdzj stelz dzj L Oadmdd3s Hikze BIs Htckz
dzdddd, dL B0 j dafizq gizd z0 ¢ e i {f Hsdi?' L d5fg MPdiz H S0 OC
(ThorlabsFG129.A) I S 9 Ottyj ats?2 yYOMmils+ ¥ HJOMd] Istesdg 12
Cter sdjd3 Istsdzh ddets?2 62,5 BECdB. wtscdzOmdzes MY Jj y
MdedzOdz f sHOoa dzv jIsfqw BBdZj J yYJdB dzO 65 HI { to
des? 43 fMd3 B Oz)gBfisfddegdasls L O dJlsdesets f s5Cter Isc
BsMistedff FadePten detsls: 1wl fiteiH dL d3jtej ded W dizd
Oyjlstsdesds d BJjLoOotBSteMsoats?2 MOdW jIsC 2. r dzv s
Mstsdz slstej L CO 1wl B dzd ftedo Oty dz Ho © fSH
FC/APCS tsdzdzj € Istste O o3 .

t JBRL Bjtoj degdz" | tojWdzj ClssectcOdBdZr Hdzv 1wl Htod HoL
q L dziz Wy diz 20w T Wity Mstsdz ) L Oh dls dsiRy jesjadzts y S
Mststcsdzz B j(ioj blzisUsHE O BRRO tcOL dsfntd dzle(®z@ daf Mmd3j P

g Wz CscteOBB HoZY OCIkdodyr 2 {tBdjorn ofsdse
Yyo /KO 2C OL Odz" t©OL dzB) HtwtsdL otsHdIs] dzd
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