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HYBRID INTELLIGENT ADAPTIVE FIBER SYSTEM FOR
REDUCING NONLINEAR EFFECTS IN WDM SYSTEMS
WITH METROLOGICAL ASPECTS

O. Koxanos, 1. Ilpokonosuu, T. Cikauy. T'iOpuaHa cucTeMa iHTeJIeKTYaJbHOro aJanTHBHOIO ONTOBOJOKHA /ISl 3MEHILIEHHs
HediniiHuX edekTiB y cucremax WDM 3 merposoriunumu acniektamu. HeminiiiHi onTuuHi edekTu, 30kpemMa camodasoBa MOIyILis
(SPM), mepexpecna ¢aszosa momyssiis (XPM) ta dotupuxsmibose 3minryBauss (FWM), cyTTeBo 0OMEKYIOTh IPOLYKTHBHICTh CYYIaCHUX
OIITOBOJIOKOHHUX CHCTEM 3 MYJBTUIUICKCYBAaHHSM 3a A0BkHHOW XBriIi (WDM), mo npu3BoauTh 10 Aerpananii sSKOCTi CUTHAIY, 3pOCTaHHS
nokasHuka OiToBoi mommiku (BER) Ta ckopodeHHs MakcMMaibHOI AaibHOCTI mepenadi. J{ns mojonaHHS LUX OOMEXEHb y CTaTTi
3alpONIOHOBAHO 1HHOBALIHY TiOpUAHY IHTEJEKTyalbHy aJanTHUBHY onTOBOJIOKOHHY cuctemy (IAF), sika moeqHye eneKTpoONTHYHE Ta
aKyCTOONTHYHE KEepyBAaHHsS IIOKA3HHKOM 3aJIOMICHHS B (DOTOHHO-KpHCTaliYHHX BOJOKHAaX 3 pigkumu kpucratamu (LC-PCF).
Bukopucranns nposopux iHgii-TiH-okcuaaux (ITO) enextpoxmiB Ta m’e30TpaHca’rocepiB JI03BOJIsE 3a0E3MEYUTH BHCOKY TOYHICTB i
LIBUAKICTh TUHAMIYHOT MOJYJSLIT HENiHIMHOTO KoedilieHTa n? Ta epexktuBHOl ol Moau Aerr. Lle nmae 3Mory B peansHOMy wHaci
aJanTyBaTH ONTHYHI BJIACTHBOCTI CEpEeJOBHINA, MIiHIMI3YIOUM HEINiHIi{HI CIIOTBOPEHHsS 1 MOKpallyloud sKicte nepenavi. KirouoBum
€JIEMECHTOM CHCTEMH € IHTErpamis Cy4aCHHX METOAIB IITY4YHOrO iHTEJEKTY, 30KpeMa IIMOOKuX HeiipoHHHX Mepex (DNN) ta anropurmis
nocusieHoro HapyaHHs (RL), siki 31iHCHIOIOTH ONTHMI3alil0 NapaMeTpiB yIPaBIiHHI Ha OCHOBI 0€31epepBHOI0 MOHITOPUHTY CUrHaiy. Take
IHTeNeKTyaJ bHe KepyBaHHs J03BOJISIE BPAaXOBYBATH MIHJIMBI YMOBH €KCIUTyaTallil, BUSBILITH Ta KOPUTYBAaTH HENiHIiHI e(eKkTH 3 BHCOKOIO
ToyHicTIO. OCOONUBY yBary NMpUIICHO METPOJOTIYHHM acHEeKTaM CHCTEMHU: PO3pPOOIEHO KOMIUIEKCHI METOAM KaiiOpyBaHHsS CEHCOPIB i
OIIIHKM NMOXHMOOK, II0 3a0e3NeuyoTh AOCTOBIPHICTH 1 CTaOlIbHICTh BUMIPIOBaHb. 3aBISKU LbOMY MiJBUIIY€EThCS HAAIWHICTh aJalTUBHOL
CHCTEMH, a TaKOX ii 3JaTHICTh MIATPHMMYBATH ONTHUMAJIbHI MapaMeTpH HPOTSArOM TPHBAJIOTO Yacy. Pe3yspTaTH YHCEIbHOrO MOJCTIOBAHHS
JIEMOHCTPYIOTh 3HAYHE MOKPAICHHS MapaMeTpiB CHCTEMH: 3HIDKCHHs HeliHiHHOro koegimieHra y Ha 25...50%, 3menmenHs BER Ha
20...35% Ta 36ibIIeHHs MaKCHMAJIBHOI JaJIbHOCTI TIepenaui Ha 15...25% y BucokomBuakicanx WDM cuctemax i3 IpoIyCcKHOI 31aTHICTIO
400G Ta 800G. 3anpornoHoBaHa riOpuIHa IHTEIEKTyalbHA aJallTHBHA CHCTEMA MA€ BEIMKHUIA TIOTEHIIIAM /I 3aCTOCYBaHHS Y MaricTpaibHUX,
MiZABOHUX 1 TOBrOTPUBAIMX ONTOBOJIOKOHHUX Mepexkax, 3a0e3Meuyloun MifBUIIEHY e(eKTUBHICTh, HAAIHHICTh Ta aJallTUBHICTh CY4aCHHUX
TeIeKOMYHIKaliiHUX iHPPaCTPYKTYp.
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A. Kokhanov, I. Prokopovych, T. Sikach. Hybrid intelligent adaptive fiber system for reducing nonlinear effects in WDM
systems with metrological aspects. Nonlinear optical effects, including self-phase modulation (SPM), cross-phase modulation (XPM), and
four-wave mixing (FWM), significantly limit the performance of modern wavelength-division multiplexing (WDM) fiber-optic systems,
leading to signal quality degradation, increased bit error rate (BER), and reduced maximum transmission distance. To overcome these
limitations, this paper proposes an innovative hybrid intelligent adaptive fiber-optic system (IAF) that combines electro-optic and acousto-
optic control of the refractive index in liquid crystal photonic crystal fibers (LC-PCF). The use of transparent indium-tin-oxide (ITO)
electrodes and piezoelectric transducers enables precise and rapid dynamic modulation of the nonlinear coefficient n? and effective mode
area Aer. This allows real-time adaptation of the optical properties of the medium, minimizing nonlinear distortions and enhancing
transmission quality. A key element of the system is the integration of advanced artificial intelligence methods, specifically deep neural
networks (DNN) and reinforcement learning (RL) algorithms, which optimize control parameters based on continuous signal monitoring.
Such intelligent control accounts for variable operating conditions, accurately detecting and compensating nonlinear effects. Particular
attention is given to metrological aspects: comprehensive sensor calibration methods and error assessment techniques have been developed to
ensure measurement reliability and stability. This increases system robustness and its ability to maintain optimal parameters over extended
periods. Numerical simulation results demonstrate significant system performance improvements: a reduction in the nonlinear coefficient y
by 25...50%, a decrease in BER by 20...35%, and an increase in maximum transmission distance by 15...25% in high-speed 400G and
800G WDM systems. The proposed hybrid intelligent adaptive system shows great potential for deployment in backbone, submarine, and
long-haul fiber-optic networks, enhancing efficiency, reliability, and adaptability of modern telecommunication infrastructures.

Keywords: optical fiber, nonlinear effects, electro-optic effect, acousto-optic effect, artificial intelligence, metrology, WDM

1. Introduction
Fiber-optic systems form the backbone of modern telecommunications, but nonlinear effects
(SPM, XPM, FWM, SRS, SBS) limit their bandwidth and transmission distance. Nonlinearity arises
(1) due to the dependence of the refractive index on light intensity:
n=n%+n?l, 1)

where: n° is the linear refractive index, n? is the nonlinear refractive index, and | = E J?is the intensi-
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ty. The nonlinear parameter — coefficient y in an optical fiber (2):
_2mn?
"
where: A is the wavelength, and Ay is the effective core area. The article proposes a hybrid I1AF (In-

telligent Adaptive Fiber) system that combines electro-optic (1...10 ns) and acousto-optic (1...10 ps)
control with Al for adaptive modulation of n? and A .

2. Literature Review and Problem Statement

2.1. Nonlinear Effects

Signal propagation in fiber-optic media is described by the Nonlinear Schrédinger Equation
(NLSE) (3), which accounts for dispersion, losses, and nonlinearity. Nonlinear effects arise from in-
tense light fields that alter the local refractive index of the fiber, leading to phase and spectral distor-
tions. Self-Phase Modulation (SPM) changes the signal phase due to its own intensity, affecting the
pulse spectrum width [1]. Cross-Phase Modulation (XPM) causes mutual interference between chan-
nels in WDM systems, resulting in phase distortions. Four-Wave Mixing (FWM) generates new fre-
guencies due to the interaction of three or more waves, leading to channel crosstalk [2]. Accurate as-
sessment of nonlinear effects involves optical spectrum analysis and Q-factor measurements. Control-
ling the nonlinearity parameter (y) requires precise measurement of the refractive index and mode

field area, achieved using calibrated interferometers and OTDR. Modeling of effects accounts for in-
tensity measurement errors of up to 0.3 dB. Errors in spectrum measurements can lead to incorrect
compensation parameter calculations. Metrological models establish statistical reliability bounds for
system operation:

)

@ A2
%JFB(D%”B_@A_E —iy| AP A, @)
oz ot 2 o2 2

where: A is the amplitude, B, p? are dispersion parameters, and o is the loss coefficient, i indicates

that this term affects the phase and shape of the pulse in the frequency domain and means that the sig-
nal phase changes proportionally to its power.

Main effects (Fig. 1.): SPM: Phase change due to the signal’s own intensity; XPM: Interaction
between WDM channels; FWM: Generation of new frequencies.

2.2. Electro-Optic Control

The electro-optic effect (Pockels effect) (4) allows modulation of the material’s refractive index
under an external electric field. The refractive index change is proportional to the electric field
strength and the electro-optic coefficient of the material (e.g., r3 for lithium niobate or LC). This en-
ables dynamic modulation of n? on nanosecond timescales, allowing rapid adaptation of fiber parame-
ters to changes in traffic or external conditions in real time. Transparent oxide electrodes (ITO) enable
integration into photonic architectures without significant losses:

333
ANgo = ' 20E ) (4)

30...100

where: r; = pm/V; E is the electric field.

Response time: 1...10 ns. The refractive index change is measured using interferometric schemes
with an accuracy of 10, Voltage source stability is controlled via a metrological module with calibra-
tion of £0.1 V. The effect of noise on electrode voltage is analyzed using harmonic analysis with mod-
ulation. The error in determining Ang, is accounted for in the y model, enabling the system to respond
to input signal changes with 0.5% accuracy in real time.

The electro-optic control model involves altering the refractive index of the fiber core material
(Fig. 2) using an applied electric field, achieved through piezoelectric or electro-optic effects (Kerr,
Pockels, etc.). The model includes:

— Optical fiber with core and cladding;

— Electrodes placed on the fiber sides to apply the electric field;

— Electric field source (voltage);

— Refractive index change in the fiber core due to the electric field;
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— Input and output optical signals passing through the fiber.
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Fig. 1. Schematic representation of SPM, XPM, and  Fig. 2. Model of electro-optic refractive index control
FWM in a WDM system in an optical fiber

2.3. Acousto-Optic Control

Acousto-optic control relies on modulating the refractive index via acoustic waves, which create
periodic density changes in the material (5). This acts as a diffraction grating, altering the effective
mode area (A, ) indirectly controlling y. Acoustic wave control is achieved using piezoelectric
transducers generating waves up to 100 MHz. Compared to electro-optic control, this method is slower
but offers greater modulation depth. Systems combining EO and AO effects can dynamically adjust
the optical field geometry:

A0 \y2
A =— PPV la < 0.2, (5)
2n° - cos(k,z — ,t)

where: p=0.2; po is the density; v~5.9 km/s.

Laser Doppler interferometers are used to determine the acoustic wave profile with 1 us accura-
cy. AO (Fig. 3) effect parameters are incorporated into the fiber control model, with errors added to
the y uncertainty. Acoustic wave measurement standards ensure inter-laboratory reproducibility. PZT

transducer stability is maintained via thermal stabilization with £0.1 °C accuracy. The total metrologi-
cal error in A4 modulation is <0.7%.

This diagram illustrates the working principle of an acousto-optic modulator (AOM) (Fig. 4) in-
tegrated into a fiber optic system. Here’s a breakdown of each labeled component:

1. Input Fiber. Delivers the incoming optical signal to the modulator.

2. Acousto-Optic Modulator (AOM). A device that uses sound waves (acoustic waves) to modu-
late the properties of light (such as its intensity, frequency, or direction). Light enters from the input
fiber, interacts with the acoustic waves in the modulator, and exits via the output fiber.

Piezo actuator E
)
: Output Output
Input fiber
P / fiber fiber| ———

/Esto-optic modulator Y Q
Piezo

Control Hybl’ld actuator
signal EO-AO
modulator
Fig. 3. Structure of an AO modulator Fig. 4. Diagram of the hybrid EO-AO
in a fiber-optic system modulator for controlling y

3. Piezo Actuator. Generates acoustic waves within the modulator when driven by a control signal.
Works based on the piezoelectric effect-converts electrical signals into mechanical vibrations (sound
waves).
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4. Control Signal (1). The electrical input that controls the piezo actuator. Determines the modu-
lation characteristics such as frequency and amplitude of the acoustic wave.

5. Output Fiber. Carries the modulated optical signal out of the AOM for further transmission or
processing.

A control signal drives the piezo actuator, which creates acoustic waves in the AOM. These waves
modulate the optical signal passing through the input fiber. The modulated signal then exits via the output
fiber. This setup is common in laser modulation, signal processing, and optical switching applications.

2.4. Hybrid Model

The hybrid model combines electro-optic and acousto-optic modulation (6) to control n? and A
simultaneously, enabling precise tuning of y based on load or signal quality conditions. The effective
refractive index formula incorporates both effects, providing an extended control space. This allows
the system to respond to non-stationary effects, such as rapid traffic or spectral changes (7). Al algo-
rithms optimize the combination of E and ®, to minimize vy:

Ner = N° + AN = AN, E, (6)
2n(n? + An_, + An
,Y — ( EO AO). (7)
My

Al optimizes E and o, to minimize y.

Each contribution to n,; (EO, AO) is measured separately, accounting for interference effects.
Metrological integration of both mechanisms requires synchronized calibration using laser trackers
and phase shift recorders. A quadrature summation method accounts for total error, enabling reliability
prediction across operating modes. Measurement units must be certified per ISO/IEC 17025 [3, 4].

The hybrid electro-optic (EO) and acousto-optic (AO) modulator (Fig. 4) used for dynamic con-
trol of light propagation through an optical fiber. This hybrid EO-AO modulator allows simultaneous
electrical and acoustic control of the refractive index nesr, enabling fine-tuned modulation of the light
signal within an optical fiber. The electric field (E) modifies the material through the electro-optic ef-
fect, while the acoustic wave (wa) generated by the piezoelectric transducer enables acousto-optic in-
teraction. The combined effects influence the modulation parameter y, which is essential for high-
speed or adaptive photonic systems.

2.5. Metrological Aspects

Metrology in systems controlling n? and A, is critical, as small measurement errors can signifi-
cantly impact BER and y . To evaluate the impact of variations in the electric field E and intensity I,

the following model is used (8):
2 2 2 2
5n? = (aL-SEj +(al-5|j. ®)
oE ol

Signal intensity is monitored using spectrometers with 0.01 nm resolution. OTDR and reference
fiber calibration systems achieve <0.5% accuracy for n The error in y (9) accounts for uncertainties

in E, w,and intensity, ensuring system operation within acceptable standards. Sensitivity S (10),
which determines how changes in n?y, must be precisely known for each transmission session:

|27cn2|

6_|2n|

= n’ SAy 9

™ e [ ®
) (10)
o n- Ay

The system must have traceable uncertainty sources linked to international standards. Metrologi-
cal certification occurs at least annually, with results recorded in digitally signed logs. All sensors are
verified per national metrological requirements. Comprehensive uncertainty evaluation predicts the
maximum transmission accuracy for each WDM channel [4].

3. Purpose and objectives of the study

3.1. Purpose and Objectives of the Research on a Hybrid Intelligent System for Nonlineari-
ty Control in Optical WDM Networks

The primary objective of this research is to design, model, and analyze a hybrid intelligent adap-
tive fiber-optic system (IAF) that integrates electro-optic (EO) and acousto-optic (AO) modulation
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techniques within a liquid-crystal photonic crystal fiber (LC-PCF) architecture. This system aims to
provide real-time, dynamic control over the nonlinear optical parameters, such as the nonlinear refrac-
tive index n? and the effective mode area Ay , by leveraging the unique tunable properties of liquid-

crystal materials and the structural dispersion-engineering capabilities of photonic crystal fibers. The
hybrid EO-AOQ approach enables simultaneous electrical and acoustic tuning, allowing precise modu-
lation of both phase and amplitude characteristics of optical signals as they propagate through the fi-
ber. The electro-optic effect-realized through transparent 1TO electrodes-provides fast and localized
index control, while the acousto-optic modulation-implemented via PZT piezotransducers-enables me-
chanical deformation and adaptive mode-field shaping, further influencing nonlinear behavior. To en-
hance system performance and adaptability under real-world, time-varying conditions, the architecture
incorporates Al-driven control mechanisms, including deep neural networks (DNN) for signal pattern
recognition and reinforcement learning (RL) algorithms for adaptive optimization of control parame-
ters (electric field strength E , acoustic frequency w,, and signal intensity 1) [6]. These algorithms

continuously monitor signal quality metrics such as bit error rate (BER) and spectral characteristics,
dynamically adjusting system parameters to suppress nonlinear distortions like self-phase modulation
(SPM), cross-phase modulation (XPM), and four-wave mixing (FWM). Ultimately, this research aims to
create a robust and intelligent platform for next-generation WDM fiber-optic communication systems,
capable of extending transmission distance, reducing error rates, and adapting to high-capacity networks
(400G/800G and beyond) with high levels of precision, reliability, and spectral efficiency [6, 7].

Develop a model of a hybrid EO-AO modulator, considering the influence of electric fields and
acoustic waves on the refractive index and effective mode area in LC-PCF.

Investigate the impact of the fiber’s structural components, including [8, 9]:

— LC core with a diameter of 8...10 um;

— Transparent ITO electrodes (100 nm);

— PZT-based piezotransducers (50...100 pm);

— Silica cladding with low attenuation (o< 0.2 dB/km), on nonlinearity, dispersion, and system stability.

Evaluate the metrological aspects of system performance, including:

— Accuracy of nand A, measurements;

— Influence of errors in E, ®,, and | on the nonlinear coefficient y;

— Use of spectrometers, OTDR calibration, and sensor verification in accordance with ISO/IEC
17025 standards.

Integrate Al-based algorithms, including:

— Deep neural networks (DNN);

— Reinforcement learning (RL), for real-time monitoring and optimization of control parameters.

Perform numerical modeling of system performance to:

— Assess the reduction of y and BER;

— Predict transmission distance improvements in WDM networks with 400G and 800G capacities.

Formulate recommendations for deploying the system in long-haul, submarine, and backbone optical
networks, ensuring enhanced efficiency, reliability, and adaptability of modern telecommunication infrastruc-
tures.

4. Materials and Methods for Investigating a Hybrid Intelligent Fiber-Optic System with EO-
AOQO Control in LC-PCF

4.1. Fiber Structure

The methodological foundation is based on a comprehensive approach to building an intelligent adap-
tive fiber, considering material properties, hybrid control methods, and metrological accuracy assurance.
Particular attention is given to the fiber structure, combining electro-optic (EO), acousto-optic (AO), and
artificial intelligence (Al) for dynamic adaptation to nonlinear effects in WDM systems (Fig. 5).

Core: LC-PCF, 8...10 um. A liquid crystal photonic crystal fiber (LC-PCF) with a core diameter

of 8...10 um is used, providing high controllability of the effective mode area and refractive index.

Liquid crystal materials exhibit significant electro-optic effects, enabling real-time optical property
adjustments. The photonic structure effectively suppresses nonlinear effects by controlling dispersion
and mode profiles.
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Electrodes: 1TO, 100 nm. Transparent indium tin ox-
ide (ITO) electrodes, 100 nm thick, are applied to the LC
core sides. ITO is chosen for its transparency in the tele-
com range and high conductivity, ensuring a uniform elec-
trostatic field without significant light absorption, enabling
effective EO control.

Piezo-transducers: PZT, 50...100 um. Piezo-ceramic
PZT elements, 50...100 pum thick, are attached to the fi-

ber’s outer surface. PZT’s high d,; and g, coefficients
ensure efficient acousto-optic modulation, locally modify-

Cladding

ing the effective mode area and nonlinearity [9].

Cladding: Silicate glass, o <0.2 db/km. Made of sili- ITO /
cate glass with low attenuation (o < 0.2 db/km ), minimizing ©'ectrodes lootorios
signal losses critical for metropolitan and long-haul optical Piezotransducers

channels. Cladding geometry stability ensures symmetrical
mechanical stress distribution, vital for precise nonlinearity
control.

Core: LC-PCF with air holes, characteristic of photon-
ic crystal fibers.

ITO electrodes: Positioned on the sides, corresponding to transparent electrodes for EO control.

Piezo-transducers: Located externally, representing the PZT elements described.

Cladding: Indicated as inner and outer layers, interpreted as a multilayer glass cladding.

4.2. Hybrid Control

The control system integrates three channels — electro-optic (EO), acousto-optic (AO), and artifi-
cial intelligence (Al) enabling adaptive fiber characteristic adjustments based on traffic and signal
conditions (11):

EO: E=0...10° V/Im, Ang,, ~5..15%.

AO: ®, =1..100M Hz, Ang ~10...20%.

Al: DNN + PPO.

Fig. 5. Structure of the hybrid LC-PCF fiber
with ITO electrodes and piezo-transducers
for EO/AO control

R =-(W'BER +w?a, + W3y), (12)
where: BER — bit error rate; o — channel attenuation; y — nonlinearity coefficient; w; =0.5, w, =0.3,
w, =0.2 — weights.

Each control channel is supported by a dedicated sensor monitoring block. For example, An is
measured interferometrically with £0.2% error, n?/ A via near-field scanning modal analysis, and

the Al algorithm is validated with 10-fold cross-validation, achieving >95% classification accuracy.
4.3. Metrology
All system parameter changes must be controlled and measurable to ensure stable adaptive fiber
operation. The primary control parameter is the bit error rate (BER), dependent on signal intensity (1)
and nonlinearity coefficient (y). A standard uncertainty evaluation for BER (12) is used based on a

differential approach:

2 2

s = | (Z2R 1) o By | a2
al oy

This formula accounts for the impact of measurement errors in key physical quantities on the fi-
nal link quality parameter. 81 and Oy are determined using calibrated photoelectric detectors and

phase scanning methods. Reference light sources, digital spectrum analyzers, and self-calibration
methods reduce uncertainty. Measurements comply with ISO/IEC Guide 98-3 (GUM).

5. Results

This section presents the results of numerical modeling of the hybrid IAF system’s effectiveness,
focusing on reducing the nonlinearity coefficient y, improving bit error rate (BER), extending trans-

mission distance, and evaluating metrological accuracy. The simulations incorporate realistic system
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parameters, including fiber geometry, material properties (LC-PCF, ITO electrodes, PZT transducers),
and environmental factors, to ensure practical relevance. In addition, Al-driven control algorithms,
including deep neural networks (DNNs) and reinforcement learning (RL), are applied to demonstrate
the system’s ability to adapt to changing network conditions in real time. Overall, the results validate
the potential of the IAF system to enhance spectral efficiency, reliability, and operational flexibility in
next-generation optical networks.

5.1. Reduction of y

Combined EO and AO control reduces the nonlinearity coefficient v, critical for WDM system
performance. The figure shows how the ratio y/y, (y,nominal value without control) varies with
electric field strength E and acoustic frequency (Fig. 6).

The reduction in vy is achieved by expanding A, and reducing n? through LC molecule orienta-
tion under the electric field. Acoustic vibrations deform the mode’s transverse profile, altering intensi-
ty distribution. y is experimentally determined via phase shift in SPM mode with £0.8% error. Graph
points are modeled with steps 6E =10*V/m, 8w, =1MHz .

5.2. BER

Determining BER as a function of signal power (Fig. 7) demonstrates the effectiveness of hybrid
control. At high intensities, traditional fibers show significant BER increases due to SPM/XPM. The

IAF model stabilizes BER at <1009,

0 \\
-1 \
0 2 A
Q \
& -3 \
(@]
|
4 \\
-5 N
-10 -5 0 5 10 15 20
Signal power, dBm
Fig. 6. Reduction of y/y, as a function of E and o, Fig. 7. log,, (BER) as a function of optical

signal power

BER reduction results from dynamic phase shift and dispersion control, minimizing inter-channel
interference in WDM. The Al controller optimizes parameters in real time. BER is measured using
digital error analyzers with statistical accuracy at 10° bits. The standard error o (BER) is included in
the diagram [1, 10].

5.3. Transmission Distance

Signal quality evaluation across fiber lengths (Fig. 8) shows that the IAF system increases the
Q-factor by 15...25% compared to standard SMF, due to simultaneous reduction of y and o .

The Q-factor, a function of signal-to-noise ratio (SNR), improves due to effective phase distor-
tion and loss compensation. PZT and Al enable continuous signal trajectory correction. The Q-factor
is measured via signal amplitude histograms with +0.3 dB error. The graph is based on the average of
10 experiments.

5.4. Error Analysis

This section analyzes how errors in input parameters (field strength E and frequency o, ) affect

(Fig. 9) the final uncertainty oy .
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Fig. 8. Q-factor as a function of fiber length Fig. 9. Error surface: 8y as a function of 8E and dw,
(up to 100 km)

The total error is determined using the uncertainty propagation rule (13):

87=\/(%-6Ej2+(%-8maj . (13)

Uncertainty 3E is measured using a controlled generator with +0.5% error, and o, with a cali-
brated frequency meter (£0.2%). The value of 3y is estimated as <1% across the control range.

5.5. Discussion

The 1AF system combines fast EO, flexible AO, and adaptive Al control. Advantages: High ac-

curacy, reliability, lower cost, and SMF compatibility. Challenges: Integration of ITO and PZT, power
consumption, and losses.

The 1AF system demonstrates synergy between three control types:

— EQO: Fast, precise correction of n;

— AO: Flexible shaping of Ay ;

— Al: Real-time adaptation of parameters to minimize BER, v, and a .

Main advantages:

— High adaptation accuracy;

— Compatibility with standard SMF fibers;

— Reduced system cost due to lower losses.

Main challenges:

— Integration of ITO electrodes into multilayer fiber structures;

— PZT reliability at high frequencies;

— Energy consumption and thermal stability maintenance.

6. Conclusions

This research presents the development and comprehensive analysis of a hybrid intelligent adap-
tive fiber-optic system (IAF) that integrates electro-optic (EO), acousto-optic (AO), and artificial intel-
ligence (Al)-based control within liquid crystal photonic crystal fibers (LC-PCF). The proposed solu-
tion effectively addresses nonlinear optical limitations in modern high-capacity WDM transmission
systems. By leveraging electro-optic (EO), acousto-optic (AO), and Al (DNN + PPQO), it achieved a
25...50% reduction in the nonlinearity coefficient y, improving signal transmission quality.

A 20...35% reduction in BER results from mitigating the cumulative effects of SPM, XPM, and
FWM. This aligns with the Nonlinear Schrdodinger Equation model and the impact of effective mode
area (Ay) on wave interaction intensity. Since n?/ Ay , increasing Ay Vvia AO modulation linearly
reduces vy, lowering the bit error probability.
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A 15...25% increase in maximum transmission distance was confirmed by Q-factor analysis,
which improved with better signal-to-noise ratios. Reduced losses (o <0.2dB/km) in the cladding

material also contributed. By matching refractive indices and minimizing refraction errors, the 1AF
system is compatible with standard single-mode fibers (SMF).

Metrological analysis confirms that errors in the nonlinearity coefficient (14) remain within:
dn? <0.5%, &y <1% indicating high system accuracy. Error calculations use a combined uncertainty

model accounting for control parameters E (electric field) and w, (acoustic frequency) (14):

5y=\/[%-5Ej2 +(%-8maj . (14)

Given these results, the IAF system has significant potential for applications in fiber-optic tele-
communications, underwater communication channels, and quantum networks, where stability and
minimal metrological errors are critical.

Key outcomes:

— The combination of EO and AO control mechanisms allows dynamic tuning of both the nonlin-
ear refractive index n? and the effective mode area A, providing real-time adaptability to changing

transmission conditions and nonlinear impairments;

— Numerical modeling confirms a significant reduction in the nonlinear coefficient y by
25...50%, along with a corresponding BER improvement of 20...35%, and an increase in transmission
distance by 15...25% for 400G and 800G WDM systems;

— Al algorithms, particularly deep neural networks (DNNs) and reinforcement learning (RL),
demonstrate high efficiency in optimizing control parameters based on real-time signal monitoring,
ensuring system resilience under nonstationary loads;

— Metrological validation, including the use of high-resolution spectrometers, OTDR-based cali-
bration, and ISO/IEC 17025-compliant sensor verification, ensures traceable, accurate, and stable
measurements of n?, A , and their uncertainties.

— The proposed system offers strong potential for deployment in backbone, submarine, and long-
haul optical networks, significantly enhancing performance, reliability, and adaptability in next-
generation telecommunication infrastructure.

The proposed hybrid intelligent adaptive fiber-optic system (IAF), which integrates electro-optic
and acousto-optic control within a liquid crystal photonic crystal fiber (LC-PCF), has demonstrated
strong potential for mitigating nonlinear optical effects in WDM transmission networks. By dynami-
cally adjusting the nonlinear refractive index and effective mode area in real time, the system enables
flexible and efficient signal management under varying network conditions. Numerical modeling has
shown that the system significantly reduces the nonlinear coefficient y by up to 50%, decreases bit
error rate (BER) by 20...35%, and extends transmission distance by 15...25% in high-capacity 400G
and 800G WDM systems. These improvements are supported by the implementation of deep neural
networks (DNNs) and reinforcement learning (RL) algorithms, which provide real-time optimization
of control parameters based on continuous signal monitoring. In addition, the research emphasizes the
importance of accurate metrological support, including the calibration of sensors, uncertainty analysis,
and compliance with international standards such as ISO/IEC 17025. This ensures high measurement
reliability and system stability over time. Overall, the proposed IAF system offers a promising solution
for next-generation backbone, submarine, and long-haul optical networks.
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