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Abstract: This work presents designed and fabricated silica few-mode optical fiber (FMF) with in-

duced twisting 10 and 66 revolutions per meter, core diameter 11 µm, typical “telecommunication” 

cladding diameter 125 µm, improved height of quasi-step refractive index profile and numerical 

aperture 0.22. Proposed FMF supports 4 guided modes over “C”-band. We discussed selection of 

specified optical fiber parameters to provide desired limited mode number over mentioned wave-

length range. Some results of tests, performed with pilot samples of manufactured FMF, are repre-

sented, including experimentally measured spectral responses of laser-excited optical signals, that 

comprise researches and analysis of few-mode effects, occurring after fiber Bragg grating writing. 

Keywords: twisted optical fiber; chirality; laser beam profile; differential mode delay; laser-based 

few-mode optical signal transmission; fiber Bragg grating; few-mode effects 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0393.v1

©  2022 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202203.0393.v1
http://creativecommons.org/licenses/by/4.0/


 

 

1. Introduction 

Twisted optical fibers are known since the early of 1980s: here the concept of fiber 

spinning was the first time originally introduced in the work [1]. The fabrication technique 

of twisted optical fibers is based on rotation of preform during the fiber drawing [1] or 

directly spinning of the drawn optical fiber [2]. Twisted singlemode optical fibers are usu-

ally considered as fibers with reduced polarization mode dispersion (PMD) [1-4], while 

induced chirality (including twisting) over multimode optical fibers is declared as the 

method for differential mode delay (DMD) decreasing with total bandwidth improve-

ment [5, 6].  

Nowadays, chiral optical fibers (both with typical coaxial geometry (core, bounded 

by intermediate and/or outer solid cladding) and microstructured/photonic crystal optical 

fibers) are considered as alternative unique fiber optic elements with great potentiality for 

various applications in fiber optic sensors [7–10]. 

At the same time, many recently published works demonstrated new effects, occur-

ring in fiber Bragg gratings (FBGs), written in FMFs as well as in multimode optical fibers 

(MMFs), under laser-source excitation. A lot of many recently published works demon-

strated few-mode operation of these conventional, tilted or slanted FBGs on MMFs and 

FMFs in vibration, temperature, deformation, displacement, bending etc. fiber optic sen-

sors [11–20].  

A few-mode regime adds a new another one dimension to the space of parameters: 

it is associated with guided modes of particular order, which limited number (from two 

to a few dozens) transfer the most part of optical signal power over tested optical fiber. 

We suppose, that twisted FMF with recorded FBG can be considered as new complicated 

fiber optic element with unique features and great potentiality for application in fiber op-

tic sensors.  

This work is focused on design and fabrication of chiral few-mode optical fiber (FMF) 

with specified limited (3...4) guided modes, supporting over “C”-band. Therefore, at the 

first stage, by using commercially available software with rigorous numerical finite ele-

ment method, technological / geometrical parameters were specified to provide desired 

few-mode regime operation of designed FMF.  

We described performed adaptation of the conventional technique for drawing opti-

cal fibers to fabricate designed FMF with induced twisting under small as well as large 

number of revolutions per meter. Some results of theoretical and experimental researches, 

performed for pilot samples of manufactured FMF, are represented, including experimen-

tally measured spectral responses of laser-excited optical signals, that comprise researches 

and analysis of few-mode effects, occurring after fiber Bragg grating recording. 

2. Design of FMF: selection of geometrical parameters to provide desired limited 

number of guided modes 

At the first stage, we utilized rigorous numerical finite element method, used in 

COMSOL Multiphysics software, to analyze preliminary designed set of specified step-

index optical fibers with the same typical “telecommunication” cladding diameter 125 

µm, but differing by combination of core diameter and numerical aperture (e.g. height of 

refractive index profile). Here for each designed optical fiber sample, guided modes 

(which satisfy to the cut-off condition) were defined, and their effective refractive indexes 

were computed. The main criterion was focused on providing of limited (3…4) transversal 

guided modes propagation over FMF under laser source excitation at the wavelength 

=1550 nm.    

We performed analysis of FMF by earlier on developed and successfully verified 

method [21-23], based numerical solution of linear Maxwell equation system, written for 

a homogeneous isotropic dielectric in the absence of free charges and currents and re-

duced to wave equations for the vectors of electric (E) and magnetic (B) fields [24]: 
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where k0 is wave number (k0 = 2π/λ); ε is the dielectric permeability (ε = n2, n is refractive 

index); µ is magnetic permeability. 

By taking into account satisfaction to the perfectly matched layer (PML) conditions, 

equation (1) was transformed to the following form [25]: 
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where ε' и µ' are modified dielectric and magnetic permeability; [S] is matrix of PML layer 

coefficients. 

Solution of equation (2) is equation of electromagnetic wave, propagating along z-

axis of optical fiber [24]: 

�(�, �) = ��exp �� �ω� −
ω

�
�������, (3)

where E0 is amplitude of electric field strength; ω is circular frequency; c is light speed in 

vacuum; t is time. 

Effective refractive index neff is defined by numerical solution of equation (3), and 

related transversal mode is identified (in terms of linear polarized modes LPlm – e.g. azi-

muthal and radial orders l and m) by comparison computed radial mode field distribution 

with pre-defined field patterns of known order modes LPlm, which are exact solutions for 

scalar wave equation, written for model optical fiber with ideal step index or unbounded 

parabolic refractive index profiles, and described by Bessel or Laguerre-Gaussian func-

tions  [26, 27]. 

Table 1 shows results of optical fiber analysis, performed by a rigorous finite element 

numerical method in COMSOL Multiphysics software under wavelength λ = 1550 nm. We 

considered ideal step-index refractive index profile, the same cladding diameter 125 µm 

(that corresponds to conventional telecommunication optical fibers), three various core 

diameters (8.3, 10.0, and 11.0 µm) and six values of numerical aperture NA (0.14, 0.16, 0.18, 

0.20, 0.22, and 0.24 – it corresponds to approximately the difference between core and 

cladding refractive indexes 0.02). We start from the core diameter 8.3 µm as the typical 

value for standard single mode optical fibers (SMFs) of ITU-T Rec. G.652 [28]. It was sup-

posed, that even the weak improvement of refractive index profile height, in comparison 

with ratified SMF, may provide desired few-mode regime with 3…4 transversal guided 

mode propagation at λ = 1550 nm. However, results of computation shew, that following 

increasing both core diameter and numerical aperture (e.g. refractive index profile height 

is required).   

Table 1. Results of optical fiber analysis, performed my rigorous numerical method: step-index op-

tical fibers under various combinations of core diameter and numerical aperture (λ = 1550 nm) 

№ Core diameter, μm Cladding diameter, μm Numerical  

aperture NA  

Mode composition neff Δneff 

1 8.3 125 0.14 LP01 1.460478 –  

2 8.3 125 0.16 LP01 

LP11 

1.462210 

1.457688 

 

0.004522 

3 8.3 125 0.18 LP01 

LP11 

1.464263 

1.459082 

 

0.005181 

4 8.3 125 0.20 LP01 

LP11 

1.466624 

1.460940 

 

0.005684 

5 8.3 125 0.22 LP01 

LP11 

1.469284 

1.463199 

 

0.006085 

6 8.3 125 0.24 LP01 1.472237  
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LP11 

LP21 

LP02 

1.465821 

1.458136 

1.457159 

0.006416 

0.014101 

0.015078 

7 10 125 0.14 LP01 

LP11 

1.461181 

1.457847 

 

0.003334 

8 10 125 0.16 LP01 

LP11 

1.463027 

1.459219 

 

0.003808 

9 10 125 0.18 LP01 

LP11 

1.465177 

1.461012 

 

0.004165 

10 10 125 0.20 LP01 

LP11 

LP21 

LP02 

1.467622 

1.463176 

1.457854 

1.457139 

 

0.004446 

0.009768 

0.010483 

11 10 125 0.22 LP01 

LP11 

LP21 

LP02 

1.470355 

1.465682 

1.459875 

1.458498 

 

0.004673 

0.010480 

0.011857 

12 10 125 0.24 LP01 

LP11 

LP21 

LP02 

1.473371 

1.468510 

1.462343 

1.460621 

 

0.004861 

0.011028 

0.012750 

13 11 125 0.14 LP01 

LP11 

1.461499 

1.458455 

 

0.003044 

14 11 125 0.16 LP01 

LP11 

1.463387 

1.459994 

 

0.003393 

15 11 125 0.18 LP01 

LP11 

LP21 

LP02 

1.465572 

1.461914 

1.457563 

1.457061 

 

0.003658 

0.008009 

0.008511 

16 11 125 0.20 LP01 

LP11 

LP21 

LP02 

1.468048 

1.464179 

1.459378 

1.458241 

 

0.003869 

0.008670 

0.009807 

17 11 125 0.22 LP01 

LP11 

LP21 

LP02 

1.470808 

1.466767 

1.461642 

1.460198 

 

0.004041 

0.009166 

0.010610 

18 11 125 0.24 LP01 

LP11 

LP21 

LP02 

LP31 

1.473847 

1.469664 

1.464288 

1.462650 

1.458078 

 

0.004183 

0.009559 

0.011197 

0.015769 

 

For example, combination of the SMF “nominal” core diameter 8.3 µm and maximal 

(from the researched range) numerical aperture value NA=0.24 provides technical satis-

faction of the cut-off condition for desired 4 modes – the fundamental LP01 and higher 

order modes LP02, LP11, LP21. However, the last two modes LP02 and LP21 are unacceptably 

instable to propagation over long distances due to their field concentration in the clad-

ding: here, optical confinement factor Pco (e.g., mode power, transferred over core) for both 

mentioned above modes is inadmissible low (Pco<0.5). Therefore, we conclude, that none 

of researched combinations of core diameter 8.3 µm and 6 tested numerical aperture val-

ues NA=0.14…0.24 do not provide desired 4-mode operation at wavelength =1550 nm. 
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The same matter corresponds to core diameter 10.0 µm and NA=0.20: here also higher-

order modes LP02 and LP21 satisfy cutoff condition under unacceptable low optical con-

finement factor Pco<0.5, while desired 4-mode operation is achieved for numerical aperture 

range NA=0.22…0.24. Following improvement of core diameter up to 11 µm shew the best 

results for NA=0.20 and NA=0.22: all 4 modes satisfy to the cutoff condition under required 

optical confinement factor Pco>0.5. Lower NA=0.18 led to inappropriate low Pco<0.5 for the 

same last two higher-order modes, while increased NA=0.24 provides satisfaction of the 

cutoff condition for 5th mode LP31. 

Therefore, according to computation results, we selected following configuration for 

fabricated FMF: core diameter 11 µm, typical “telecommunication” cladding diameter 125 

µm, numerical aperture NA=0.22. 

3. Pilot FMF 11/125 with improved height of quasi-step refractive index profile and 

induced chirality 

According to defined above technological parameters, a preform of the desired FMF 

11/125 with the numerical aperture NA=0.22 was prepared by conventional modified 

chemical vapor deposition (MCVD) method [29]. Fig.1 presents measured refractive index 

profile with improved height of FMF fabricated preform.  

 

Figure 1. Refractive index profile of pilot FMF preform (measured by refractometer Photon Kinet-

ics P101) 

The general form of fabricated preform refractive index profile is quasi-step. Moreo-

ver, there is a dip of refractive index in the core center, that is typical for MCVD technique: 

it is caused by highly volatile GeO2 dopant diffusion during support tube collapse. Here 

the absolute height of the profile reaches ~0.27, while dip is ~0.08. As a result, to correctly 

evaluate refractive index profile height, we computed the area of central (core) part and 

further estimated the effective height of the profile. For researched prepared FMF 11/125 

preform, this parameter was ~0.018, that is equivalent to numerical aperture NA=0.22. 

We performed some modifications of the drawing tower to induce twisting on FMF 

during its drawing. The detailed description of modification is represented in the earlier 

on published work [30]. Usually, preform is fixed in a mechanical chuck of the feed unit, 

that input preform to the heat space of high temperature furnace. Preform is kept in a 

stationary position and redrawn without rotation. To induce desired chirality over man-

ufactured FMF, we integrated the stepper motor to the feed unit, which continuously ro-

tates preform under the set speed and adds a new rotation function to the drawing system. 

The maximal rotation speed of the stepper motor is 200 rpm, which provides chirality of 

approximately 100 revolutions per meter under the drawing speed 2 m per minute. The 

minimal motor rotation speed is 20 revolutions per meter (rpm), while the maximal is 200 

rpm. Therefore, under slow drawing speed 2...3 m/min (that is usually used for 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0393.v1

https://doi.org/10.20944/preprints202203.0393.v1


 

 

manufacturing special or experimental optical fibers), it induces twisting with 10 and 66 

rpm, respectively. 

Fig. 2 shows image of the end-face of fabricated pilot sample of chiral FMF 11/125 

with numerical aperture NA=0.22, drawn from described above manufactured preform. 

Fig. 3 presents near field laser beam profile (operating wavelength λ=1550 nm) after prop-

agation over the fabricated FMF 11/125 by CCD camera. 

 

  

Figure 2. Image of the end-face of fabricated pi-

lot 4-mode FMF 11/125 with numerical aperture 

NA=0.22 (high-resolution optical microscope Ni-

kon Eclipse N-U) 

Figure 3. Near field laser beam profile (operating 

wavelength λ=1550 nm), measured after propaga-

tion over pilot sample of FMF 11/125 by CCD cam-

era DataRay WinCamD-LCM-C-TE 

 

We measured both 10 rpm and 66 rpm pilot sample 50 m length FMF 11/125 attenu-

ation α() by cutback method over wavelength band λ = 900–1700 nm by using a 64642 

HLX halogen lamp (OSRAM) as a light source, programmable monochromator (ANDO), 

germanium photodiode (wavelength range 900...1700 nm), optical amplifier (eLockIn), 

and optical power meter (and ANDO AQ-1135E).  

 

Figure 4. Attenuation of manufactured 50 m length FMF 11/125 samples with induced chirality 10 

and 66 rpm 

Measured attenuation curves α() contain typical resonance “water” peaks with 

strong loss due to simplified and rapid technique for FMF preform fabrication without 

hydroxyl (OH–) dopants extraction: here we just focused on chiral FMF pilot sample 

length manufacturing with specified geometry parameters, that should provide desired 
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few-mode operation by low widening core diameter and strong improvement of refrac-

tive profile height, and did not pay attention to attenuation reduction. In the same way, 

increased attenuation (in comparison with commercially available silica optical fibers [28]) 

at the central regions of the "C"- and "O"-bands, which reaches almost α=7...8 dB/km, was 

expected due to intentional excluding (to reduce reagent consumption and also to simplify 

preform fabrication process) of typical operation of Fluorine (F) doping to the core region, 

that helps to decrease GeO2 dopant unwanted influence on attenuation increasing. 

Fig. 4 demonstrates, that attenuation curve α() over “flat” regions between the res-

onance peaks for FMF with twisting 66 rpm is some lower in comparison with chiral FMF 

10 rpm. It may be explained by more smoothing of refractive index profile typical MCVD 

technological defects under more rapid twisting of preform during optical fiber drawing.  

4. Dispersion parameters of guided modes, propagating in the pilot sample FMF 

11/125 with improved height of quasi-step refractive index profile 

During the next stage, we computed spectral characteristics of dispersion parameters 

of guided modes, satisfying to cut-off condition for fabricated pilot sample of FMF 11/125. 

For this purpose, it was proposed to utilize earlier on developed simple and fast approx-

imate method, which is a modification of the Gaussian approximation, extended to the 

case for estimation of the transmission parameters of arbitrary order modes, propagating 

in a weakly guiding optical fiber with an arbitrary axially symmetric refractive index pro-

file [31] with following optionally (in appropriate case) accuracy improvement by rigor-

ous numerical method of mixed finite elements [32]. This extended modification of the 

Gaussian approximation (EMGA) is based on combination of the stratification method 

[26] and “classical” Gauss approximation [27]. Stratification method provides ability to 

represent complicated form of researched optical fiber refractive index profile with high 

detailing and corresponding technological defects (including local refractive index fluctu-

ations), in spite of the most approximate methods, which typically utilize one or set of 

smooth functions. Proposed approach significantly reduces computational error during 

direct calculation of transmission parameters of guided modes in optical fiber with large 

core diameter (in comparison with singlemode optical fibers) and complicated form of 

refractive index profile [31, 32]. Here only one variational parameter – normalized mode 

field radius R0 – should be determined as a result of characteristic equation solution, while 

R0 within the “classical” Gaussian approximation is basis, and it completely defines all 

desired guided mode transmission parameters. According to Gaussian approximation, 

radial mode field distribution is represented by well-known approximating expression, 

based on Laguerre-Gaussian functions [27], that corresponds to exact solution of scalar 

wave equation, written for weakly guiding optical fiber with an ideal inbounded para-

bolic refractive index profile. This permits to derive and write analytical expressions for 

variational expression and characteristic equation in the form of finite nested sums, and 

further their first and second derivations – mode delay and chromatic dispersion param-

eter. Therefore, developed approximate method EMGA does not require high computa-

tional resources (even during higher-order mode dispersion parameter estimation) and 

provides low (less than 1% [26, 27]) computational error. 

Fig. 5 shows an equivalent quasi-step refractive index profile of the analyzed FMF 

11/125 with a numerical aperture NA=0.22, restored by report of measurements, per-

formed for drawn optical fiber.  

At the first stage, we computed optical confinement factor for modes, propagating in 

a mentioned above FMF 11/125, over wavelength range λ = 700...1700 nm. The results are 

presented in the form of a diagram on Fig. 6.  
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Figure 5. Equivalent quasi-step refractive index profile with improved height, restored by measure-

ment report data 

According to computational results, desired 4-mode optical signal transmission is provided by re-

searched FMF 11/125 over band λ = 1450...1700 nm. Generally, 38 LPlm modes with l = 0…7 azimuthal 

and m=1…9 radial orders nominally satisfy to the cut-off condition at the least researched wave-

length range bound λ = 700 nm. However, only for 19 modes with also l = 0…7, but m=1…4 orders 

optical confinement factor is more Pco≥0.5 for the same wavelength. 

 

Figure 6. Diagram of the optical confinement factor distribution between modes of FMF 11/125 

over the wavelength range λ= 700 ... 1700 nm. 

At the central region of the "O"-band (λ = 1300 nm), researched FMF 11/125 supports 
6 guided modes, that satisfy the cut-off condition under the optical confinement factor value 
more Pco≥0.5: they are listed in previous Section 2 – LP01, LP11, LP21, LP02 modes and two ad-
ditional higher-order modes LP12, LP31. We computed spectral curves of dispersion parame-
ters for those mentioned above 6 guided modes. Results are represented on Fig. 7(a) spectral 

characteristics of mode delay and (b) chromatic dispersion coefficient. Analysis of mode 

delay curves shows, that DMD reaches 18.35 ns/km over λ=1300 nm wavelength region, 
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while near λ=1550 nm DMD decreases down to 14.93 ns/km due to “suppression” of two 

higher-order modes LP12 and LP31. 

By comparing spectral characteristics of the chromatic dispersion coefficient for the 

fundamental and higher-order modes, computed curves are generally similar to spectral 

characteristic of chromatic dispersion coefficient for standard telecommunication single-

mode optical fiber (SMF) of ITU-T Rec. G.652 [28]. Here zero dispersion wavelength of 

both the fundamental and higher-order guided modes corresponds to wavelength range 

λ=1300 ... 1350 nm. Maximal deviation of this parameter D between higher-order guided 

modes was 27.09 ps/(nm‧km) at λ=1300 nm and 4.97 ps/(nm‧km) at λ=1550 nm. 

 

 

  

(a) (b) 

Figure 7. Spectral characteristics of guided mode dispersion parameters: (a) mode delay. (b) chro-

matic dispersion coefficient 

5. Experimental research of spectral responses of FBG, written over chiral FMF 11/125 

with improved height of quasi-step refractive index profile 

Two FBG samples were written on the short (less 1.5 m) segments of SMF (Rec. ITU-

T G.652 [28]) and fabricated pilot sample of chiral FMF 11/125 by Lloyd ineterferometric 

setup workstation under the same mask (with the same grating period), providing 

expected Bragg wavelength about B1550 nm. We performed preliminary measurements 

of both FBG spectral responses under propagation of optical signal, generated by 

continuos emission (CE) wideband laser diode (LD) with operating wavelength =1550 

nm and pigtailed by SMFs. Conventional setup was utilized for FBG spectral response 

measurement by optical spectrum analyzer (OSA) with fiber optic circulator (CIR), also 

pigtailed by SMFs. Described above scheme for testing of FBG, written on FMF, is shown 

on Fig. 8. Both tested FBGs were jointed to SMF pigtail by fusion splicer, and further 

connected to circulator via corresponding fiber optic adapter. 

Results of measurements – OSA software screenshots – are represented on Fig. 9(a) 

and (b). Comparison of two measured spectral responses show, that detected Bragg wave-

length of FBG, written on FMF 11/125, is higher up to 16.46 nm (B =1567.50 nm), than for 

FBG on SMF (B =1551.04 nm). This suggests, that effective refractive index for the funda-

mental mode LP01 of FMF is some higher, in comparison with the fundamental mode LP01 

of SMF, in approximately 1%. Spectral response of FBG on FMF contains main and pe-

riphery peaks. It may be considered as superposition of several modes, corresponding to 

transversal mode components, that led to response widening, and confirms desired few-

mode regime of FMF operation at the central wavelength of “C”-band (=1550 nm). 
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Figure 8. Conventional setup for FBG spectral response measurement: testing of FBG, written on 

FMF under laser-based few-mode operation. 

 

  

(a) (b) 

Figure 9. Spectral responses of FBG, excited by laser-source (CE LD, =1550 nm): (a) FBG on SMF; 

(b) FBG on FMF 11/125. 

  

(a) (b) 

Figure 10. FBG Bragg wavelength B shifting sensitivity to the temperature action: (a) FBG on SMF; 

(b) FBG on FMF 11/125. 
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The next set of tests was concerned with research of FBG Bragg wavelength B 

shifting sensitivity to the temperature action with following comparison. We placed se-

quentially both FBGs to the thermostat and discretely varied temperature from +40C up 

to +120 C with a step 20C. Here Bragg wavelength B under the least bound temperature 

+40C was considered as the reference value for the following estimation of B shifting  

under the temperature increasing. Results are represented on the Fig. 10 in the form of 

diagrams. Both dependences are highly linear, while the slope for FBG on FMF is some 

higher (approximately on 5%). 

By analogy with the previous measurements, we performed test series, focused on 

researh and comparison sensitivity of FBGs on SMF and FMF to meachanical action. For 

these researches, we placed FBGs to the precision translation stage, that provides tensile 

and following precision particular elongation of researhed optical fiber segment with 

wrotten FBG over the range 100…250 µm with a step 50 µm. Here Bragg wavelength 

under the unstrained state was considered as the reference value for the following esti-

mation B shifting  under the described mechanical action. Results are represented on 

the Fig. 11 also in the form of diagrams. Both dependences are also highly linear, while 

the slope for FBG on FMF is some higher (approximately on 2.5%). 

 

  

(a) (b) 

Figure 11. FBG Bragg wavelength B shifting sensitivity to the mechanical action: (a) FBG on SMF; 

(b) FBG on FMF 11/125. 

The next test series was concerned with researches of few-mode effects, occurring 

during laser-excited optical signal propagation over FBG, written in FMF 11/125, under 

some various stress actions. Here we utilized “direct” FBG spectral response measure-

ment scheme without fiber optic circulator (Fig. 12), and tested sample FBG on FMF was 

pigtailed by using fusion splicer by short SMF pigtails with length not more 140 mm to 

avoid conversion of higher-order FMF guided modes to leakage / cladding modes in SMF 

pigtail [33].  

 

Figure 12. Conventional setup for FBG spectral response measurement: testing of FBG, written on 

FMF under laser-based few-mode operation 

Spectral response, measured for FBG on FMF 11/125 in an unperturbed state (that 

would be further considered as the reference) is presented on Fig. 13. Here 3 peaks (one 

the main peak (1567.24 nm), two periphery peaks (1566.65 nm and 1567.96)) could be seen 

quite distinctly. During the next tests, we measured spectral responses under forming 
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FMF loop with radius 15 mm before, on and after FBG. Results are shown on Fig. 14. As 

expected, in all cases Bragg wavelength shifting was detected. However, response 

smoothing as well as periphery peak dropout were noticed. Here B shift down to =0.24 

nm under loop before and after FBG, while for the loop on FBG B became longer up to 

0.08 nm in comparison with the reference response main peak value. Second test series 

was concerned with spectral response measurements after placing loops with radius 86 

and 63 mm over researched segment of FMF 11/125 with written FBG. Results are demon-

strated on Fig. 15. Here again response smoothing and periphery peak dropout are no-

ticed under the same Bragg wavelength shifting down to 0.16 and 0.20 nm. 

 

Figure 13. Reference spectral response of unperturbed FBG, written on FMF 11/125 

  

Figure 14. Spectral responses under 15 mm loop before, 

after and on the FBG, written on FMF 11/125. 

Figure 15. Spectral responses under 86 and 63 mm loops, 

placed over FMF 11/125 with written FBG. 

Conclusion  

This work is devoted to the design and fabrication, as well as experimental and the-

oretical researches of the parameters of chiral FMF 11/125 with an induced twisting and 

improved height of a quasi-step refractive index profile, that provides 4-mode operation 

over "C"-band. Based on the series of simulation of described optical fiber, we selected 

specified technological parameters to support desired 4 guided mode over mentioned 
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above "C"-band: core diameter 11 µm, cladding diameter 125 µm, and numerical aperture 

NA = 0.22. 

Successfully fabricated pilot sample lengths of described above chiral FMF 11/125 

with induced twisting of 10 and 66 rpm are presented. Results of measured attenuation 

shew expected increased loss α=7...8 dB/km over “C”- and “O”-bands, explained by in-

tentionally simplified technique for FMF preform manufacturing by excluding typical F 

doping to optical fiber preform core region, that helps to decrease GeO2 dopant unwanted 

influence on attenuation increasing.  

We performed analysis of designed and fabricated FMF 11/125: here data from meas-

urement report were utilized to restore real form of quasi-step refractive index profile. 

Orders of guided modes, satisfying to the cut-off condition, were defined over researched 

wavelength band =700…1700 nm (4…6 guided modes were localized over “C”- and “O”-

band, respectively). Spectral characteristics of dispersion parameters (mode delay and 

chromatic dispersion coefficient) for defined guided modes were computed for men-

tioned above researched wavelength range. Analysis of the mode delay curves showed, 

that at the wavelength λ=1300 nm DMD reaches 18.35 ns/km, while at the wavelength 

λ=1550 nm, it reduces down to 14.93 ns/km. By comparing spectral characteristics of the 

chromatic dispersion coefficient for the fundamental and higher-order modes, computed 

curves are generally similar to spectral characteristic of chromatic dispersion coefficient 

for conventional SMF (ITU-T Rec. G.652): here zero dispersion wavelength of both the 

fundamental and higher-order guided modes corresponds to wavelength range λ=1300 ... 

1350 nm. 

FBG was wrote in the sample of fabricated FMF 11/125 segment, and test series were 

performed to research a few-mode effects, occurring during laser-excited optical signal 

propagation over FMF with written FBG both unperturbed and under the temperature or 

mechanical actions. Main and periphery peaks were localized on the spectral response of 

unperturbed FMF FBG, while under the stress besides the expected Bragg wavelength 

shifting, spectral response smoothed and periphery peaks drop out. Results of performed 

theoretical and experimental researches shew a good potentiality for utilization of de-

signed and fabricated twisted FMF 11/125 in various applications of selected order guided 

mode management as well as in fiber optic sensors. 
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