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ARTICLE INFO ABSTRACT
Keywords: This paper intends to present an investigation of the ultra shortpulse propagation under the
Self phase modulation (SPM) nonlinear birefringent Kundu-Eckhaus (KE) model. The dynamics of modulational instability(MI)
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is revealed with the linear stability analysis of the KE equation with higher-order, the cubic, and
nonic nonlinearity effects. The role of cubic-nonic nonlinearity on MI gain spectra in KE fiber
system with self and cross phase modulation is studied for the first time. The impact of nonic
nonlinearity is shown to be much more prominent over its cubic-quintic counterpart. The pres-
ence of cubic-nonic combo nonlinearity lets the MI gain profile to be adjusted with the rate of self-
phase modulation (SPM). This new MI gain growth dynamics controlled by the SPM parameter
will be useful on soliton generation in birefringent KE fiber media.

1. Introduction

A high-intensity optical beam propagating through a nonlinear dispersive medium leads to generation of various nonlinear effects.
Among the different nonlinear effects, modulation instability (MI) is a process that stems from the interplay between nonlinear and
dispersion effects and manifests itself as a natural means of breakup of an optical wave into a train of ultra-short pulses [1,2]. This
process was first discovered in hydrodynamics [3] and further was shown to get exhibited in various fields such as fluid dynamics [4],
plasma physics [5], dielectric media [6], electrodynamics [7], and atomic Bose-Einstein condensates [8,9], nonlinear optics. Theo-
retically, Hasegawa and Brinkman proposed an ultra-short pulse generation in glass optical fiber in an anomalous dispersion regime
way back in 1984 [10]. Later, the generation of an ultrashort pulse is also shown to be possible in a normal dispersion regime with the
inclusion of higher-order dispersion (HOD) coefficients [11,12]. The effect of fourth order dispersion (FOD) is shown to play a sig-
nificant role in the generation of MI, leading to opening up new spectral windows [13]. Tchofo et al. studied the behavior of MI under
the combined impacts of HOD and delayed Raman response analytically and quantitatively [14,15] and interestingly observed that the
combination of HOD and delayed Raman response will suppress the MI in anomalous dispersion regime and opposite behavior is
observed in normal dispersion regime. FOD is also proven to be capable of changing the MI peak gain to the higher frequency side and
increase the instability region [16,17]. In standard silica-based optical fibers with Kerr nonlinearity, both self-phase modulation (SPM)
and cross-phase modulation (XPM) induced MI process has been widely explored theoretically and experimentally [18-20]. Drum-
mond et al. experimentally investigated the cross-phase MI with four-wave mixing in high birefringent fibers at the high-intensity laser
pulses pumped under the Eigen states of polarization have a nonzero group velocity dispersion (GVD) mismatch [21]. Besides, the
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SPM-induced MI in semiconductor doped glass fiber with saturable nonlinearity was demonstrated in detail [22,23]. When a system is
subjected to high pump power operation, often above the medium’s saturation threshold, the saturation of nonlinearity becomes a
strong case [24-27] and it showcases unique nonlinear features. The influence of the functional form of the SNL in supercontinuum
generation is also studied in detail in Refs. [28-33], infact the different forms of SNL were analyzed for their impact in MI. In addition,
Inc et al. have utilized a coupled nonlinear Schrodinger equation model to investigate the MI dynamics in monochromatic wave
propagation through step-index optical fiber by standard linear stability analysis. To study the higher-order nonlinearity, the high
intense sub-picosecond pulses are required for detailed studies. In 2012, MI dynamics were studied based on quintic nonlinearity, and
the result shows that quintic nonlinearity plays a significant role in the stability of localized nonlinear structures. However, when the
saturation is high, a self-focusing ¥’ is also required [34]. With the help of spectrally resolved two beam coupling approach the fifth-
and seventh-order nonlinearities of many glasses are studied experimentally and its shows that the important of seventh order
nonlinearity will be used in multidimensional soliton generations [36]. The higher order nonlinear effects such as cubic, quintic, and
septic nonlinearity drastically alter the properties of solition pulses and it mainly used in optical pulse compression or amplification,
and solitary-wave-based communication networks, supercontinuum generation etc [35]. For the first time, HouriaTriki et al. studied
the soliton generation with nonic nonlinearity in a unique background with various solitary waves like kink, dark, bright, and gray
solitary are generated, which will not coexist the conventional nonlinear systems [36]. Furthermore, research into NLS models with
higher-order nonlinearities is more essential than research into the more straightforward NLS equation. It’s worth emphasizing that
finding accurate solutions, particularly soliton solutions for higher-order NLS equations, is challenging and beneficial for optical
communication systems.

The above-mentioned ultrashort pulse generations are entirely based on the nonlinear Schrodinger equation and modified
nonlinear Schrodinger equation in optical fibers. Further versatile versions of extensive nonlinear equations like Lakshma-
nan-Porsezian-Daniel equation, the complex Ginzburg-Landau equation, the FokasLenells equation, and Kundu-Eckhaus (KE)
equation [37-41] are also employed to study the nonlinear pulse propagation in nonlinear dispersive media. Among all, KE equations
reveal a comprehensive range analytical solution similar to the nonlinear Schrodinger equation [42]. Using KE equations, the soliton
dynamics in polarization preserving fibers, nano-fibers, and birefringence fibers are studied very well. Vega-Guzman et al. recently
found the dark and solitary optical soliton solutions in birefringence media without the effect of four-wave mixing to the KE equation.
Yildirim et al. modeled KE equation in coupled system using birefringent fiber without four wave mixing effect for the dark and singular
soliton solutions with undetermined coefficients [43,44].

In this paper, as per our knowledge, for the first time, the KE equation with higher-order, the cubic, and nonic nonlinearity effects is
considered and the MI dynamics have been studied under SPM and XPM parameters without four-wave mixing. In section-2, linear
stability analysis is described. Section-3 explains the effect of nonic nonlinearity under SPM and XPM are explained in birefringent
optical fiber. In section-5, the results of new findings have been concluded.

2. Theoretical model

To understand the cubic and nonic nonlinear effects, the dimensional model of the KE equation is modified by the following
equation [33,34,45].

7+ aZu +b(|2°Z) + (|2 ) Z = 0 &)

The first term depicts the evolution of the temporal pulse, the second term expands the group velocity dispersion coefficient, and
parameters c and b represent nonlinear cubic and nonic, respectively. The KE Eq. (1) divides into the two components and equations
listed below for studying the KE equation in birefringent fiber.
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Where,A and B is slowly varying envelope, u; and uy is the group velocity dispersion parameters. While,SPM parameters are o ,
R, and XPM terms are represented by, ,, 7, , and S; », respectively. The dynamics of optical soliton are described by Eq. (2) and (3)
for birefringent optical fibers with SPM and XPM. We are considering all the critical points of SPM and XPM parameters under cubic
and nonic nonlinearity. We study the mechanism of MI process under coupled KE equation in birefringent optical fibers, the stability
analysis discussed in the following section.

2.1. Linear stability theory

The fundamental studies of MI process is dependent on linear stability analysis where the continues wave solution is perturbed by
small quantum noise, the Eq. (2) and (3) have steady state solution in the manner of

A= apexp [l(klx— 601[)] 4
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B = byexp [i(krx — wst)] 5)

While k; =kg =k is the wavenumber, a, and b, are the flat wave’s constant amplitude and angular frequency of wave is considered
to be w;andw,. The frequency of values of w; and w, are given by the below equations and the values substituted in Eq. (4) and (5).

) = u kS —ajbin, — ad¢, — bl (6)
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For verifying the stability of the continuous-wave steady state solution of Eq. (4) and (5) is investigated by analyzing the evolution
of the system in the presence of a small complex perturbation,

A = (ap+ &1[x,t])exp [i(kix — @;1)] 8)

= (bo + &2[x, t])exp [i(kax — w1t)] )

Where, ¢; and ¢; are supposed to be modest perturbations in compared to the carrier wave amplitudes ag and by of the following form
= Fiexpi(Qx — Q1) ]+ Grexp [ — i(Qx — Q1)] (10)
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The complex conjugate is denoted by an asterisk. After linearizing with a perturbed equation ina unsettled ways, the following
equations, be expressed in linear terms of ¢1, £1%, €5, and &,*,
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We get a set of four linearly connected equations if we replace Eqs. (10) and (11) with Egs. (6) and (7). Only if the 4 x 4 deter-
minant created by the matrix of coefficients vanishes, as shown below, a non-trivial solution is possible:
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In the appendix, the coefficients of matrix elements are appended in detail. The vanishing determinant of the matrix results in the
following condition

Q'+ QL+ OM+QON+0 =0 (15)

Where,

= (A —Ay+A; —Ay);
M= (= AiAy+A1A; — AyAs — AAs + AsAy — AsAy + BoBs + B, Cy — CyCs + ByD; + C4Ds — DyD,);
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We solve Eq. (15), we obtain the dispersion relationship
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There is a real and imaginary values of Q are obtained in Eq. (16). The imaginary component of a disturbing frequency defines the
modulation rate of wave number Q. In contrast, the real part of the Q is represented as the frequency shift compared to the uniform
model. The imaginary portion thus determines the stability of the birefringent KE equation of nonlinear optical wave propagation. The
KE equation birefringent fiber MI criteria can be defined as

G(Q) = [Im(Qunax)| a7)
3. Modulational instability characteristics

To provide an overview of the picture, a detailed mathematical treatment for the process of MI dispersion relation (see Eq.17)
corresponding to the coupled birefringent optical fiber media with the effect of cubic and nonic nonlinearity are solved in the above
section detail. Followed by the dispersion relation, MI gain spectrum obtained with the inclusion of SPM, XPM, cubic and nonic
nonlinearity terms, and the generated MI gain spectrum plotted in Figs. 1 and 2. To study the MI growth rate and stability/instability
nature of the MI process, the nonlinear XPM(f; 5,71 5,51,2) and SPM (a1 2, R 2)values are varied in a birefringent KE fiber system. As a
result, the gain spectrum profile as a function of Q and k is shown in Figs. 1 and 2, where the orange color region indicates that the
generated MI waves are having more stability with regard to modulation of any wave number Q and the bright red region indicates that
the wave is unstable in nature.In order to analyze the influence of XPM and SPM on optical wave propagation in coupled birefringent
fiber: In the first case role of SPM in coupled birefringent fiber with the fixed XPM parameter is analyzed and the second scenario
involves adjusting the XPM while keeping the SPM parameter constant.

3.1. The impact of SPM at constant XPM

In this section, the influence of SPM parameters at constant XPM under the higher-order cubic and nonic, nonlinearities is discussed
in detail. Initially, the value of SPM (a; 5, Rj ) is fixed at 1. Fig. 1(a) shows that the generated MI process as a function of Q and k, the
stable zone is most significant over the frequency range and the unstable region is lowest as the SPM parameter value is increased from
5 to 15 with an increment of 5. Interestingly, the domain size of the stability region starts reducing when the SPM parameter was
increasing. Subsequently, the unstable region started growing with frequency, as shown in Fig. 1(b)- (d). This means, the SPM
parameter plays significant role on MI dynamics for soliton generation.

3.2. The impact of XPM at constant SPM

On the other hand, for understanding the impact of XPM parameters, the SPM is set to be constant, and XPM parameters is varied
from the values of 1.2-5.2 with an increment of 1. Here we observed that the growth of the MI process is entirely different behavior in
nature as compared to SPM dynamics. Here the XPM parameters dominate in the development of the stability region. Moreover,
increasing the XPM parameters above 3.2, the instability regime shrunk over the frequency range as well the instability regime
appeared very far from the zero-dispersion wavelength. Tuning the XPM parameter causes the generation of solitons. The instability to
stability decrement is portrayed clearly in Fig. 2(a)- (d). In this study, we identified that SPM parameters cause more instability in the
birefringent fiber of the KE equation than XPM parameter values. The instability to stability tuning by SPM and XPM under cubic and
nonic nonlinearities might prove very helpful in soliton switching applications in the future.

We now switch to investigate the amplitude growth profile of MI process in coupled birefringent KE equation by varying SPM and
XPM parameters under cubic and nonic nonlinearity. The maximum amplitude growth is indicated in red, and the minimum amplitude
growth is marked in orange in the Figs. 3 and 4. As per the two conditions, we observed the amplitude change is precisely the same in
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Fig.:1. (Contour plot) Modulational instability gain spectrum of coupled birefringent KE model in the presence of various strength of cubic-nonic
nonlinearity. Remaining nonlinear parameters are ag = 0.1, by =58, w2=02, f;,=y;,=12and S 2 =1.2.
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Fig.:2. (Contour plot) Modulational instability gain spectrum of coupled birefringent KE model with help of different cubic-nonic nonlinear
strength. Other nonlinear parameters are ap = 0.1, by =58, wu12=02, o=1andRiy =1.
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Fig.: 3. (Contour plot with 3D figure) Depicts the variation of instability gain profile of coupled birefringent KE model in the presence of cubic-
nonic nonlinearity. Remaining nonlinear parameters are ap = 0.1, bo =5.8, w2 =02, fi,=r,=12and S, =12
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the previous section. In condition1, the XPM is constant, and SPM is varied from 5 to 15 with an increment of 5, the size of the mode at
the corner mode decreases, and the expansion of the mode at the center appears to expand near the highest value of SPM. The
illustration of the MI amplitude profile is shown in Fig. 3(a)-(d). In condition2, by tuning XPM, the amplitude growth increases even in
the instability region (see Fig. 4(a)-(d)). This amplitude growth mainly occurs even in the MI process side lobes generated at very far
from the zero-dispersion regime.
4. Conclusions

In this paper, the MI criterion of coupled birefringent fiber of the KE model with SPM and XPM was investigated under cubic and
nonic nonlinearity profile without a four-wave mixing term. Using linear stability analysis, the KE equation model dispersion relation
is obtained for the generation of MI. When the tuning of SPM and XPM parameters under cubic and nonic nonlinearity is carried out, as
SPM values at constant XPM is increased, the number of MI side lobes are constant with increasing trend of gain profile. But, in the case
of XPM variation keeping SPM value constant, interestingly the generation of side lobes also increases with the increased XPM values
as clearly shown in 3D graph. On the other side, adjusting the XPM parameter at constant SPM, the stability region gets increased with
increasing XPM strength and with constant XPM, tuning SPM to higher values decreases the stability region as depicted in the Contour
plots. This dynamical behavior of the MI process with the growth amplitude and stability to instability changes under SPM and XPM
effects could be adopted for soliton switching applications. In the future, the impact of four-wave mixing along with nonic nonlinearity
will be studied.
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Appendix
Ay = Ka, —2kQay — Q*ay + 1Qruf + 3ugvgn, + Supé, + oy +v5¢;
Ay = Kay — 2kQay — Qay + iQr,vE + 3ulvin, + 503E, + w0y + 15y
Ay = Ka;, —2kQay — Q*ay + 1Qruf + 3ugvgn, + Supé, +op +v5¢;
Ay = IPay — 2kQay — Q*ay + 1Qrsvy + 3ugVty + 5v5é, + @2 + upGy;
By = §Qsuovo + 2ugvgn, + 4uoviCy
By = — Qs ugvo + 2u3van, + 4ugvicy;
B3 = (Qs1ugvo + 2uivin, +4upvicy;
By = —iQsupvo +2M8V3171 +4uovg<1;
Cy = —i0r u(z) +2”3V?)'71 +4”351§
C = — lerzvé + 2”3"3']2 + 4"352;
Cs = iQryuy + 2ugvign, + 4ugé s

Cy = IQr, Vi + 2ugven, + 4viés;
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D, = iQsyuovo + 2ugvi, +4uivoly;
Dy = — (Qsyugvo -+ 2u3vin, + 4ulvoly;

D3 = [iQsyugvy + 214(3)v(5)172 + 4u(7)v0c2;

Dy = — [Qsyugvo -+ 2u3vin, + 4ulvoly;
References
[1] Anjan Biswas, Saima Arshed, Application of semi-inverse variational principle to cubic-quartic optical solitons with kerr and power law nonlinearity, Optik 172
(2018) 847-850.
[2] M. Anjan Biswas, Mostafa Eslami Mirzazadeh, Daniela Milovic, Milivoj Beli, Solitons in optical metamaterials by functional variable method and first integral
approach, Frequenz 68 (11-12) (2014) 525-530.
[3] M. Mirzazadeh, M. Eslami, B. Fathi Vajargah, Anjan Biswas, Optical solitons and optical rogons of generalized resonant dispersive nonlinear Schrodinger’s
equation with power law nonlinearity, Optik 125 (16) (2014) 4246-4256.
[4] Anjan Biswas, Yakup Yildirim, Emrullah Yasar, Mohammad F. Mahmood, Ali Saleh Alshomrani, Qin Zhou, Seithuti P. Moshokoa, Milivoj Belic, Optical soliton
perturbation for Radhakrishnan-Kundu-Lakshmanan equation with a couple of integration schemes, Optik 163 (2018) 126-136.
[5] Anjan Biswas, Qin Zhou, Malik Zaka Ullah, Houria Triki, Seithuti P. Moshokoa, Milivoj Belic, Optical soliton perturbation with anti-cubic nonlinearity by semi-
inverse variational principle, Optik 143 (2017) 131-134.
[6] Saima Arshed, Anjan Biswas, Mahmoud Abdelaty, Qin Zhou, Seithuti P. Moshokoa, Milivoj Belic, Optical soliton perturbation for Gerdjikov-Ivanov equation via
two analytical techniques, Chin. J. Phys. 56.6 (2018) 2879-2886.
[7] Qin Zhou, Anjan Biswas, Optical solitons in parity-time-symmetric mixed linear and nonlinear lattice with non-Kerr law nonlinearity, Superlattices Microstruct.
109 (2017) 588-598.
[8] Anjan Biswas, Optical soliton cooling with polynomial law of nonlinear refractive index, J. Opt. 49.4 (2020) 580-583.
[9] Girgis Laila, Daniela Milovic, Swapan Konar, Ahmet Yildirim, Hossein Jafari, Anjan Biswas, Optical Gaussons in birefringent fibers and DWDM systems with
intermodal dispersion, Rom. Rep. Phys. 64.3 (2012) 663-671.
[10] Anjan Biswas, Daniela Milovic, Russell Kohl, Optical soliton perturbation in a log-law medium with full nonlinearity by He’s semi-inverse variational principle,
Inverse Probl. Sci. Eng. 20.2 (2012) 227-232.
[11] Yuanyuan Yan, Wenjun Liu, Qin Zhou, Anjan Biswas, Dromion-like structures and periodic wave solutions for variable-coefficients complex cubic-quintic
Ginzburg-Landau equation influenced by higher-order effects and nonlinear gain, Nonlinear Dyn. 99.2 (2020) 1313-1319.
[12] Anjan Biswas, Yakup Yildirim, Emrullah Yasar, Qin Zhou, Mohammad F. Mahmood, Seithuti P. Moshokoa, Milivoj Belic, Optical solitons with differential group
delay for coupled Fokas-Lenells equation using two integration schemes, Optik 165 (2018) 74-86.
[13] Anjan Biswas, Yakup Yildirim, Emrullah Yasar, Qin Zhou, Seithuti P. Moshokoa, Milivoj Belic, Optical soliton solutions to Fokas-lenells equation using some
different methods, Optik 173 (2018) 21-31.
[14] Anjan Biswas, Mehmet Ekici, Abdullah Sonmezoglu, Milivoj R. Belic, Highly dispersive optical solitons with Kerr law nonlinearity by F-expansion, Optik 181
(2019) 1028-1038.
[15] C. Khalique, Masood, Anjan Biswas, A Lie symmetry approach to nonlinear Schrodinger’s equation with non-Kerr law nonlinearity, Commun. Nonlinear Sci.
Numer. Simul. 14.12 (2009) 4033-4040.
[16] K. Nithyanandan, R. VasanthaJayakantha Raja, T. Uthayakumar, K. Porsezian, Impact of higher-order dispersion in the modulational instability spectrum of a
relaxing coupled saturable media, Pramana J. Phys. 82 (2014) 339-345.
[17] K. Nithyanandan, R. VasanthaJayakantha Raja, K. Porsezian, B. Kalithasan, Modulational instability with higher-order dispersion and walk- off in Kerr media
with cross-phase modulation, Phys. Rev. A 86 (2012), 023827.
[18] W.C. Xu, S.M. Zhang, W.C. Chen, A.P. Luo, S.H. Liu, Modulation instability of femto second pulses in dispersion-decreasing fibers, Opt. Commun. 199 (2001)
355-360.
[19] E. Parasuraman, Dynamics of soliton collision phenomena on classical discrete heisenberg weak ferromagnetic spin chain, J. Magn. Magn. Mater. 489 (2019),
165403.
[20] G.P. Agrawal, P.L. Baldeck, R.R. Alfano, Modulation instability induced by cross-phase modulation in optical fibers, Phys. Rev. A 39 (1989) 3406-3413.
[21] P.D. Drummond, T.A.B. Kennedy, J.M. Dudley, R. Leonhardt, J.D. Harvey, Cross-phase modulation instability in high-birefringence fibers, Opt. Commun. 78
(1990) 137-142.
[22] M.L. Lyra, A.S. Gouveia-Neto, Saturation effects on modulation instability in non-Kerr-like monomode optical fibers, Opt. Commun. 108 (1994) 117-120.
[23] X.M. Liu, X.G. Zhang, N. Lin, T. Zhang, B.J. Yang, Modulation instability in non-Kerr-like optical fibers near the zero dispersion point, Chin. J. Lasers B 9 (2000)
79-84.
[24] W.J. Liu, M.L. Liu, B. Liu, R.G. Quhe, M. Lei, S.B. Fang, H. Teng, Z.Y. Wei, Nonlinear optical properties of MoS,-WS; heterostructure in fiber lasers, Optics (2019)
6689.
[25] M. Liu, Y. Ouyang, H. Hou, W. Liu, Z. Wei, Q-switched fiber laser operating at 1.5 pm based on WTe,, Chin. Opt. Lett. 17 (2019), 020006.
[26] M. Liu, W. Liu, Z. Wei, MoTe, saturable absorber with high modulation depth for erbium-doped fiber laser, J. Light. Technol. 37 (13) (2019) 3100.
[27] W.J. Liu, M.L. Liu, S. Lin, J.C. Liu, M. Lei, H. Wu, C.Q. Dai, Z.Y. Wei, Synthesis of high quality silver nanowires and their applications in ultrafast photonics, Opt.
Express 27 (2019) 16440.
[28] K. Nithyanandan, R.V.J. Raja, K. Porsezian, T. Uthayakumar, A colloquium on the influence of versatile class of saturable nonlinear responses in the instability
induced supercontinuum generation, Opt. Fibre Technol. 19 (2013) 348.
[29] X. Zhong, K. Cheng, Modulation instability in metamaterials with fourth-order linear dispersion, second-order nonlinear dispersion, and three kinds of saturable
nonlinearites, Optik 125 (2014) 6733.
[30] P. Mohanraj, R. Sivakumar, Role of higher order nonlinearities in the instability spectra of two core oppositely directed saturated coupler, Optik 192 (2019),
162904.
[31] P. Mohanraj, R. Sivakumar, Saturable higher nonlinearity effects on the modulational instabilities in three-core triangular configuration couplers, J. Opt. 23
(2021), 045502.
[32] P. Mohanraj, R. Sivakumar, Saturation effects on modulational instability in birefringent media with the help of Kundu-Ekchaus equation, Optik 245 (2021),

167687.

10


http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref1
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref1
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref2
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref2
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref3
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref3
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref4
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref4
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref5
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref5
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref6
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref6
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref7
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref7
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref8
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref9
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref9
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref10
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref10
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref11
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref11
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref12
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref12
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref13
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref13
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref14
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref14
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref15
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref15
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref16
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref16
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref17
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref17
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref18
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref18
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref19
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref19
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref20
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref21
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref21
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref22
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref23
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref23
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref24
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref24
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref25
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref26
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref27
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref27
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref28
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref28
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref29
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref29
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref30
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref30
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref31
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref31
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref32
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref32

P. Mohanraj et al. Optik 265 (2022) 169482

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]

P. Mohanraj, R. Sivakumar, Investigation of modulational instability in a coupled Kundu-Ekchaus equation in the presence of modified form of saturable
nonlinearity, Optik 248 (2021), 168111.

M. Inc, A.L Aliyu, A. Yusuf, D. Baleanu, Novel optical solitary waves and modulation instability analysis for the coupled nonlinear Schrodinger equation in
monomode step-index optical fibers, Superlattices Microstruct. 113 (2018) 745-753.

Q.-M. Huang, Y.-T. Gao, L. Hu, Bilinear forms, modulational instability and dark solitons for a fifth-order variable-coefficient nonlinear Schrédinger equation in
an inhomogeneous optical fiber, Appl. Math. Comput. 352 (2019) 270-278.

Yi-Fan Chen, Kale Beckwitt, Frank W. Wise, Bruce G. Aitken, Jasbinder S. Sanghera, Ishwar D. Aggarwal, Measurement of fifth-and seventh-order nonlinearities
of glasses, J. Opt. Soc. Am. B 23 (2006) 347-352.

A. Biswas, Y. Yildirim, E. Yasar, Q. Zhou, M.F. Mahmood, S.P. Moshokoa, M. Belic, Optical solitons with differential group delay for coupled Fokas-Lenells
equation using two integration schemes, Optik 165 (2018) 74-86.

A. Biswas, Y. Yildirim, E. Yasar, Q. Zhou, S.P. Moshokoa, M. Belic, Optical solitons for Lakshmanan-Porsezian-Daniel model by modifed simple equation method,
Optik 160 (2018) 24-32.

A. Biswas, Y. Yildirim, E. Yasar, H. Triki, A.S. Alshomrani, M.Z. Ullah, Q. Zhou, S.P. Moshokoa, M. Belic, Optical soliton perturbation for complex
Ginzburg-Landau equation with modifed simple equation method, Optik 158 (2018) 399-415.

A. Biswas, Y. Yldrm, E. Yaar, Q. Zhou, S.P. Moshokoa, M. Belic, Sub pico-second pulses in mono-mode optical fibers with Kaup-Newell equation by a couple of
integration schemes, Optik 167 (2018) 121-128.

E. Parasuraman, Soliton solutions of Kundu-Eckhaus equation in birefringent optical fiber with inter-modal dispersion, Optik 223 (2020), 165388.

A. Bekir, E.H.M. Zahran, Bright and dark soliton solutions for the complex Kundu-Eckhaus equation, Optik 223 (2020), 165233.

J. Vega-Guzman, A. Biswas, M.F. Mahmood, Q. Zhou, S. Khan, S.P. Moshokoa, Dark and singular optical solitons in birefringent fibers with Kundu-Eckhaus
equation by undetermined coefficients, Optik 181 (2019) 499-502.

Y. Yildirim, Bright, dark and singular optical solitons to Kundu-Eckhaus equation having four-wave mixing in the context of birefringent fibers by using of trial
equation methodology, Optik 182 (2019) 393-399.

E. Parasuraman, Modulational instability criterion for optical wave propagation in birefringent fiber of Kundu-Eckhaus equation, Optik 243 (2021), 167429.

11


http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref33
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref33
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref34
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref34
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref35
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref35
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref36
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref36
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref37
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref37
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref38
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref38
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref39
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref39
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref40
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref40
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref41
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref42
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref43
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref43
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref44
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref44
http://refhub.elsevier.com/S0030-4026(22)00796-3/sbref45

	Omnipresent instability criterion of birefringent Kundu-Eckhaus model with nonic nonlinearity
	1 Introduction
	2 Theoretical model
	2.1 Linear stability theory

	3 Modulational instability characteristics
	3.1 The impact of SPM at constant XPM
	3.2 The impact of XPM at constant SPM

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgement
	Appendix Acknowledgement
	References


