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INTERFERENCIA MODOV V OPTICKYCH VLAKNACH

INTERMODAL INTERFERENCE IN OPTICAL FIBRES

V clanku sii popisané vysledky teroetickej analyzy a merani inter-
ferencie modov v malomodovych optickych vidknach. Je ukdzane, Ze
interferencia modov je citlivy parameter zavisiaci od profilu indexu
lomu a geometrickych viastnosti optického vldkna. Porovnanie teore-
tickych a experimentdlnych hodnot interferencie modov ukazuje, Ze
meranie interferencie by mohlo byt pouZité na zistovanie miery kores-
pondencie profilu indexu lomu vysetrovaného vlakna a idedlneho
step-indexového vidkna.

Uvod

Monochromaticku elektromagnetickil vinu Siriacu sa optic-
kym vlnovodom (vlaknom) je mozné popisat linedrnou kombina-
ciou istych ,vlastnych® funkcii (alebo ,modov®). Parametre Sirenia
sa tychto modov (rychlost Sirenia sa, koeficient absorpcie, oblast
frekvencii pre ktoré jednotlivé mody existuji) su vo vSeobecnosti
odlisné. V dosledku toho zmena fazy signalu vyvolana prechodom
vlny cez vybrany tsek vinovodu zavisi nie len od toho, akym dlhym
usekom vlna presla a aka je jej frekvencia, ale i od toho, ktorym
modom bol signal prenasany. V pripade, Ze na prenose signalu sa
podielalo viacero modov, dojde na konci vlakna k vytvoreniu
optického stavu zlozeného z odlisnych modalnych funkcii s odlis-
nymi fazami.

Pri zvazeni rozdielnosti faz jednotlivych modalnych funkcii
signal vytvoreny kvadratickym detektorom na konci vinovodu dizky
[ mozeme vyjadrit nasledovne:

s= [ ety X unCenn X e - ddy (1)

kde c(x, y) je citlivost detektora, i(x,y,¢) s funkcie popisujuce
jednotlivé mody a rovnaju sa ¢;o(x.y) . exp (j(wt — B;2)), kde ¥,
st modalne funkcie, 3; su fazové konstanty jednotlivych modov,
x ay su suradnice kolmo na os vinovodu, z je suradnica v osi vino-
vodu, S je plocha, na ktorej su modalne funkcie s, odliSné od
nuly a ,,** oznacuje komplexne zdruzenu funkciu. Roznasobenim
naznaCenych suctov a za predpokladu, ze k detekcii bol pouzity
detektor s citlivostou rovnou ¢, na celej ploche S, dostaneme po
jednoduchych tpravach:

In this paper the results of a theoretical analysis and practical
investigation of mode interference in single mode optical fibres are
described. It is shown that inter-modal interference is a sensitive
parameter depending on the quality of an index profile or geometrical
parameters of optical fibre. The comparison of experimental and
theoretical values of mode interference indicates that the measurement
of interference could be used for testing how the real refractive index
profile of investigated fibre corresponds with the refractive index profile
assumed at the calculation (step-index profile).

Introduction

The monochrome electromagnetic wave propagating through
the optic fibre can be described as a linear combination of eigen-
functions (modes) which are determined by the parameters of the
fibres. The propagation parameters of such modes (propagation
velocity, absorption coefficient, frequency band for which the
mode exists) are in general different. So the change of the signal
phase due to its passing through the fibre depends not only on the
frequency of the signal and the length of the optic fibre, but also
on the properties of the actual mode propagating through the
fibre. If more than one mode propagates, the optical stage at the
end of the fibre is a superposition of values with different phases.

Taking into account the different phase constants of the modes,
we can express the output of the quadratic detector located at the
end of the fibre of length / as follows:

= || et X e+ X wrren) - ddy ()

where c(x,y) is the detector sensitivity, ,(x,y,7) are the functions
describing the propagating modes and are equal to s, o(x.y) . exp
(j(wt — B;z)), where s,  are the modal functions, 3, are the phase
constants of particular modes, x and y are the coordinates per-
pendicular to the direction of the propagation, z is the coordinate
in the direction of propagation, S is an area in which the modal
functions are nonzero and “*“ denotes complex conjugation.
Assuming the constant sensitivity of detector ¢, on whole area
S after some manipulation we get:

S=c¢- fs Z b0 () = Pio(xy) - dxdy + ¢ - fs ; b0 () = Yo (%) - exp((B; — By)) - dxdy 2
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Prvy Clen pravej strany rovnice (2) predstavuje signal vytvo-
reny suctom intenzit prenesenych jednotlivymi modmi, nezavisi od
dizky vinovodu a iba slabo zavisi od vinovej dizky svetla (od A
zavisi iba v dosledku zavislosti modalnych funkcii od vinovej dizky).

Druhy ¢len pravej strany rovnice (2) predstavuje ,interferenény
Clen. Ako je z jeho tvaru uvedeného v rovnici (2) vidiet, jeho
hodnota je rovna nule, pretoze

js Pio(xy) - io(xy) - dxdy =0 (3)

pre i#k (pretoze modalne funkcie su ortogonalne).

V pripade, Ze citlivost detektora nie je v celej oblasti S rovnaka,
interferencny Clen sa nemusi rovnat nule. Jeho hodnota bude zavi-
siet od stupna a typu jeho symetrie a charakteru prislusnej dvojice
interferujicich modov 5, a ;o a ked' fazové konStanty interfe-
rujucich modov nie su rovnaké, relativne prudko bude zavisiet od
dizky vlakna a od vlnovej dizky svetla, ktoré vlaknom prechadza.
Rovnaky vysledok by sme dosiahli, keby sa ortogonalita modov
narusila zaradenim vhodného priestorového filtra. Ako takyto
filter sa moze pouzit tienidlo s malou dierkou (pinhole) [1], vhodne
umiestnené medzi vySetrované vlakno a detektor, alebo dalSie
optické vlakno, ktorym sa
signal z konca vySetrovaného
vlakna privedie na povrch

—
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The first term on the right side of (2) represents the sum of
particular mode intensities and does not depend on the length of
waveguide and only weakly depends on the wavelength (the
dependence is only because of the dependence of the modal
functions on wavelength).

Second term on the right side of (2) is the interference term.
It is clear that its value is zero, because

js o (xy) - Yo (xy) - dxdy = 0 A3)

for i#k (the modal functions are orthogonal).

In the case of non-uniform sensitivity of the detector the
interference term can have non-zero value. The value will then
depend on the symmetry of the interfering modes t;;, and s, ,.
When the phase constants (propagation velocity) of interfering
modes are different, then the value will depend also on the length
of the fibre and on the wavelength. For the detector with uniform
sensitivity the same result can be achieved when the orthogonality
of the modes is disturbed using a spatial filter which influences
the spatial distribution the of the optical field amplitude.
A pinhole located between the fibre and detector can be used as
such a filter. A piece of another
fibre transporting the signal from
the end of the investigated fibre to
the detector can be used for this

detektora [2]. Nestiosovym
ulozenim takéhoto priestoro-
vého filtra sa narusi ortogona-
lita symetrickych a antisyme-
trickych modov (takéto uspo-
riadanie je vhodné pri vySe-
trovani interferencie modov

' to detector

purpose too [2].

Non axisymmetrical location
of such a spatial filter will disturb
the orthogonality of symmetric and
anti- symmetric modes (such confi-
guration is useful when studying

: to detector

LPy, a LP;)). UloZenim filtra
suosovo, ale vo vicsej vzdiale-
nosti od konca vySetrovaného
vlakna sa narusi ortogonalita

)=
=S
b)_}:

the interference of LP,, and LP;
modes). When locating the spatial
filter axisymmetrically, but further
from the end of the fiber under

I

.

»
»

symetrickych modov (usporia-
danie vhodné napriklad pri vy-
Setrovani interferencie modov
LPy, a LP,), ako to ilustruju
schémy uvedené na obr. 1.

Urcenie fazovych konstant

Fazovu konsStantu modu pre vlakno so skokovym profilom
indexu lomu mozno podla [3] vyjadrit:
1

U(y) B

:B = k|:n30 - 2 (nzo - ngl)

V

kde U* =7 (n?, k* =B, V? = k* r* (n2, — n?) je normovana
frekvencia, k = 277/ A je konStanta Sirenia sa svetelnej viny vo vakuu,
n,, je index lomu jadra, n,, je index lomu plasta a r je polomer jadra.
Funkéna zavislost U(V ) sa ziska rieSenim charakteristickej
rovnice pre step-indexové vlakno. V pribliZeni slabovodivého vlakna

(n,, = n,) pre step-indexové vlakno ma tato charakteristickd rovnica
[4] tvar:

4

d

Obr. 1 Schéma usporiadania pre vySetrovanie interferencie
a) symetrického a asymetrického; b) dvoch symetrickych modov
Fig. 1 The set-up of investigation of intermodal interference of

a) symmetric and astisymmetric; b) two symmetric modes

study, the orthogonality of symmet-
ric modes is disturbed (such confi-
guration is useful for studying the
interference of modes LP, and
LP,,), as can be seen in Fig. 1.

Mode phase constant determination

The mode phase constant for step-index optic fibre can be

expressed [3]:
U(v) 3
= k| n?, — —n?

B |: co V2 cl)
where U? =% (n, kK* =B, V2 =1Kk* r* (n},—n?) is the
normalised frequency, n,,, n,, are the refractive indices of the core
and the cladding respectively, r is the core radius and k = 27/A is
free-space propagation constant.

Function U(FV) can be obtained by solving a characteristic
equation for the optic fibre. In a weakly-guided approximation
(n,, = n) for step-index fibre it has the form [4]:

(4)

2
(nm
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p i@ Ky () )
In(U) K,(W)

kde m = 0,1,2,..., J,, je Besselova funkcia 1. druhu, K,, je modifi-
kovana Besselova funkcia 2. druhu, kde W? = /(8> — nf, k%),
v =U+ W

Ako vyplyva z rovnice (2), hodnota integralu popisujiceho
interferencny ¢len dominantne zavisi od rozdielu fazovych kon-
Stant jednotlivych modov Aﬁpq()\) = B,(A) — B,(A), kde p, q st
rady modov (LP,, je mod 1. radu, LP;; 2. radu atd’) a dlzky
vlakna, na ktorej dochadza k interferencii. Rozdiel fazovych kon-
§tant AB,;,(A) pre mody LP,,, LP,; a AB,(A) pre mody LP,,
LPy,, vyplyvajice z rovnic (4) a (5) pre rozdielne parametre
vlakien, je znazorneny na obr. 2. Z tohto obrazku vidiet, ze rozdiel
fazovych konstant nadobuda extrém pre vlnové dizky Ay Ako
vyplyva z rovnice (4), hodnota A, pre step-indexové vlakna zavisi
len od parametrov 7, n,,, n, prislusného vlakna.

Jm+1(U) =W Km+l(W)
In(U) K, (W)
where m = 0,1,2,..., J,, is Bessel function of the first kind, K,,, is
modified Bessel function of the second kind, W?* = (8> — n

), vV =U+ W

U )

According to (2), the value of the interference term depends
dominantly on the difference of the phase constants of particular
modes Aﬁpq()\) = B,(A) = B,(A), (p, q are orders of the modes:
1 for LP,, 2 for LP,;, and so on) and on the length of the fibre.
The phase constant differences AB,(A) and AB,(A) following
from a numerical solution of (4) and (5) for LPy,, LP;, modes
and LP,;, LP,, modes respectively for different fibre parameters
can be seen in Fig. 2. From this figure it is clear that there is an
extreme value for wavelength A, . It can be seen from (4) that this
value depends only on the parameters of the fibre (7, n,,, n,).

-1
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Obr. 2 Zdvislost rozdielu fizovych konstdant modov a) LPy, a LP,;; b) LP,, a LP,, od vinovej dizky
Fig. 2 Wavelength dependence of the phase constant difference for a) LP,; a LP;; b) LPy; a LP,, modes
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Obr. 3 Zavislost interferencného clena od vinovej dizky pri interferencii modov a) LP,, a LP,; b) LPy; a LP,,
Fig. 3 Wavelength dependence of the interference term when interfering a) LPy; a LP,; b) LPy; a LP,,

Existencia extrému zavislosti Aqu(/\) sa prejavi i extrémom
zavislosti rozdielu fazy od vinovej dlzky, takze A,, sa da chapat
i ako interferen¢ny stred (obr. 3).

Pre step-indexové vlakno v priblizeni slabovodivého vlakna je
mozné rozdiel fazovych konstant vyjadrit ako sucin dvoch funkcii.
Prva z tychto funkcii zavisi len od parametrov vlakna r, n,, n,

The existence of an extreme of ABM(/\) causes the existence
of the extremal value of the phase difference as a function of
wavelength so A, can be taken as a centre of the interference
(Fig. 3.).

In the weakly-guided approximation the phase constant
difference can be expressed as a product of two functions. The
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a druha funkcia zavisi iba od normovanej frekvencie V. Tak dosta-
neme:
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first one depends only on the fibre parameters (r, n,, n,) the
second one only on the normalised frequency (V):

2
2r Neo

_ % 2 _ 2
Ap = |:n nd} G =GO e i ©

kde p, q st rady modov.

Na obr. 3. je znazornena zavislost f,,(V) pre mody LPy,, LPy;
a LPy,, LPy,. Ako vidiet z tohto obrazku, prva funkcia nadobuda
extrém pre hodnotu V' = 3,029 [5] a druha pre hodnotu V=
4,448. Ak uvazime, Ze tieto extrémy zodpovedaju interferenénym
stredom prislichajucich danej dvojici modov, pomocou normova-
nej frekvencie pre hodnoty A, dostavame:

27r

1

Mz =5 g9 e = n2) preLPy aLPy ™
2ar s

1= Jagg (o~ Ma)” preLPor aLPo (8)

Porovnanim rovnic (7) a (8) dostaneme stvis medzi interfe-
renénymi stredmi modov LPy;, LP,; a LP,, LP,:
Ao = 1,458 )

Mg

Ako sme uz uviedli v prvom odseku, aby sme mohli pozoro-
vat interferenciu modov, je nutné porusit ortogonalitu jednotli-
vych modov. Da sa to urobit viacerymi sposobmi [1, 3, 6]. Pri
naSich meraniach optické pole vySetrovaného vlakna snimame
dalS§im optickym vlaknom (detekénym), ktoré je pri vySetrovani
interferencie modov LP,, a LP,, osovo posunuté tak, ako ukazuje
obr. la. Pri vySetrovani interferencie modov LP,,; a LP, je uloZené
suosovo, ale vzdialené tak, ako je zakreslené na obr. 1b.

Vysledky experimentu

Interferenciu modov optickych vlakien sme experimentalne
vysSetrovali v usporiadani uvedenom v praci [3].

Vysledky ziskané pri vysetro-
vani 1nte,rferenc1e'prvyc'h dvoch Fu(P)
modov su uvedené v pracach [2,

where p, q are the orders of modes.

In Fig. 3. the function f,,(V) for LPy,, LPy; and LPy; ,LP,
modes are presented. From this picture it can be seen, that the
extremal values for the first and second function are V' = 3,029
[5] and V = 4,448 respectively. If we assume the correspondence
of these extremal values with the interference centre of the cor-
responding modes, we obtain:

2ar .

Ap = 3029 (n,, — ny)* for LPy and LP; @)
2ar 243

4= 4448 (ng, — ng)*  for LPy; and LP, (8)

Comparing the equations (7) and (8) we obtain the relation
of the interference centres LP,;, LP; and LP;, LP,:

Ap = 1.458 )

Aig

As it has been mentioned it is necessary to disturb the ortho-
gonality of the modes so that we observe the modes interference.
It can be done in different ways [1, 3, 6]. In our measurement
other fibre (detecting fibre) scans the optic field of the fibre under
study. When studying the LP,, and LP,, interference, the detect-
ing fibre is located non-axisymmetrically (Fig. 1a) and when
studying the interference of LPy; and LP,, modes, the detecting
fibre is located as Fig.1b shows.

Results of the experiment

The interference of the fibres was investigated at the
experimental set up described in [3].

The results obtained when

Fua(P) the first two modes were interfer-

ing are published in [2, 3]. It

3], v ktorych bolo na zaklade 1.5
nameranych priebehov pouka-
zané na moZnost ich pouZitia
pre uréovanie homogenity optic-
kych vlakien.

Vysledky ziskané pri vySetro-
vani interferencie vy$Sich modov
prezentujeme v tejto praci. Ide 12
o vysledky ziskané pri vySetrova-

was noted there that the inter-
modal interference could be
used for investigation of homo-
genity of optic fibres. The infor-
mation obtained during investi-
gation of the interference of
higher modes is illustrated by
29 the results measured when inves-
tigating the interference of modes

LPy; - LPy, 3.2

3.1

LPo; - LPy

ni interferencie dvojice modov
LPya LPy, na telekomunikac-
nych step-indexovych vlaknach
firmy Pirelli a ich porovnanie
s interferenciou modov LP,
a LP,,. Merania sme uskutocni-

23 3 35

Obr. 4 K urceniu extrému AR pre dvojicu modov
LPy, - LP;; a dvojicu LP,, - LP,,
Fig. 4 On determination of extreme value of AB for modes
LP,, - LP,, and LP,; - LP,, respectively

LPg, and LP, on telecommuni-
cation step-index fibres of the
firm Pirelli are presented in this
paper together with their com-
parison with interference of
LPg,, LP,,. The measures were

s 5 55y
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li na 6smich vlaknach vybranych z jedného telekomunikacného
kabla. Z kazdého vlakna sme vybrali dve vzorky dizky =~ 30 cm,
a to zo zacCiatku a konca kabla (ich vzdialenost v kabli bola 6109
m), takzZe vysledky vypovedaju o pozdiznej homogenite vysetrova-
nych vlakien. Namerané hodnoty stredov interferencie, A5, A4
pre jednotlivé vldkna su uvedené v tab. 1., kde si uvedené
i hodnoty AT}, = 1,468 A,,, vypoGitané z nameranych hodnét A,
ktoré sa podla vztahu (9) maji rovnat hodnotam A,,, takZe
v tabulke uvedeny rozdiel A,, — A, informuje o zhode resp.
nezhode nameranych hodnot s hodnotami vyplyvajicimi z teore-
tického popisu vlakien. Nepresnost nameranych hodnét je po
riadku 1 nm, takZe i hodnoty vypoéitanych vinovych diZok uve-
denych v tab. 1. (pri ich vyjadreni v nanometroch) st zaokruhle-
né na celé Cisla.

carried out on eight fibre samples of length =~ 30 c¢cm picked up
from the beginning and the end of one telecommunication cable
(the distance of the samples in the cable was 6109 m) so the
results give us the information about the longitudinal homogenity
of the investigated fibres. The measured values of wavelengths A,,,
A4 (centres of interference) for particular fibres are given in Tab.
1. The values A7}, = 1,468 A,,, calculated from the experimental-
ly measured values A4, (Which, according (9), should be equal to
values (12 ) are also presented in Tab. 1. Thus the difference
A, — AT}, given inTab.1. informs about the agreement between
the measured values and the values coming from the theoretical
model of fibres. Inaccuracy of the measured values is of the order
of 1 nm, so even the calculated values expressed in nm are
rounded to integers.

Tab. 1.
Zaciatok vlakna Koniec vlakna
Beginning of the fiber End of the fiber
vlakno Ay A )\le A~ )\le Ay A /\le Ap = )lrlz
fiber [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]
hnedé brown 670 1013 984 +29 669 1009 982 +27
sivé gray 666 1048 978 +70 669 1051 982 +69
oranzové orange 666 1004 978 +26 668 1009 981 +28
biele white 677 1051 994 +57 676 1051 992 +59
ierne black 658 987 966 +21 655 982 962 +20
Cervené red 672 1055 986 +69 668 1053 981 +72
modré blue 691 1075 1014 +61 696 1087 1022 +65
zelené green 697 997 1023 -26 700 1003 1028 25

Ako vidief z tabulky, rozdiel medzi A, a A}, zo zaciatku
a konca vlakna je radovo niekol'’ko nanometrov. Maximalny rozdiel
bol namerany pre modré vlakno, kde rozdiel medzi interferené-
nymi stredmi prvého a Stvrtého modu nameranymi na vzorkach
vybranych zo zaciatku a z konca tohto vlakna bol 5 nm a v pripade
prvého a druhého modu tento rozdiel bol az 12 nm. Sved¢i to
o relativne vel'kej pozdiZznej nehomogenite tohto vlakna.

Zaver

Z matematického popisu Sirenia sa svetla v step-indexovom
optickom vlakne bol odvodeny suvis stredov interferencie zaklad-
ného modu a vysSich modov.

Rozdielne hodnoty interferenénych stredov (medzi jednotli-
vymi vlaknami) si podla teorie popisujicej step-indexové vlakna
sposobené rozdielnymi hodnotami r, n., n, vlakien. Polohy
stredov interferencie ale moézu byt ovplyvnené i tym, Ze rézne
vlakna maju odliSné profily indexu lomu. V dosledku toho, pri
vlaknach s rovnakymi r, n,,, n., rozdiel vlnovej dizky prisluchaju-
cej stredu interferencie prvych dvoch modov (A,,) a hodnoty )\Tl 5
vyplyvajucej z Ay, (t. j. hodnoty A, — )\Tu) mozZe poskytovat
informaciu o tom, do akej miery sa profil indexu lomu prislusného
vlakna odlisuje od idealneho step-indexového profilu.

It can be seen from the table that the difference between the
values A, and A4 respectively measured at the beginning and the
end of the fibre is several nanometers. The blue fibre shows the
maximal difference: the difference between the interference
centres of LP,, and LP,, modes at the beginning and the end of
the fibre is 5 nm and for LP,; and LP,; modes it is 12 nm which
indicates a relatively high longitudinal inhomogenity of this fibre.

Conclusion

The relation of the interference centres of the primary and the
higher modes was derived from the mathematical description of
the light propagation in the step-index fibres.

When assuming the theory of step-index fibres, different
values of the interference centres for particular fibres are caused
by different values of r, n,, n,, of the fibres. But the interference
centres could be caused also by different refractive index profiles
for particular fibres. For the fibers with the same values 7, n,,, and
n,, it means that the difference of interference center of the first
two modes A, and value A7}, coming from the interference center
of the first and the fourth mode (i.e. the value A, — AT}, in
Tab. 1.) gives information about how the refractive index profile
of particular fibre differs from a step-index profile.
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Experimentalne vySetrenie interferencie modov niekolkych
optickych vlakien ukazalo, Ze jednotlivé vlakna iba priblizne
spinaju z teodrie step-indexového vlakna vyplyvajici suvis Ay
a AT},. Rozdiely medzi nameranymi hodnotami stredov interfe-
rencie prvych dvoch modov A, a hodnotou )\le vyplyvajicou zo
stredu interferencie prvého a Stvrtého modu sa li§ia o hodnotu,
ktora sa pohybuje v rozpéti od - 26 aZ do +72 nm, takZe nemohla
byt désledkom chyb merania.

Pozorované rozdiely A, a A7}, teda svedéia o tom, Ze meranie
interferencie modov bude mozné vyuzit na kontrolu toho, nakol'ko
je profil indexu lomu vysetrovaného vlakna zhodny, alebo odlisny
od priebehu so skokovou zmenou indexu lomu.
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The experimental investigation of mode interference carried
out on a series of optic fibres shows that particular fibres exhibit
the accordance with the step-index theory of optic fibres only
partially. The difference between the measured values A;, and
values A"}, range from -26nm up to +72nm, so it cannot be
a measurement error. So the observed differences indicate that the
telecommunication fibres exhibit a significant difference from the
ideal step-index fibre.

The observed disagreement of experimental and theoretical
values indicates that the measurement of interference could be
used to test the agreement of the refractive index profile of
investigated fibre with the refractive index profile of ideal step-
index fibre.
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