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The actual problem of duly revealing of mechanical stressed sections of fiber optical communication
lines, in particular, optical fibers which are under influence of the raised mechanical pressure
(strain) in optical cables is considered in this paper. Results of modeling of Brillouin backscattering
spectrum changes depending on change of optical fiber strain are presented. Results of experimental
examinations of strain characteristics of various types optical fibers, which are under longitudinal
and transverse mechanical influences, based on Brillouin backscattering spectrum analysis are
given in this paper. Also are discussed temperature dependences of Brillouin backscattering
spectrum changes of the optical fibers. The received results confirmed a possibility to detect
problem (mechanical stressed) sections and estimations of the optical fiber strain degree on basis
of Brillouin reflectometry method at different mechanical influences.
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ITonck MexaHHYeCKH HANIPAXKCHHBIX YYaCTKOB
B BOJIOKOHHO-OIITHYCCKUX JIMHHUAX CBHA3HU
Ha OCHOBE€ aHAJ/IN3a CIICKTPa
OPUJLIIOIHOBCKOI0 paccesiHu sl
N.B. boraukos, B.A. MaiicTpeHko

Omckuti 20cyoapcmeeH bl MeXHUYeCKUll YHUsepcumem
Poccus, 644050, Omck, np. Mupa, 11

B cmamve paccmampueaemcs axmyaivbHas npoorema c60e8PEeMEeHHO20 6bisGNIeHUs. NPOOIEMHbIX
YHUACMKO8 GOLOKOHHO-ONMUYECKUX JUHUL C653U, 8 YACIMHOCMU OMPEe3K08 ONMUYECKUX GOJLOKOH,
HAX00AWUXCL HOO NOBGLIUEHHBIM MEXAHUYECKUM HANpsdiCeHuem (Hamsicenuem) 6 ONmuyecKux
Kabensx. Hsznoocenvl pe3yiomamvl MOOEAUPOSAHUS UBMEHEHUL CHeKmpad OpuiiiodHOECKO20
paccesnuss 8 3AGUCUMOCIU OM USMEHEHUs. HAMSAJICeHUss ONnmogoaokua. IIpusedenvl OaHnmbie
IKCHEPUMEHMATILHBIX UCCAEO08AHUL XAPAKMEPUCTUK HAMSANICEHUSL NPU NPOOOTIbHBIX U HONEPEYHbIX
MEXAHUYECKUX GO30€UCMBUSLX HA ONMUYECKUE B0IOKHA PA3IUYHO20 6UOA U UX MEMNEePAMYPHbIX
3A6UCUMOCMEN HA OCHOBE AHANU3A UBMEHEHUTI CReKmPa OPUNTIOIHOBCK020 paccesnus. [lonyuennvie
pe3yibmamsl NOOMEEPOUNU  BOZMOICHOCMb  OOHAPYIICEHUST NPOOIEMHbIX YUACMKO8 U OYEHKU
Ccmenenu HamsIICEeHUsl ONMOBOLOKHA MeMOOOM OPULTIOIHOBCKOU peprekmomempuu npu pa3iuyHbixX
MeXaHu4eckux 6030eiUcmeusix.

Kniouesvie cnosa: Opunnosnosckas pedprexmomempus, pauusis OUASHOCMUKA, peghiekmomemp,
ONMOBOIOKHO.

L. INTRODUCTION

Fiber-optical communication lines (FOL) are a dominating kind of high-speed communication
lines now. They are capable to provide the maximal speed of data transmission from all existing
communication lines, thus have high noise immunity and reserve of communication. Besides in optical
cables (OC) are used nonferrous metals, cost of telecommunication channels on the basis of optical
fibers (OF) in process of perfection of manufacture OC gradually decreases.

Obtaining trustworthy information on the physical state of OF in the OC is an important problem
of the monitoring and early diagnostics of FOL.

The longevity of OF depends on the its strain [1-7].

Mechanical pressures applied to OF changes its parameters. For example, the tensile load applied
to OF change and module of elongation (Young’s modulus, strain characteristics) which in turn changes
the velocity of the ultrasonic wave [1 — 6].

The transverse pressures may affect the properties of the transverse-cross-section of OF and the
regularity of FOL.

Usual optical pulse reflectometers don’t define a OF strain and mechanical stressed FOL-
sections.

One of the effective ways to determine OF strain ratio is Brillouin reflectometry method [1-6]
based on recording and subsequent analysis of the stimulated Brillouin backscattering spectrum (BS)
in OF.
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It is known [1-4] that the spectral components caused by stimulated Brillouin scattering (SBS),
have an important property for practical applications that their frequency is shifted on the quantity
proportional to the strain of OF.

Testing OF by short-pulses and scanning carrier frequency of this pulses the distribution along OF
of BS and, respectively, the maximum signal frequencies in this spectrum can be found. By measuring
distribution amount of Brillouin frequency shift along OF the pattern of mechanical stresses (strain)
distribution can be realized, and find the location of distributed irregularities in OF and determine their
characteristics [1-4].

To detect mechanical stresses of the FOL-section (the strain of OF) Brillouin optical reflectometers
(BOR) are used.

The strain of OF appears not only because of the tensile load, but also due to OF temperature
changes. In addition, the sudden change of OF-section temperature points clearly to the problems in
the FOL.

The research of transverse pressures influences on BS and mechanical (strain) characteristics of
OF has particular interest.

Dispersion-shifted single mode OF (DSF) are used in very long FOL with length of regenerative
sections more than 100 km.

In this OF frequency dispersion characteristics shifted so that the minimum («zero») dispersion is
into the «window» near wavelength (1) 1550 nm. These OF have good characteristics for both the specific
attenuation and bandwidth. However it is known that the application of DSF in optical wavelength
division multiplexing systems (WDM) is met with difficulties associated with the appearance of
nonlinear effects such as four-wave mixing (FWM). Since the signal power levels entered in OF with
BOR lead to non-linear effects, BS analysis and the detection of mechanically stressed sections of DSF

are interest.

II. STATEMENT OF THE PROBLEM

In relation to detailing the models discussed in [13] and verifying the simulation results,
experimental researches with BOR «Ando AQ 8603» with the assistance of «Moskabel-Fujikura»

were carried out.

III. THE THEORY
In the general case wave equation of light propagation in fiber can be written as [13]:

19E 9’ 3Py,

V*E
c ot? Ho g “HoTg

M)

where P, is linear and Py, is nonlinear part of induced polarization P(r,¢) = P, (r,t) + Py, (7,?).
Usually Py, is considered to be much less than P, (|Py, | <<|P,|). P, and nonlinear Py, are connected

with E by expressions (2):

P, (r,t)=¢, j;(“)(t—t’)-E(r,t’)dt',
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where y/ — tensors of nonlinear susceptibility of j order. Expressions (2) define the general formalities
of low order nonlinear effects description [2, 3].

Propagation equation (1) is nonlinear partial differential equation that can not be solved analytically
except several particular cases. Therefore for studying nonlinear effects in OF it is necessary to use
numerical methods.

The main expression that connects the Brillouin frequency shift f; and degree of fiber tension is
[2,4]:

fB:;)_AJn% 3)
T

where n — the refraction index; v, — the velocity of acoustic wave;

v, ===, Q)

E. — Young's modulus (strain characteristics, module of elongation); p — quartz glass density, 4 — the
wavelength of incident light [4].

The value of Brillouin frequency shift in turn is included in the expression of the Brillouin gain
coefficient (BGC) [1, 3]

., s -£ Y
gg-gg[n[z — j] ©)

where g, —the maximal BGC; Af; — the Brillouin gain bandwidth usually equals 50...70 MHz; Af— the
difference between carrier frequency and frequency of measurements.
It is known that DSF are sensitive to nonlinear effects, therefore the BS analysis for the detection

of OF strain become more complicated.

IV. EXPERIMENTAL RESULTS

In the first experiment (Fig. 1) the fiber is composed of normalized OF reel (1 — OF1) (length is
1.72 km), spliced with OF (3 — OF2) (length is 3 km). The spliced section (2) and profile of BS marked
by arrow 2, and the maximum of BS — arrow 4. Both OF are single-mode.

At a distance of 2 m from the splice was formed the place on which hung weights from 20 g to 500
g (tensile force — from 0.2 N to 5 N). The reels were arranged so that the tensile force acts on OF only
in the longitudinal direction.

Fig. 1 presents the pattern of BS in the fiber (3D-graph — amplitude distribution function of
the reflected signal along the fiber length and Brillouin frequency shift) in the absence of a tensile
force.

Fig. 2 shows the pattern of BS exposed to the tensile force for 2 N (with the 200g weight). As Fig. 2

indicates, some changes of BS are been observed.
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Fig. 1. 3D-graph BS distribution function of the reflected signal along the OF without tensile force
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Fig. 2. 3D-graph BS distribution function along the OF with tensile force 2 N

(Shown on figures graphics (traces of device prints and photographs of its screens) were edited
in «Photoshop» to improve quality and bring in a single form (elimination of glare, color inversion,
brightness etc.)

Under increasing pressure to 4 N (400 g weight) changes in BS appears stronger in the strain
section.

It should be noted that under 300 g weight pressure can be observed the fall in the level of the
reflected signal for sprawling place which is associated with the appearance of different stresses in the
attachment of weights due to asymmetry effects in the attachment.

Furthermore, dependence of BS different for OF with different elasticity of the protective
coating.

In OF with tougher coating optical fiber can hardly stretch (BS in BOR does not change), but with
loads of 4 N — 6 N immediately break off.

Fig. 3 and Fig. 4 show multi-reflectograms — the dependence of the fiber strain (Strain), BS, the
width of BS (BSW) and losses (Loss) on the OF length.
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Changing load the shift of the BS maximum from 10.84 GHz (without tensile force) to 10.90 GHz
(tensile force is 5 N) was observed, which corresponds to the OF strain changes under load.

Fig. 3 and Fig. 4 show how BOR found strain change in the «problem section». The strain has
changed approximately to 0.05 % when tensile force is 2 N and to 0.12 % when tensile force is 4 N.

With a further strain increasing up to 5 N the critical strain of 0.2 % was found. After removing
the strain load OF returned to its original state.

Thereby, BS analysis allows effectively detect strain changes (Young’s modulus — £, ) of OF.

Researching BS of OF inside the fiber optical cable (OC), which were under significant strain
loads, led to the following conclusions.

Because of the power components of OC that protect it, and therefore all OF under it, against
mechanical damages, significant changes in the BS under force strain loads are not observed.

As a result, BOR of the problem sections of OF in OC have not discovered until the critical levels
of action (about 11 — 12 kN), which lead to destruction of OC.

In this experimental data analysis obtained by phase methods showed that these methods can
detect the appearance of OF strain with a tensile load of 10 kN, which does not lead to the destruction of

OC, which means you can take steps to find the problem section and eliminate hazardous exposures.

[ B e 774‘ i TAval € 1[
} T seax=ain 1 [Priilouinm Spootzwm] ‘
T
J S |
i . e + . ll
i ©. 005 - Z. 0 T .
W Ry =1 - !
I ] R X . - !
| s i e ;;
[ 55 widch 1 [ io== l
i =-2 1
i L=/ | LT,E’,,’J
; ! !
: L !
S = s e Th s s T E e T [ e
3] rrcauency Scale:| 46 o=/ | T
tor TH_asoiol | -
re=. :o.05m ‘I
| Starc: 10. F50GH= s angsd sz Zz5 S 30 |
Stop - 11.040GMz Sweep : LOMM= [ ik
. - FEB . AL1,2014 1 3:00:18
Fig. 3. Characteristics OF without tensile force
e ] oTR=4
1 [B=iiicuin sSpoctrum]
reas el My e e s
= N x =0 BN
==l Lt = e I R
\ - i -
N i 1 B
B.S Width 1 { To== |
Y
; =
: i J\"‘N \ Tl
20 . O s =
(=7 Ny >
e T ‘
I
Di=str ..:.:.;:L 1. 73151 jom |Distance Scale: g . szzron=
; v:|{10.8B90GH= | Freguency Scale:
Skom =y [T as810] T T ——
5 O CTTTTTT
2k 54 Res. : O0.05m T
e
Start: 1O. 750GH= sSample: 320/30
: 11.040GHM= Sweep : LOMH=

FESB 11,2014 11:29:46

Fig. 4. Characteristics OF with tensile force 2 N
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In the second experiment the fiber is composed of normalized OF reel (1 — OF1) (length is 1.72 km
length), spliced with OF (3 — OF2) (length is 3 km). The spliced section (2) and profile of BS marked
by arrow 2, and the maximum of BS — arrow 4. Both OF are single-mode.

In experimental researches this fusion spliced section (4 m — by 2 m of each OF reel) was placed
in the heating chamber.

By heating the spliced section, BS and the strain of OF change was observed.

Fig. 5 shows the 3D-graph of BS at the temperature 120 °C.

Due to temperature changes shift of the maximum BS frequency from 10.82 GHz (- 20 °C) to
11.00 GHz (197 °C) was observed, which corresponds to the OF strain changes in the heating section.
At room temperature (25 °C) the maximum of BS was observed at a frequency 10.85 GHz.

The width of BS varied from 70 ... 100 MHz at room temperature for up to 90 ... 220 MHz at
high temperatures.

Figures 6 and 7 show the dependence of the fiber strain (Strain), BS, the width of BS (BSW) and
losses (Loss) on the OF length in the heated section.

The graphs show changes in characteristics.

Analysis of the Fig. 6 and 7 shows that upon the temperature change the strain grew up by 0.14 %
(1 % = 10* ue), and approached to a dangerous value.

At higher temperature increases to 150 °C the strain exceeded the critical level of 0.2 %
(2000 pe).

Similar studies by cooling OF from room temperature 25 °C to —20 °C led to compression of OF
(negative strain) by 0.05 %.

When the temperature returns to 25 °C OF characteristics in both cases were restored to their
original condition.

Fig. 8 presents a graphics of temperature dependence of the BS maximum in OF heating section
obtained from data analysis of the experiment.

Graph of the temperature dependence of the OF strain in heating section based on analysis of

experimental data shown in Fig. 9.
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Fig. 5. 3D-graph of BS distribution along the OF length at the temperature 120 °C
— 884 —



Igor V. Bogachkov and Vasiliy A. Maystrenko. Search of Mechanical Stressed Sections in Fiber Optical Communication...

rope] [HMarkErR |[BrancH | Optical Fiber Strain Analyzer < J =<1 >1==1
[ 11 Multi i
I Stxain [} [(Friliouin spectrum]
AN
0.0L | irpan, "\»"“-‘m‘ ) S8 L e e
1° %A oy X an / SR g
i e T — 5 T
| -
| S
B.S. width 1 { Loss 1

]

e

{ 2 2 L d;' B e At e s o

[;@ Wﬂ‘n\ﬂ"‘., N.;PM"\M«\MIJ

Pistance: - 56733 Jkm | Distance Scale: [o.2 5,../ [86-7rn= ==t gqslauz
Froguency:| 1 rreguency Scalo: 1o HMH=/ T
Range: Slcam IOR  :|1.a6810] // T
P.wW. : S5SOn= - L= T T
Awe. : 2712 Re=. : 0.05m ///
Freqgquency T i
Start: 10. 400GHz Sample: 40740
Stop : 11.180GHz Sweep : 20MHz “

Fig. 6. OF characteristics at the room temperature (25 °C)

[opE] [MarEKER [[BRARCH | optical Fibexr Strain Analyzer == 150EE]
[ B ) — Multi |
[ Stxain 1 [Brillouin Spectxum]
— : R :
r’f‘ "‘ul s - L
I . . ) _ | el
0.05 A AI».\ 5.0 T : : —]
Y, V,_/‘ . v‘l . 735/ P ‘ L
- — S
['*‘F. s. wideh | f Loss 1
I - - |
iyl e LR [N i S ot SN o I
=/ : AﬂM . as/ [
. . L= .
istance: 1. 72324 k-—l_]D).stan-:e Scale:] 0.0 tm/ } S2.ShHz ] 1055085
requen(_y 11.050G6H=Z | Frequency Scale:| 70 miz=/ | /rf’ ——— r
. —
ange : Skm IOR :[L.A46810 o . o \\_U
.W. : S59ns e : .
ve. 2712 Re=. : 0.05m X .
requency . . :
Start: 10.700GHz Sample: 36/40 [
Stop : 11.090GHz Sweep : LOMHZ

FEB.13,2014 11:26:44

Fig. 7. OF characteristics at the temperature 120 °C

In both graphs linear regressions of experimental data (dashed black line) are used, as expected a
linear functional dependence on temperature [2, 4].

Thereby, BOR successfully detected problem section and allowed to detect Young’s modulus
(strain characteristics) and OF temperature changes. This effect can be used for creating distributed
temperature sensors based on OF with elastic protective cover.

In the 3rd experiment the fiber is composed of OF normalized reel (1 — OF1) (length is 1.73 km)
spliced with optical fiber (3 — OF2) (length is 3 km) in the third experiment. The spliced section marked
by arrow 2, and the maximum of BS — arrow 4. Both are single-mode optical fibers.

At a distance of 2 m from the splice was formed the place on which hung weights from 20 g to
500 g.

The reels were arranged so that the tensile force acts on OF only in the transverse direction.
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Fig. 9. Experimental data of temperature dependence of the strain ratio in OF heating section

When the transverse load starts at 0.2 N the BS changes in influence area began observed as
shown in Fig. 10.

With further transverse load increasing when only at 0.5 N there are substantial BS changes the
graphics begins resemble a break of OF. With further load increasing significant 3D-graph changes in
the BS are not observed.

This effect can be explained by the fall of the reflected signal power because such transverse loads
give rise to significant bending of OF, whereby the ray propagation path, and hence the reflection index
is changed.

The strain distribution pattern in the fiber allow to fix the problem section (the pressure place), but
do not show significant strain changes in this area.

Thus, in this case capable of BOR detect an problem area, but will not during normal assay
procedure tension rate with high accuracy.

In the 4th experiment the study of transverse cracking stresses on the characteristics of the OF and
BS obtained in BOR was carried out.

The fiber in this experiment was formed similarly to the 3rd experiment, but on the second-round
OF (OF2), which was laid on a solid non-foldaway surface, installed massive loads with known weights
from 2 kg to 21 kg.

Increasing cracking loads from 0 to 210 N significant BS changes weren’t observed.
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Fig. 10. 3D-graph BS distribution function along the OF with transverse force 0.2 N

Only increasing pressures in 20 times with transverse compressive load of 210 N (due to the
applied load area changes of OF2) BS picture has significantly changed and began to resemble the
picture at the break of OF.

However when removing the load in this extreme case, turned out that OF collapsed («crumbled»)
in place of influence.

Analysis of the experiment results showed that BS in OF practically unchanged with transverse
crushing loads up to the levels that lead to the destruction of OF.

In the 5th experiment the BS in DSF is researched.

In this case the fiber is composed of OF normalized reel (length is 1.73 km) spliced with DSF
(length is 2 km). Both are single-mode optical fibers.

The spliced section is clearly seen by the sharp change in the distribution of BS.

Fig. 11 presents the 3D-graphic which shows the distribution of BS along the fiber length with
longitudinal force in 5 N is applied to the OF 2.

In Fig. 11 we can see that the BS-graphics in OF 2 (DSF) instead of the usual pronounced «hump»
on the characteristic has 3 «humpsy, separated by two minimums. In this case the reflected from the
OF 2 wave with shifted spectrum entered the OF 1 and led to the distortion of the spectrum on a small
section OF 1, adjacent to the splice-place.

Typically for BS analysis and for the definition of the strain in OF the first «khumpy is analyzed,
although in DSF the redistribution of the spectrum clearly observed, similar to four-wave mixing
phenomenon.

Fig. 12 shows the corresponding dependences (multi-graphs) along the length of the fiber strain
(Strain), BS, the width of BS (BSW) and losses (Loss) with load of 5 N on OF 2. The multi-graphs on
Fig. 12 obtained by assess of the first maximum of BS.

The graph analysis shows that the strain assesses differed two times, while the presence of a
tensile force is not detected.

Interpenetration of BS fibers into each other at the spliced section led to significant distortions in

the results.
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First, OF 2 (DSF) from the measurements was «compressed» (negative strain) right up to 0.75 %,
although there were not any prerequisites for this (for example, cooling to the temperatures of the order
of — 50 °C).

Secondly, OBI was also little compressed, although in the experiments in the same time and at the
same temperature splicing with conventional «compression» OF it is not observed.

Third, in the usual computations algorithm based on BS analysis the longitudinal tensile load of
5 N on OF was not detected.

V. CONCLUSION

The results confirmed the possibility of detection mechanical stressed sections and assess the
strain of OF based on BS analysis for tensile loads.

The experiments results confirmed the possibility of estimating temperature change of OF (the
strain ratio of OF) based on analysis of BS.

The results analysis confirmed the possibility of estimating mechanically stressed sections and
assess the tautness of OF based on BS analysis for various mechanical loads.

However, if the manifestation of transverse stresses on the spanned OF is found by BOR, what
means that «problem» section of FOL can be detected, fixing the positions of OF in the transverse
plane of the significant OF changes in BS is not detected even at strong transverse mechanical stresses
until the limit is reached, at which the integrity of the structure of OF is broken.

The analysis of the experimental results showed that in DSF BS has obvious differences from
conventional single mode OF and usual algorithm of detection of the strain characteristics («problem»
sections) in this case gives unreliable results.

The correction of the strain computations algorithm should be created considering the redistribution
of spectral components obtained by BOR, similar to four-wave mixing (FWM) phenomenon.

Connecting the DSF with other types of OF should be taken into consideration that BS of fibers
penetrate into each other, causing significant distortion of the results of measurements and calculations,

so it is necessary to measure the characteristics of OF spending as far as possible from the junction.
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