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Hocnidsxcyromvcss npouecu nepepo3nodiny emep-
2ii ONMUMH020 CUZHANY MINC CEPUESUHON i 000TOHKON
ONMUUH020 80JI0KHA 8 MICUAX ix 3’ c0nanns. B ananimuu-
Hill onepamopniil modesi ompumani 3amKHymi Hopmy-
JIU 3ATeHCHOCHT MPUBAIOCME CUZHANY HA CMOPOHT npuii-
Maua 6i0 Kinvkocmi 3’cOnans i 8ipozionocmi nepexody
eHepeii i3 cepuesuHu 6 000JIOHKY ONMUUHOZO B0JIOKHA.
Buxonano ananiz nepepo3nooiny enepeii 3a paxynox zeo-
MEmMPUMHOT HECMUKO0BKYU B0TIOKOH 8 MOUKAX iX 3’€OHAHHSL.

ns cunmesy ananimuunux moolesneii suxopucma-
Ho anapam meopii 8ipozionocmi i meopii nepemeopenns
Dyp’e. B saxocmi mipu mpueaiocmi cueHany Ha CMopoHi
npuliMaia 6UKOPUCMOBYENMLCS ePeKmusHa mpueaiicmo
imMnyaecy.

YucenvHuil ananiz 003604u6 3p00uUMu 6UCHOBKU, WO
docaidicysani epexmu npaxmuuno He 3anexicamv 6i0
nouamxo60i popmu onmuuno20 cuenany i 6io eapianmy
Po3n0diny Gyodieenvhux 006x3cUl 830062ic NiNii pezenepa-
uitnoi Oinanku.

Ompumani ouinku 00360110Mb CMEEPOICYSAMU, WO
Modcauei oucnepciini epexmu, axi euxauxamni nepe-
PO3N00iNIoM eHepeii 6 MOUKAX 3’€OHAHHS ONMUUHUX
6010k0H. Jlani ehexmu 00ymo6aeHi pizHUUEIO 2PYNOBUX
weUOKoOCMmell 8 PiHUX CepPedosUAX ONMUUHOZ0 60JI0KHA
(6 cepuesuni i 6 o6ononui). Ilo ceéoemy enauey na popmy
CuzHALY 80HU MOJICYNb GYymu nopienani 3 000pe susuenu-
Mu epexmamu 3a paxynox mamepianvioi, X6unesionoi
ma inwux 6udie ducnepcii.

Ha ocnosi suxonanux docnidxcenv sucynyma nay-
Koga zinomesa npo icHyeanHns egexmy oucnepcii, w0
BUKIIUKANA POSHIMHUMU | HEPOIHIMHUMU 3’€OHAHHAMU
onmuunux 60J0x0n. Q6TpyHmMosano cxemy nadopamop-
HOi ycmanoexku 0 6UKOHAHHA HAMYPHUX OOCTIONCEHD
nepedéauysanux eexmis. Ocobausicmv oanoi ycma-
HOBKU 6 MOMY, W0 MOUKYU 3’ €OHAHHS ONMUMHUX 6OJIOKOH
MOJCYMb PO3MAUOBYEAMUCL 3 NPAKMUUHO O06LILHUM
xkpoxom. Ile 00360156 6uKOHAMU NEPEBIPKY BUCYHYMUX
2inome3s 6 1AOOPAMOPHUX YMOBAX

Knouosi cnoea: 3azacanns 6 micui 3'conanns,
onmuuHuwil CuzHAl, 2pYnoea WEUOKICMb, edexmusna
mpueanicmo iMnynvca

1. Introduction

The well-known engineering procedures [1, 2] for cal-
culating maximum length of a regeneration section (RS)
of a fiber-optic transmission system (FOTS) take into
consideration effects of optical signal attenuation. At the
same time, attenuation is taken into consideration both
in face-to-face lengths and connections of optical fibers
(OF). In addition, these procedures take into consideration
effects of optical pulse distortion (including elongation)
caused by dispersion. However, the authors’ production
experience in the telecommunications industry has made it
possible to establish an effect being of interest for scientific
analysis in some cases. Essence of this effect consists in a
contradiction:

— direct reflectometer measurements indicate that atten-
uation in the line is within acceptable limits;
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— RS length calculations for dispersion give satisfactory
results as well;

— at the same time, the fiber optic transmission line does
not function normally.

It is obvious that the existing procedures do not take into
consideration all possible causes of optical signal distortion.

In a number of cases, reduction of number of OF connec-
tions resulted in restoration of communication. Thus, the
authors’ conclusion is as follows: effect of connections on sig-
nal form is one of possible unaccounted causes of connection
failures. From a physical point of view, this may mean that
there is redistribution of energy between the OF core and
shell at the connection points. The proposed paper is devoted
to theoretical analysis of this phenomenon.

Taking into consideration ever increasing traffic, it can
be stated that there is a need for development of fundamen-
tally new fiber optic transmission systems. Such systems




are subject to requirements of raised data transfer speed.
At the same time, the problem of accounting for such effects
in transmission lines which previously could be considered
negligibly small is pressing.

2. Literature review and problem statement

Additional information on a possible RS length gives
analysis of various components of dispersion expansion of
the signal as it propagates along the OF [3, 4].

A considerable number of scientific studies are devoted
to studies in the field of signal attenuation at OF connec-
tion points. Specifically, models of signal energy distribu-
tion in detachable [5] and permanent OF connections were
synthesized [6, 7]. However, no consideration of the effect
of signal form change in the points of fiber connection was
provided in these studies. Instead, a considerable atten-
tion is paid to improvement of OF connections in terms of
reducing errors at the receiving side [8]. There are papers
devoted to metrological aspects of study of attenuation oc-
curring in the OF connection points [9, 10]. These studies
also do not take into consideration a phenomenon of signal
form distortion caused by redistribution of signal power in
an OF connection point. An extensive list of references de-
voted to the mentioned issues is given in [5-10]. However,
these studies do not consider the effect of fiber connection
points on the optical signal length and magnitude of intro-
duced dispersion.

Characteristics of attenuation in OF connections are
so well established and connection technology is so well
developed that basic attenuation parameters and geometric
parameters of connections were introduced in recommended
international standards [11].

At the same time, it is important to consider distortion
of the fine signal structure caused by a set of factors [13] for
prospective FOTS where signal multiplex methods are used
[12]. It seems obvious that there is signal energy redistribu-
tion between the fiber core and outer layers in the OF con-
nection points [14]. The fact that rate of signal propagation
in a medium depends on the medium refractive index (more
precisely, on the group refractive index) should be taken into
consideration. Then, it is easy to assume that the connection
points can cause effects of signal distortion similar to dis-
persion [15, 16].

At the same time, published sources [5-10] do not pro-
vide information on the effect of the investigated power re-
distribution processes on form, and, consequently, duration
of the optical signal.

Therefore, studies devoted to theoretical analysis of
the effect of energy redistribution factor in OF connection
points on evolution of the optical signal form should be con-
sidered promising. Specifically, we can speak of an earlier
unexplored form of dispersion in FOTS, that is dispersion in
OF connections.

3. The aim and objectives of the study

The study objective is to study dispersion effects at the
points of connection of optical fibers. This will give an op-
portunity to more accurately calculate increase in duration
of optical pulses in prospective FOTS. In the engineering

way, these studies will clarify methods of calculating lengths
of regeneration sections.

To achieve this objective, the following tasks were set:

— synthesize corresponding mathematical models of sig-
nal transformation in the connection points;

— synthesize analytical models of signal transformation
in a group of connection points;

— obtain approximate quantitative estimates of the effect
of dispersion effects in OF connections on variation of signal
duration at the receiving side;

— develop measurement diagrams for checking the pro-
posed hypotheses.

4. Factors and models of dispersion in optical fiber
connection points

The investigated effects are caused by signal energy re-
distribution between the OF core and shell in the connection
points. In this case, the shell and the core can be considered
in some way as two independent light conductors [17]. The
dispersion effects are caused by difference in the group
refractive indices [18, 19] (hence, also by difference in the
group velocities) in the OF core and shell.

Calculation of values of the group refractive index and
the group velocity depending on material and angular fre-
quency by means of the method given in [20, 21] are shown in
Fig. 1. Analysis of these graphs makes it possible to make the
following approximate calculations. The difference in group
velocities AVy per 1 % of difference in GeO, concentration
is approximately 200 km/s. Assume that the group velocity
AVygr corresponds to the core velocity and GeO, concen-
tration in the shell material is 1 % less than that of the core
material. Then, an approximate estimate of relative advance
of the signal component in the shell along the line length, /,
is obtained:

-t Lt )
V()gr VOgr + AVgr

[-AV,, o
= v & ~5-107s=5 ns. @D

2
0gr

Let us assume that approximately the same amount of
signal energy propagates in the core and the shell and the
photodetector aperture captures both the area of the core
and the area of the shell. Then estimate (1) will result in a
very modest rate of information transmission at a distance
of 100 km: less than 1 Mbps. This value is in no way consis-
tent with typical linear transmission rate, for example, with
STM class equipment [2]: up to 100 Gbps. This is because
coarsened parameter estimates were taken here. In fact, a
relatively small part of signal energy propagates in the shell.
At the same time, one should not neglect the investigated
effects for prospective FOTS.

Among the causes of energy redistribution in the OF
connection points, the following groups are distinguished:
diffusion effects, geometric factors, mounting (structural)
factors.

Diffusion effects [5, 22] manifest themselves as a result
of mixing materials of the OF coating, shell and core. In
what follows, we will limit our consideration to an OF with
a stepped profile (Fig. 2).
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Fig. 1. Dependences on angular frequency and concentration
of doping additives of germanium dioxide GeO, for: group
refractive index (a); group velocity (). Concentrations:
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Position of the graphs depends on GeO, concentration: the
higher the curve, the greater GeO; concentration (a); the
inverse order (b)
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Fig. 2. Profile of the refractive index of the stepped fiber:

Dy<Dy<<D, (diameters of the OF core, shell and coating);

no>ny>>n, (refractive index of material of core, shell and
coating, respectively)

Obviously, diffusion creates a point effect where the OF
acquires character of the gradient fiber (1) at a small length
with a random gradient at that. This group of effects is char-
acteristic for permanent welded joints.

Geometric factors [11] are reduced to a mismatch of
directions of the incoming and outgoing OFs (tangential

and angular shift) as well as the gap between these OFs. In
the first case, there is a discrepancy between the modal spot
from the incoming fiber and the outgoing OF core area. In
the second case, energy output from the core to the shell is
caused not by the absolute spatial coherence of radiation.
These factors are characteristic of both detachable and per-
manent connections.

Mounting (structural) factors [23] bring about addition-
al energy redistribution effects in a case of connecting fibers
of different types (including fibers with different character-
istic diameters).

Abstracted from the causes of energy redistribution, we
shall restrict ourselves to considering the model as an oper-
ator (Fig. 3).

S [
—
Shell, n,
Core, ny
S0
—

Fig. 3. The operator of transformations in the A-th point of
OF connection

It is assumed in the operator diagram shown in Fig. 3
that two independent signals So(¢) and Sy(¢) act at the input
of the k-th connection point, that is the signals in the fiber
core and shell, respectively. Since energy parameters will be
considered further, corresponding notation is taken in Fig. 3:
So(t)=s%(t) is the power distribution function (PDF) in the
time domain of the signal in the OF core; S:’ 11(t):sf(t) is
the signal PDF in the OF shell.

To estimate duration of a signal of arbitrary form at the
receiving side, two characteristics will be used: the effective
pulse duration (EPD) T, with quadratic dimension [24]
and the calculated pulse duration (CPD) T, =6\/E with
linear dimension [12]. The first of these characteristics is
convenient for analytic studies, and the second one deter-
mines a part of the signal duration (possibly theoretically
infinite) which contains no less than 90 % of the signal ener-
gy. Next, define EPD:

T2, =% T (e-1) Sy, E= iS(t)dt,

t= ]:tS(t)dt, 2)

where E is the signal energy, W; S(¢) is the signal PDF, W/s;
t is the position of the signal energy center in the time do-
main, s.

Take into consideration that expressions of EPD (2)
include normalization to the energy of the signal, E. Then,
without loss of generality, one can assume that a signal with
unit energy acts at the input of the k-th connection point:

By =E y+E =[S (dt+[S (de=1.  (3)

Assume also that phenomena of inverse energy scatter at
the connection point and output of the part of signal energy



from the OF shell to the coating, etc. do not affect the model
characteristics as well. They reduce the signal amplitude at
the receiving side but do not affect the signal duration. Then
shares of p and ¢ of redistributed energy in the connection
point can be represented as a probabilistic model:

0<qy, <1, po=1-qy,

0<gq,< 1k, Py =1-4qy 4)

and parameters p and g will be further called by correspond-
ing probabilities of energy transition. The “law of energy
conservation”, Es ;=Fy j.1, obviously follows from expressions
(3) and (4).

PDF transformation is obtained at the output of the £-th
connection point:

{Sk,o =0 'S;A,o + Dy '5;1,1r 5)
St =y Sy + Pro Sicro0

and an additional transformation of delay-advance type is
done at the output of the k-th face-to-face length (that is, at
the input of the k+1-st connection point):

{S;,o(t)z Sk(t)! (6)
51:,1(t) =85, (t—1).

Assume for the last operator that the signal propagates
faster in the shell than in the core. That is, 1,>0 where the
value of advance parameter is determined by formula (1)
depending on the face-to-face length, I, and the difference
of group velocities in the OF shell and core.

Thus, operator equations (5) and (6) define an iterative
model for redistribution of the signal energy between the OF
core and shell. If it is assumed that transition probabilities
at the connection points £—1 and & do not depend on each
other, then the transition model (5) defines a random process
as the Markov chain [25]. From a formal-mathematical point
of view, specificity of the problem to be solved is provided
by the delay-advance operator (6) as well as the necessity of
obtaining the final result in accordance with formulas (2).
In the general case, such a task obviously has no analytical
solution. Let us consider a number of special cases.

5. Synthesis of the simplest dispersion model

To simplify the model (2)—(6), assume the following.
Consider that energy at the OF connection points can pass
from the core to the shell but does not return from the shell
to the core. This assumption is justified to a certain extent
by the fact that the shell diameter and, consequently, the
area of the outgoing modal spot is substantially larger than
the core diameter. Assume also that the face-to-face lengths
of the selected regeneration section are approximately equal
to each other. Consequently, the step of relative advance of
the signal components, 1, can be assumed to be the same
for different face-to-face lengths. In addition, in order to
accelerate the algorithm, assume that a signal with PDF
completely concentrated in the core exists at the input of the
first connection.

Then, a system of operator equations for the k-th face-to-
face length is obtained:

Spo= q'S;A,O’
g+p=1

Spy = q~5;“ +p'51;1,0’

_ . )
$0:=0, S = DS, (E-1).

{So,o =5,(0), {51*,0 =q5,(0),
It follows from expressions (7) that PDF of the total
signal at the output of the second face-to-face length will be:

S;_,z = S;,o + S;A = qZSO(t)+pqSO(t -+ pSy(t-21). (8)

Suppose that the regeneration section consists of N face-
to-face lengths. Then, proceeding from expressions (7) and
(8), it is proved by induction that the signal at the output
of the N-th face-to-face length (that is, at the input of the
photodetector) will have a total PDF:

N
Sen®)=a"Sy(0)+pY,a" S, (e~ k)=
k=1

="S,(O)+ Y. 4" S,[t (N - k)1]. ©)

k=0

Assume for the signal s((¢) at the OF input that its energy
is equal to one, the energy center is at a zero point and its ini-
tial EPD is T, at the moment of the signal input into the OF:

E,= T sa(t)de =T S,()de =1,

ngwummza ﬁ:jﬂ%amn (10)

A formula for the signal energy at the output of the N-th
face-to-face length follows from expressions (9) and (10):

o N-1
E,=q" '[ Sy(t)de+pY q* x
—o k=0

xISJt—UV—knkh:qN+p§§qﬁ a1

There are members of geometric progression in the latter
expression under the summation sign. Then:
1_ N
Ey=q" +P17q=CIN +1-¢" =1,

(12)

that is, the “law of energy conservation” is fulfilled in this
case. To obtain expression for EPD at the output of the N-th
face-to-face length, use the well-known probability-theoret-
ic dependence [25] of the second central moment:

T2 :E-(a)z = T (28, (t)de —[T tSN(t)dt] : (13)

where ¢ is the value of the second initial signal moment at
the output of the N-th face-to-face length, s; ¢, is displace-
ment of the signal energy center with respect to the zero
initial value, s.

Use two table sums for calculations according to formu-
la (13) by the scheme of formula (2) derivation:



Y kg* =(1-q)”-[g+(Ng—N -1)g""], (14)
k=0

N kgt =(1-9)" {q(1+q)-

k=0

gV (N +1)2 —(2N? +2N —1)g+ N*¢*]). (15)

Using formula (9), determine value of parameter ¢, in
formula (13) immediately replacing the variables. Then,
taking into consideration zero position of the signal energy
center at the initial moment of time,

~

N

1 oo
NZq’f [ ¢+ Nt—kr) s, (t)dt =
k= —oo

.
2
k=0

1 . N-1 P
q" = prY kg

k=0

=p
=ptN (16)

Perform similar operations for the initial moment ¢ to
obtain an intermediate expression:

P N-1
th=q"T;+pT} Y. q" +

=0
Nt N-1 N1

+pUN*Y q" =2pU'NY kq' + pt* Y K¢ A7)
=0 =0 =0

Applying summation formulas (14) and (15) to expres-
sions (16) and (17) and neglecting the terms of order of
smallness less than 1, approximate expressions are obtained:

ty =TN(=g"), & = T2 +T*N*(1—g"),

from which the following is obtained finally taking into con-
sideration formula (13):

T: =T} +1’N*q" (1-4"). (18)

As a result, a relatively simple dependence convenient
for analysis is obtained. It includes all parameters of the
modeled regeneration section. In two extreme cases, when
the signal energy completely remains in the core (g=1) or
completely goes into the shell (p=1, g=0), final signal dura-
tion will be equal to its initial duration: T =T;’. This corre-
sponds perfectly to the model of races of group velocities in
the OF core and shell.

To evaluate dispersion effects in the OF connections,
consider a conditional example. Suppose that the regeneration
section length is approximately 200 km and the connection
points are placed at a distance of 2 km from each other. The
number of such points N=100. Assume that probability of
energy exit in the shell is small, for example p~106, that is,
4~0.999999. Take difference of group velocities AV,,~4 km/s
in formula (1). In order to obtain value of CPD, neglect the
initial effective signal duration in formula (18). Then the
increment of its duration will be approximately as follows:

AT, =6-1-N-\Jg"(1—¢"). 19)

Calculations by formula (19) give approximately AT,~
~1.2 ns. Compare the obtained value with typical rated val-
ues of the specific coefficient of dispersion [1]. They have or-
der of 3...20 ps/(nm-km) for different frequencies and differ-
ent OF types. Take some average value of 10 ps/(nm-km) for

calculations. An increment of initial signal duration about
2 ns is obtained at a 200 km distance for a typical narrow-
band transmission channel with a width of about 100 GHz
(this band corresponds to about 1 nm at a carrier frequency
of 200 THZ) [2].

As can be seen, calculations by formula (19) and estima-
tion using rated data of the optical cable give values of the
same order. Of course, in this simplest model, phenomena
such as return of energy from the shell to the core at distanc-
es of face-to-face lengths, difference between attenuation
coefficients in the core and the shell media, etc. were not
taken into consideration. However, even from this simplest
model, it can be seen that the phenomenon of dispersion in
connections, generally speaking, should not be neglected.

6. Estimation of probabilities of energy redistribution in
connections

Real estimates of probabilities of energy transition are
provided by various schemes of direct measurement [5, 9, 22].
For the problems considered in this paper, it is sufficient to
be restricted to approximate estimates. In the simplest case,
we shall proceed from the typical value of signal attenuation
of an order of 0.1 Db in the OF connection point [11]. In
other words, about 1 % of incoming energy dissipates in the
given point.

Let us consider a model of energy transition from the
core to the shell caused by geometric factors: tangential or
angular shift of incoming and outgoing OFs (Fig. 4).

p

Shell, n;

Protective coating, 1,
a b

Fig. 4. Angular OF shift in the connection point:
ingoing fiber (a); outgoing fiber (b)

Assuming that the component of energy that propagates
further in the shell is a small fraction of these losses (of the
order of 10°%), estimates of the CPD increment given in the
preceding paragraph will be more or less adequate.

Let us assume that the signal outgoing from the end of
the ingoing fiber has an absolute spatial coherence; diameter
of the modal spot (parameter Dy, in Fig. 5) is equal to the
core diameter D and the signal energy in the area of the
modal spot is uniformly distributed.

In the model of area mismatch (Fig. 5), portion of the
energy passing from the core to the shell will be proportional
to the area of mismatch, Wy. This “crescent” shaped area can
be calculated as the difference in areas: W;=Wy—4W; where
W is the area of the OF core (with diameter Do=D,,) and
W is the area of the curvilinear trapezoid with characteris-
tic points 0, 1 and 2 in Fig. 5. With notations of Fig. 4 and
Fig. 5, equation of the circle Oy will be y*+(x+d) 2=r* where



radius 7=D,/2. Equation of the arc 1-2 that envelopes area
W, follows from the last expression: y =+/r> —(x+d)*. Then

expression for the sought area will be:

r—d
W, =nr’ =4 [ " = (x+d)'dx. (20)
0

Fig. 5. Mismatch of the modal spot Oy and the area O, of the
outgoing fiber core

Using the table integral from expression (20), the follow-
ing is obtained:

(d+xWN-d*=2dx+71" —=x* + ||,

W,=nr’=2 |
+r-arctan

d+x @2
Jri=(x+d)* 0

When calculating value of the arctan(e) function for the
upper limit in formula (21), uncertainty of division-by-zero
type is obtained. Perform limit transition for the first quad-
rant to obtain arctan(p—o0)—mn/2. Then, the following will
be obtained after addition of similar terms:

W, = 2~[d\/r2 —d*+r° arctan(

_d ) (22)
]7_2 _d2 ]:l

Assume that 7>>d in formula (22), then parameter d in
the radicands can be neglected. In addition, take into con-
sideration that within arctan(¢—0)—¢. Then W;z4dr and
the probability of energy transfer from the core to the shell
in relative terms will be:

4d
p=W,/W,=—.
nr

(23)

Make estimate of the shift parameter, d, based on the
values of typical angular displacements [12] of the order of
a°=1° (or o=n/180 in the radial measure). Since sin(a)=o at
small angles, simplified expression for the transition proba-
bility is obtained in the form: p=2nho®/180nr where % is the
distance between incoming and outgoing OF ends (Fig. 4).
Assuming that the distance # is approximately equal to the
radius 7 of the OF core and a°~1°, estimate of the probability
value p=0.01 is obtained.

The obtained estimate far exceeds the previously made
presumption that the fraction of dissipated energy passing
from the OF core to the shell is of the order of 104, In der-
ivation of formula (23), it was assumed that distribution
of energy in a modal spot has an approximately uniform

nature. The known models of approximation of energy dis-
tribution [5, 22] give the Gaussian distribution function (a
two-dimensional normal distribution). Then some portion
of the value given by formula (23) will be concentrated in
W, area. Depending on the coefficient of distribution excess
(pointedness) [26], this portion can be of an order of 1 % to
0.1 %. Then the probability value p=104+105 which is quite
consistent with the estimates given above.

7. Numerical experiment: modeling the dispersion effect
in connections

Coefficient 9=¢V(1—¢") is used in formula (18) to incre-
ment the EPD depending on the number of connections, N,
and the probability of energy redistribution in the connec-
tion point g=1—p. Let us consider graphs of dependence of
the 9 function on the number of connections, N (Fig. 6).

Analysis of these graphs shows that for any value of N,
there are clearly expressed maxima corresponding to the
“worst” version of energy redistribution between the OF
core and shell. At N=1000, peak value corresponds to the
probability p=10-316. At N=100, maximum was obtained
for the value p=10216 and at the value N=10, p=10"117,
respectively.

0,25

Function $

5 45 4 35 3 25 -2 -15 -1 05 0
lg(»)

Fig. 6. Graphs of the function 9=g"(1-9) for different values
of the number of connections M at A=1000 (1);
at =100 (2); at N=10 (3)

The formulas for the effective pulse duration (18) and
the increment of CPD (19) were obtained with some sim-
plifications. Direct numerical modeling of the operator (7)
requires explicit specification of the initial form of optical
signals and model parameters.

To visualize effects of dispersion in the OF connections,
assume that relative signal advance in the shell relative to
the core is of the order of t=10 ps/km. In this case, accord-
ing to formula (1), a rather underestimated difference of
the group velocities in the OF core and shell of the order of
AVy=~0.4 km/s is obtained. However, a task of qualitative
analysis of the phenomenon is set in this case. Suppose that
the line at the regeneration section is 200 km long and the
points of connection of the optical fibers are distributed
evenly along this length in 2 km increments. In order to vi-
sualize the effect of dispersion in connections, probability of
energy transition from the OF core to the shell must also be
significantly overestimated.

Choose a rectangular pulse of a 200 ps width as a test
signal. In this case, the calculated pulse duration will be ap-
proximately 346.4 ps (Fig. 7). The parameter CPD does not
coincide with the finite signal length. At the same time, this



parameter allows one to compare signals of various forms
including theoretically infinite “tails”.

To visualize the effect of dispersion in connections of
optical fibers, a significant magnitude of probability of en-
ergy transition p=0.1 was taken in calculations according
to Fig. 7.
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Fig. 7. Dispersion effect on the OF connections for
a rectangular pulse: initial form of the PDF signal (1);
the PDF signal form at a distance of 200 km (2)

As can be seen from the graphs of Fig. 7, the signal energy
center at the OF output is significantly shifted towards the
advance of the center of the initial signal in the OF core.
At the same time, energy center of the signal (16) shifts to
a point of ¢, =1,819.5 ps and the CPD (19) is 1189.7 ps. In
other words, duration of the signal in the final phase increas-
es approximately threefold in comparison with its initial
duration.

As an alternative, consider evolution of a signal with
a power distribution function in a form of Gaussian pulse
with the same unit energy and with the same initial CPD
value (Fig. 8). At the same time, ¢, =1,709.8 ps and the
calculated pulse duration in the final phase is 1,189.4 ps.
An interim conclusion can be drawn: the CPD of the
rectangular pulse and the CPD of the Gaussian pulse at
the output of the optical fiber are approximately equal in
this case.

Similar results are obtained for a number of probability
values p (Fig. 9).

Additional calculations give estimates of displacement
of the signal energy center and its CPD finite value for the
cases presented in Fig. 9 and Table 1.

Data in Table 1 confirm regularity of presence of a
pronounced maximum of the function in Fig. 6. Maximum
CPD value takes place at probability p=102. In calculations
according to Fig. 6, a close maximum was obtained at N=100
for the value p=107216 which confirms correctness of approx-
imations calculated by formulas (18) and (19).
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Fig. 9. Dependence of PDF at the final phase of signal
propagation for the values of parameter p=0.1; 0.05; 0.25:
for a rectangular pulse (a); for the Gaussian pulse (b)

Table 1

Values of parameters of optical signal distortion at a
distance of 200 km from the input point

Rectangular pulse Gaussian pulse 5 CPD,
P tyPs | CPD,ps | fy.ps | CPD,ps | %
107! 1,819.5 1,189.7 1,790.7 1,189.4 0.03
10-15 1,411.7 | 3,2369 | 1,189.9 | 3,219.4 0.54
102 744.2 4,345.8 733.3 4,327.6 0.42
10725 280.0 3,376.6 284.1 3,350.0 0.79
1073 97.2 2,128.5 96.3 2,114.9 0.64
10735 31.1 1,260.0 31.1 1,261.6 0.07
1074 9.6 776.1 9.9 771.3 0.62
10-4° 2.7 523.0 3.1 520.2 0.54
10°° 0.5 410.7 1.0 408.9 0.44

The most important conclusion for data in Table 1 consists
in the fact that relative difference between the CPD (right
column of the Table 1) of pulses of a substantially different
form but having approximately the same initial duration turns
out to be almost the same at the receiving side. In fact, relative
difference in no case exceeds 1 %. Additional calculations for
pulses of other forms confirm this conclusion.
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The above results of numerical modeling in the
Scilab environment [27] were obtained for a case
rather symbolic from the practical point of view when
face-to-face lengths are assumed to be equal along
the entire cable line. In fact, the face-to-face lengths
in large settlements are usually smaller than those
outside settlements. This situation is caused by both
complexity of laying cables in the cable ductwork and
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Fig. 8. The effect of dispersion in OF connections for a Gaussian
pulse: the initial form of the PDF signal (1); the PDF signal form at a

distance of 200 km (2)
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commercial projects of operators. Indeed, intermedi-
ate branch boxes are used as passive switching points
to provide traffic to intermediate nodes, corporate
clients, etc.

Numerical modeling makes it possible to estab-
lish relationship between the plans of distribution



of face-to-face lengths and the CPD of optical signals at
the receiving side. Let us consider two alternative (and
model) cases of planning distribution of face-to-face
lengths in a regeneration section (Fig. 10). In the first
case, it is assumed that the first face-to-face length is 500 m,
the second length is approximately 500+30.3 m, the third
length is 500+60.6 m, and so on, with an increment of
subsequent lengths of approximately 30.3 m. The last
face-to-face length is approximately 3.5 km. In the sec-
ond case, the plan of distribution of face-to-face lengths
is constructed in a reverse order: the first face-to-face
length is approximately 3.5 km and then the face-to-face
lengths are reduced by about 30.3 m. In both cases, total
number of face-to-face lengths is 100 and the total length
of the regeneration line is 200 km as in the preceding
calculations.
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Total RS line length, km

0 i : i : ;
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Face-to-face length number

Fig. 10. Plans of distribution of face-to-face lengths of
the RS line

The results of modeling the operator (7) for the Gaussian
pulse with the previously defined parameters and probability
p=10"2 for two plans of distribution of face-to-face lengths
from Fig. 10 are given in Fig. 11. As is seen, the two graphs
obtained were virtually indistinguishable visually. Calcu-
lated CPD values in this case turned out to be as follows:
4,343.1 ps for the first plan and 4,354.7 ps for the second
plan. These values differ slightly and approximately corre-
spond to the CPD value of 4,327.6 ps for a uniform distribu-
tion of face-to-face lengths (Table 1).

0,003
0,0025
0,002 |
0,0015 -
0,001
0,0005-
0

Function S(z), W/s

500 1000 1500 2000

Time t, s

0

Fig. 11. Evolution of the Gaussian pulse at a distance of
200 km at p=102 for the plans of distribution of face-to-face
lengths from Fig. 10

This result as well as a number of additional calculations
have allowed us to make somewhat unexpected but very
useful conclusion: effect of dispersion in OF connections is
weakly dependent on distribution of face-to-face lengths
along the regeneration section line.

8. A metrology diagram for checking results of theoretical
studies

The conclusions made concerning independence of the
studied effect from the initial form of the optical signal and
the plan of distribution of face-to-face lengths have allowed
us to propose a metrology diagram for conducting field ex-
periments in laboratory conditions (Fig. 12).
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Fig. 12. The diagram of measurements for studying
the effect of dispersion in optical fiber connections:
generator (source) of an optical signal (1); optical
patchcords (2); a set of models of “face-to-face lengths” (3);
coils with an optical fiber cable (4); dispersion meter (5)

To detect weakly expressed effects of dispersion on con-
nections, laboratory equipment shown in Fig. 12 must meet
certain requirements. The generator 1 must form an optical
signal with a carrier frequency corresponding to the near-zero
dispersion point for the selected OF type. Bandwidth of emis-
sion has to be negligible: about 100 GHz (or about 0.5-1 nm
in different frequency bands). These parameter values will
minimize influence on the results of experiments with other
dispersion components (material, waveguide, polarization).
The patchcords 2 are selected from a batch according to the
minimum attenuation criterion. Geometric effects which
introduce an additional dispersion component are minimized.

The node 3 of the model of face-to-face lengths is fun-
damental. This node is a set of OF segments with welding
points. The first line is just an OF segment of a length of the
order of 10 m. The second line has two equal OF segments
of 10 meters long each with one weld connection between
them, etc. Thus, the last line has N+1 connected segments of
a length of 10 m each with N welding points between them.
Each of these lines ends with pigtails with sockets coordi-
nated with the sockets of patchcords 2. In this case, length
of these lines varies from 10 m (first line) to about 1 km (that
is the last line if N=100 is laid).

For modeling the total length of the regeneration line
(about 100—300 km), standard coils 4 with optical fiber are
used. For example, standard Corning coils contain 63 km of
optical fiber of SMF-28e+ type [28]. Thus, to complete the
study, it is enough to connect 2-5 coils.

The dispersion meter 5 should be capable of implement-
ing a direct measurement method, that is, dispersion mea-
surement by comparing duration of the input and output
optical signals.

9. Discussion of results of modeling the dispersion effect
at connections

The analytical and numerical studies performed allow us
to make the main conclusion: the detachable and permanent
OF connections make an additional contribution to increase
of duration of the optical signal at the receiving side. This
effect is caused by energy redistribution between the OF
core and shell in the connection points and the difference in
group velocities in respective media.



This effect with a large number of connections is com-
parable in its contribution to the studied effects of material,
polarization and other dispersion components.

The proposed diagram of the laboratory setup makes it
possible to conduct field studies of the proposed effects in a
laboratory due to its compactness.

The performed calculations and informal analysis allow
us to give fairly simple and partly obvious recommendations
for reducing the dispersion effect in connections when de-
signing and installing optical lines. Naturally, the number
of connections should be minimized as much as possible.
Welding machines should provide thermal conditions that
eliminate diffusion of the OF core and shell materials. In this
case, only the surface layers (coating and partially shell ma-
terial) are subjected to welding proper. To reduce geometric
effects, high demands should be made to the fiber staplers
and connectors of the optical patchcords. Pigtails should be
completed with collecting lenses.

A certain disadvantage of this study consists in the
absence of direct experiment results to verify the advanced
scientific hypothesis. In the case of its metrological confir-

mation, it is advisable to make appropriate corrections to
the methods of calculation of the regenerated section length.

10. Conclusions

1. The synthesized mathematical models in the form of a
probabilistic scheme have made it possible to carry out anal-
ysis of the phenomenon of the signal energy redistribution
between the OF core and shell.

2. Analysis of the synthesized transformation models in
a group of connection points has made it possible to draw
an important conclusion about the absence of a significant
effect of the plan of distribution of face-to-face lengths on
duration of the signal at the receiving side. This conclusion
has enabled us to propose a metrological diagram for testing
the advanced hypotheses in laboratory conditions.

3. Based on an analysis of analytical models and a nu-
merical experiment, quantitative estimates suggest that the
dispersion effects in the OF connections can be comparable
with chromatic dispersion in a number of cases.

References

1. Volokonno-opticheskie kabeli. Teoreticheskie osnovy, konstruirovanie i raschet, tekhnologiya proizvodstva i ekspluataciya: mono-
grafiya / Torgachev D. V., Bondarenko O. V., Dashchenko A. E, Usov A. V. Odessa, 2000. 536 p.

2. Makarov T. V. Kogerentnye volokonno-opticheskie sistemy peredachi: ucheb. Odessa: ONAS im. A. S. Popova, 2009. 220 p.

3. Agraval G. Nelineynaya volokonnaya optika. Moscow: Mir, 1996. 323 p.

4. Gauer Dzh. Opticheskie sistemy svyazi. Moscow: Radio i svyaz’, 1989. 504 p.

5. Ratuszek M., Ratuszek M. J., Hejna J. The study of thermal connecting of telecommunication optical fibers (SiOy: GeO,) and
EDF (SiOy: AlyO3, Er) fibers // Bulletin of the Polish Academy of Sciences: Technical Sciences. 2013. Vol. 61, Issue 1. P. 279-286.
doi: https://doi.org/10.2478 /bpasts-2013-0026

6. Tomita S. Development and Future of Optical Fiber Related Technologies // TEICE Transactions on Communications. 2017.
Vol. E100.B, Issue 9. P. 1688—1695. doi: https://doi.org/10.1587 /transcom.2016pfi0003

7. Single-mode fiber refractive index sensor with large lateral offset fusion splicing between two abrupt tapers / Zhang Q., Zhou J.,
Chen J., Tan X. // Optical Engineering. 2012. Vol. 51, Issue 9. P. 090502-1-090502-3. doi: https://doi.org/10.1117/1.0e.51.9.090502

8. Hu Q. Li C. The New Tapered Fiber Connector and the Test of Its Error Rate and Coupling Characteristics // International Journal
of Optics. 2017. Vol. 2017. P. 1-7. doi: https://doi.org/10.1155,2017 /2742709

9. Simultaneous Strain and Temperature Sensor Based on a Fiber Mach-Zehnder Interferometer Coated with Pt by Iron Sputtering
Technology / Dong X., Du H., Sun X., Duan J. // Materials. 2018. Vol. 11, Issue 9. P. 1535. doi: https://doi.org/10.3390/ma11091535

10. Simultaneous measurement of one dimensional bending and temperature based on Mach-Zehnder interferometer / Yu Y., Zhang Y.,
Ou Z., Chen X., Huang Q., Ruan S. // Photonic Sensors. 2015. Vol. 5, Issue 4. P. 376—384. doi: https://doi.org/10.1007 /s13320-
015-0264-x

11. ITU-T Recommendation L. 12. Optical fibre splices. ITU-T Study Group 6, 2008. 15 p.

12.  Odegov N. A. Basics theory of approximation optical signals by gaussian pulses // Herald of Khmelnytskyi national university. 2018.
Issue 5. P. 42-72.

13. Yasser H. A., Shnan N. S. Pulse Propagation in Presence of Polarization Mode Dispersion and Chromatic Dispersion in Single Mode
Fibers // International Journal of Optics. 2013. P. 1-7. doi: https://doi.org/10.1155/2013 /345154

14.  Magnetic Field Sensing Based on Magnetic-Fluid-Clad Multimode-Singlemode-Multimode Fiber Structures / Tang J., Pu S., Dong S.,
Luo L. // Sensors. 2014. Vol. 14, Issue 10. P. 19086—-19094. doi: https://doi.org/10.3390,/s141019086

15. A Core-Offset Mach Zehnder Interferometer Based on A Non-Zero Dispersion-Shifted Fiber and Its Torsion Sensing Application /
Huerta-Mascotte E., Sierra-Hernandez J., Mata-Chavez R., Jauregui-Vazquez D., Castillo-Guzman A., Estudillo-Ayala J. et. al. //
Sensors. 2016. Vol. 16, Issue 6. P. 856. doi: https://doi.org/10.3390/s16060856

16. Refractive index and temperature-sensing characteristics of a cladding-etched thin core fiber interferometer / Wang W., Dong X.,
Chu D, Hu Y, Sun X, Duan J.-A. // AIP Advances. 2018. Vol. 8, Issue 5. P. 055104. doi: https://doi.org/10.1063/1.5021409

17.

Addanki S., Amiri I. S., Yupapin P. Review of optical fibers-introduction and applications in fiber lasers // Results in Physics. 2018.
Vol. 10. P. 743-750. doi: https://doi.org/10.1016//j.rinp.2018.07.028



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Dispersion Compensating Fibers with Improved Splicing Performance / Cao B., Yu H., Wu Y., Zhang L. // Physics Procedia. 2013.
Vol. 48. P. 96-101. doi: https://doi.org/10.1016 /j.phpro.2013.07.016

Hooda B., Rastogi V. Segmented-core single mode optical fiber with ultra-large-effective-area, low dispersion slope and flattened
dispersion for DWDM optical communication systems // Progress In Electromagnetics Research B. 2013. Vol. 51. P. 157-175.
doi: https://doi.org/10.2528 /pierb13032206

Method of synthesis of models of dependent dispersion characteristics of frequency and composition of optical fiber / Odegov N. A,
Grushenko A. A., Kostyuk V. V,, Reznik R. S. // Proceedings of the O.S. Popov ONAT. 2018. Issue 1. P. 68—76. doi: https://
doi.org/10.33243,/2518-7139-2018-1-1-68-76

Odegov N. A, Staren’kyy I. V., Kostjuk V. V. Formation the piecosecond optical pulses of the assigned structure using precision lines
of delay // Proceedings of the O.S. Popov ONAT. 2018. Issue 1. P. 34—43. doi: https://doi.org/10.33243,/2518-7139-2018-1-1-34-43
Ratuszek M., Zakrzewski Z., Majewski J. Reflectometric measurements of thermally expanded core area // Bulletin of the Polish
Academy of Sciences: Technical Sciences. 2010. Vol. 58, Issue 4. P. 513—517. doi: https://doi.org/10.2478 /v10175-010-0051-1
Duke D., Mansperger D. Understanding how the appearance of optical fiber splices relates to splice quality // 2017 BICSI Fall
Conference & Exibition. 2017. URL: https://www.bicsi.org/docs/default-source/conference-presentations/2017-fall /understand-
ing-how-the-appearance.pdf?sfvrsn=db47dalf 2

Varakin L. E. Teoriya slozhnyh signalov. Moscow: Sovetskoe radio, 1970. 376 p.

Shiryaev A. N. Veroyatnost’. Moscow: Nauka, 1980. 576 p.

Ventcel” E. S. Teoriya veroyatnostey: ucheb. Moscow: Vysshaya shkola, 1999. 575 p.

Scilab. Open source software for numerical computation. URL: https://www.scilab.org/

Opticheskoe volokno Corning SMF-28e+. Opisanie izdeliya. URL: https://www.corning.com/media/worldwide/coc/documents/
Fiber/P11463 7-14rus.pdf



