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Without the weakly guiding fiber approximation, a statistical model
of light scattering by a rough surface in a planar dielectric waveg-
uide has been developed. The dependences of radiation losses on
the refractive index contrast, the waveguide core thickness, and the
correlation characteristics of a scattering surface have been stud-
ied. The difference between the scattering of TE and TM modes
has been analyzed, and the two-dimensional model was shown to
be not suitable for quantitative estimates of losses in the case of
TM modes.

1. Introduction

Light propagation in dielectric optical fibers with irreg-
ular interfaces between dielectric layers is accompanied
by radiation losses caused by light scattering at a rough
surface. This phenomenon has been known for a long
time; however, it remained beyond the scope of inter-
est of researchers working in fiber optics. This circum-
stance may probably be associated with the fact that
the strength of this scattering is proportional to the re-
fractive index contrast in the lightguide; therefore, it
is negligibly small in weakly guiding fibers. Optical
fibers of this type were the center of attention for a
long time, because the single-mode regime of light prop-
agation, which is required in the majority of applica-
tions, can be easily realized in them. An interest to
surface scattering considerably grew owing to the minia-
turization of optical elements and the creation of struc-
tures on submicronic and nanoscales. A reduction of
the characteristic dimensions of optical waveguides is
possible only provided that the difference between the
refractive indices of dielectric layers in the waveguide
structure increases adequately, which is accompanied by
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an enhancement of the role of surface scattering. It
was demonstrated theoretically and experimentally that
the absolute values of such losses can be substantial, in
particular, in photonic crystal fibers [1], nanofibers [2],
and planar waveguide components of integrated optics
(3, 4].

The expediency of studying the surface scattering in
planar light-guiding structures follows from a number
of reasons. First, simple boundary conditions allow an-
alytical solutions of the corresponding electrodynamic
problems to be found, which simplifies the analysis of
the influence exerted by statistical structural defects.
On the other hand, at the fabrication of planar waveg-
uide layers, essentially different technological processes
are used, which are characterized by different physical
mechanisms of surface defect formation. This enables
the influence of the statistics of heterogeneities on the
scattering efficiency to be determined experimentally.
At last, the planar geometry of the object under study
practically excludes the influence of bends and noncon-
trollable changes in the thickness of a waveguide layer
on light scattering, which is especially characteristic of
cylindrical nano-sized fibers.

In the present work, a statistical model for light scat-
tering by the rough surface of a planar optical fiber is
developed. In so doing, we did not use the weakly guid-
ing fiber approximation. The main feature of the pro-
posed approach is the application of a nonlinear model
for the formation of equivalent stimulated currents on a
statistically non-uniform surface. This model allows the
dependences of radiation losses on the refractive index
contrast, the thickness of the optical fiber core, and the
correlation characteristics of the the scattering surface
to be analyzed in detail.
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2. Radiation Losses in the Approximation of
Weakly Perturbed Interface in the Optical
Fiber

Consider a model of planar optical fiber, in which one
boundary has a stochastic relief represented by a ho-
mogeneous Gaussian field £{(z), whose average value is
(&) = 0, the correlation function (£*(21)€(22)) = Ge(z2—
z1) = G¢(Az), and the mean-square deviation o¢ < p
(Fig. 1). The field magnitude £(z) at a certain point z is
equal to a deviation of the interface between the media
with different refractive indices (in Fig. 1, the field £(z)
is reckoned from the coordinate p along the axis OX).

The refractive index is presented as a sum of two com-
ponents,

n*(z,2) = ng(z) + ni(z,2), (1)
where ng(z) is the refractive index for the nonperturbed
waveguide, and the second term depends on the field

£(2),

nt2:o - "fz, 5(2) > T = p;
ni(z,z) = nZ —nd,, £(2) <z —p; (2)
0, otherwise,

where n., and n.; are the refractive indices of the fiber
core and cladding, respectively; and p is the half-width
of the waveguide core (Fig. 1).

The refractive index is perturbed in a thin layer near
the interface located at £ = p. Within the layer limits,
the fields can be considered constant. The tangential
components e, (p) and ey(p) of the electric field are con-
tinuous across the interface, whereas the component e,
has a jump: e;(p +0) at > p and e, (p — 0) at z < p.

In accordance with the standard procedure [5], let
us change the perturbed waveguide to a nonperturbed
one containing equivalent forced current sources. Since
o¢ < p, the fields in the perturbed waveguide are lit-
tle different from the fields in the nonperturbed one, so
that the method of small perturbations can be applied.
Namely, we may present the electric field as

Eo(z,2) = B\ (2, 2) + E{M(x, 2), (3)

where E\") (z,2) = aoéo(x)eiP? is the field in the non-
perturbed waveguide, ag the amplitude of propagating
mode, By the corresponding propagation constant, and

Qmax

_ 1)( /aITE(Q, 2)erre(z, Q)ejﬂITE(Q)de +

(
0
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Fig. 1. Planar optical fiber with a perturbed interface
core/cladding

Qmax

+ /alTM(Q,Z)éITM(iE, Q)e?Prm(Q)74Q (4)

0

is the total field of radiation modes. We assume that
Eél’ (z,2) € E’(()O) (z,z). The following notations were
introduced: arrg and arrv are the amplitude factors
of radiation modes, erre(z, @) and érrm(z, Q) the elec-
tric fields of radiation modes (see Table), firg and
Brrm the radiation mode propagation constants, and
Qmax = pkng. The subscripts ITE and ITM correspond
to the transverse magnetic and transverse, respectively,
electric radiation modes. The expressions for magnetic
field components are similar to expressions (3) and (4).

Substituting the expressions for fields (3) and (4) in
the Maxwell equation and neglecting the terms, whose
smallness order is higher than one, we obtain an extra
term in the Maxwell equation, which can be interpreted
as a forced current,

Jo(z,2) = —j Z—Oknf(w,z)aoég(x)ejﬂ“, (5)
V' 1o

where k is the wave vector of a wave in vacuum. Ac-
cording to work [5], the amplitude factors of radiation
modes for the current density Jy are

1 z OO
arte(@Q, 2) = —m// eiTE X
0 —o0

x Jo(z,2')e iPre? dpdy! (6)

where Nirg(Q) is the normalizing multiplier for the ITE
mode (Table). The expression for the amplitudes arrm
of ITM modes are similar with an accuracy to the substi-
tutions Nytg — NitMm, erre — err™, and Site — Brrum.
The fields in the perturbed layer can be considered as
constant. Therefore, after the corresponding simplifica-
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ITM and ITE radiation modes of a planar optical fiber

Mode type Electric field components Parameters a, b Normalization
QusQ(:-1)+a, o>p 2
odd ITM ez(z) = m bU cos %, —p<z<p tana = ncz"g tanU Normalization condition:
e
QuosQ(2 +1)~a, ¢ <p
sinQ(£71)+a, z>p
em(x) = knf(:c) bsin =% Uz —p<z<p = ss::[l} % f [éj (Q) X E;(Q’)] Zdr =
st(p 1)—a, z<p o
QsinQ(3 —1)+a, z>p )
even ITM | ex(z) = — - { bUsin U=, —p<z<p tana = :;IZ tan U = N;(Q)5(Q — Q')
QsinQ(3 +1)—a, z<p
COSQ(£71)+OA, z>p
ex(z) = knf(m) bcos =& U” —p<zT<p b= 2=k Nitm = ﬁg— uo
cosQ(p 1)—a, z<p
sinQ(£71)+a, z>p
odd ITE ey(z) =  bsin =2 U“’ —p<z<p tana = QtanU b= :l‘:[‘} Nitg = % e
SmQ(p 1)—a, z<p
cosQ(£—1)+a, z>p
even ITE ey(x) bcos L;” —p<z<p tana = gtanU b= 2L
cosQ(; 1)—a, z<p
tions, we obtain (FEENFEET)) = Gf(Az), we ultimately obtain
2
€0 ]kao Egk aozNITE /
a 2)=4/— pTE(Q) = G frw (AZ) X
ITE(Qa ) Lo 4NTE /fITE ( ) 32:“'0NTE fITE
i % J(Bo—Brre(Q))z .
x exp (j(Bo — frre(Q))2' M2, (n e d(Az) ©)
. . A simil ion t ithin th bstituti N, —
where the normalizing factor of the TE mode Stfilal €xpression to witill bae substiutions re .
Nitm, Nt = Ntwm, fire — fitm, and Bire — Brrwm is
pBo [0 VE1+W obtained for the power losses by ITM modes.
Nrg = —/——=
Tk Uz W
3. Dependence of Power Losses on the
) ) Correlation of Surface Perturbations
f(&(2)) = errg(®o)@o (o) (nz, — nc)é(2),
According to Price’s theorem, the relation between the
correlation functions Gy and G¢ can be presented in the
14 :pk\/ ngo_n?:l’ u? :p2(k2nzo_ﬂg)’ form

W?=v?-U2.

The power lost by the ITE mode on a length z on the
rough surface is

Nite(Q
pire(Q) = # <|aITE|2>- (8)
Passing to the, d,i’fference coordinates Az =
2" — 2, Z = #4* and bearing in mind that
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dZGf B ) d2f* d2f

oz~ 90 <d52( 7y dE (e )> (10

L1 — et = meol— % (1)
— cl — col — —/—/—/—/—>

dvg 2my /1 —v¢(Az)

where the following notation was introduced for conve-
nience:

me = (n2, —n2)éire(p + 0)eo(p + 0);
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Meo = (ngo — ngt)eiTe (P — 0)€0(p — 0). (12)
Solving Eq. (11) with the initial conditions

Grlve =0) = (NI,

Grlve =1) = [(£)?], (13)

we obtain the dependence of the averaged squared abso-
lute value of the amplitude factor of ITE modes on the
perturbation field correlation,

_ ¢ 2
Gf(’)/ﬁ) - Z |mCl + mco| ’Y§+

2
o
+§ |Mer — Mol (75 arcsinye +4/1 — 752) .

The addend in Eq. (14),

2 .
f () = p— (’Yg arcsin g + H_ 1) :

is well approximated by the square-law function 752
(Fig. 2).
Taking this circumstance into account, we obtain

(14)

Ge(Az
Gf("/&) = £(4 ) |mcl+mco|2+
- G%(Az)
™ 2 ¢
+ yp |mer — Mol ( Ge(0) Gg(O)) . (15)

oo
Since S{TF(8) = [ Gee?Pm=A%, the expression for scat-
— 00
tered power looks like

pite(Q) = AlséTE(ﬂo - pPrre(Q)) +

A / SETE(B')SETE (Bo — Bre(Q) — B')dp', (16)

where

A =C|mg + mc0|2’
A2 = C(ﬂ' - 2) |mcl - mco|2 /(7“7?)’
C = eok’alz /(1280 NrE(Q)) -
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Fig. 2. Comparison of the dependences f(v¢) and 752 on the cor-
relation coefficient ¢

A similar expression is valid for ITM modes as well,
with the corresponding change of notations.

The general radiation losses Pr,q(z) (z) are determined
by

Qmax Qmax
Praq = /pITE(Q)dQ + /PITM(Q)dQ- (17)
0 0

Formula (17) is valid, provided that P,q < Piot, i.e. if
the lengths z are short. Therefore, to calculate power
losses for arbitrary large z, the coefficient of damping
per unit length has to be introduced,

1 P,
nz——olg(l——ad>,
z

where P is the power of an incident wave.

Experimental researches of the surface of an optical
fiber fabricated of quartz glass showed [7] that the spec-
trum of a surface relief has the Lorentzian shape, and
the corresponding correlation function is determined by
the expression

(18)

Ge(Az) = Ge(0)e = .
Note that the correlation function presented in this form
was used to calculate surface losses in photonic crystals
[1] and nanofibers [2], where a surface relief is created by
the thermodynamically equilibrium mechanism of for-
mation of frozen capillary waves.

(19)

4. Numerical Results and Discussion

Numerical calculations of light losses in a planar waveg-
uide with randomly perturbed interface were carried
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Fig. 3. Dependence of the power loss coefficient n for the TE mode
on the waveguide thickness p. Both quantities are normalized to
the wavelength A\
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Fig. 4. Dependences of the power loss coefficient for the TM and
TE modes on the refractive index contrast at the waveguide thick-

ness p = 0.9Pmax, Where pmax = )\/41-/n¢2:o —n? is the maximal
thickness of the core, at which the single-mode regime is realized

308

00251 L.
0,020
) 1 — 09
SR R 060,
ef 1 ..'/ \.\»5. ----- 04pmax
c 0010{ ~
b — T
0,005 /\
0 2 4 6 8 10
zoli.

Fig. 5. Dependence of the power loss coefficient 7 for the TE mode
on the interface relief correlation length zp. Both quantities are
normalized to the wavelength A

out for the following parameters: n.,, = 1.58, ny =
1.5, the correlation length zp = A, and the disper-
sion 0f = 0.01A%. The calculated dependence of the
power loss coefficient on the waveguide thickness for the
TE mode is exhibited in Fig. 3. If the waveguide be-
comes narrower, the distribution of the directed-mode
field power over the waveguide cross-section changes;
namely, the power density increases near the interfaces
between the cladding and the core, i.e. in the perturbed
layer. Therefore, if p is small, a large part of the di-
rected mode interacts with the perturbation. On the
other hand, a decrease of the thickness diminishes the
directed-mode propagation constant So. As a result, the
difference AB = Bo — Bire(Q) calculated at Sirg = kng
decreases, and, consequently, the contribution of low-
frequency spectral components increases in the frame-
work of the model selected for the spectrum of relief
fluctuations.

The dependences of power loss coefficient on the re-
fractive index contrast for TE and TM modes are de-
picted in Fig. 4. A growth of losses is expectedly ob-
served at the growth of the refractive index contrast
An = n., — ne for the modes of both types, because
Prag ~ (ngo - n(2:l)2'

The dependences of radiation losses on the interface
perturbation correlation length are depicted in Fig. 5.
One can see that the obtained dependences have a
quasiresonance character, with the maximum value of
loss coeflicient being dependent on the waveguide pa-
rameters. This fact is explained by the opposite action of
two factors, which govern the scattering efliciency. Scat-
tering is effective at frequencies AB. If 2 is small, the
spectral density of relief fluctuations has a low scattering
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power at all frequencies, whereas, at large zo values, it
has a maximum at low scattering frequencies. Therefore,
in both cases, the power scattered at the frequency AS
is low. When zg corresponds to the scattering frequency
Af, we obtain a maximum in the scattered power. In
addition, a reduction of the waveguide thickness results
in a decrease of AS.

At last, we note that the contribution of the second
term in expression (16), which is proportional to the
squared correlation, to the general scattering of the TM
mode is insignificant in a planar waveguide, in contrast
to a fiber waveguide [2] (Fig. 6). For the TE mode,
the second term in expression (16) equals zero, because
it is proportional to the difference m, — m.,, and the
electric field is not discontinuous at the core/cladding
interface.

We see from Fig. 4 that the power losses for the
TM mode are much lower than those for the TE one,
which does not correspond to the data obtained ear-
lier for multimode waveguides [3]. This can be ex-
plained as follows. The equivalent current (5) is codi-
rectional with the electric field strength vector of of the
TM mode, which oscillates in the zz-plane and radi-
ates a large portion of the power along the axis Oy.
This was not taken into account by our two-dimensional
model. At the same time, the equivalent current for
the TE mode oscillates just along the axis Oy, so that
its radiation was taken into consideration completely.
Hence, the proposed two-dimensional model is not suit-
able for the quantitative analysis of power losses by TM
modes.

5. Conclusions

To summarize, the conclusion can be drawn that the
method proposed for the calculation of surface losses in
optical waveguides adequately corresponds to the sta-
tistical character of the problem. The key feature is
its independence of the refractive index contrast in the
waveguide, which allows one to analyze strongly directed
waveguide systems. Moreover, the account of nonlinear
effects at the calculation of equivalent currents consid-
erably affects the spectral characteristics of spatial re-
lief frequencies, which are responsible for the scattering
efficiency. It is worth noting that the considered ap-
proach is essentially based on the assumption about the
normal character of the statistics of surface relief fluc-
tuations. However, the corresponding experimental re-
searches testify that this assumption is satisfied at least
for thermodynamically equilibrium fluctuations, which
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Fig. 6. Dependences of the power loss coefficient for the compo-
nents of the TM mode that are proportional to the relief pertur-
bation correlation 7 and its square 42 on the waveguide thickness

arise in technological processes at the waveguide manu-
facturing.
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PAJIAIINHI BTPATHA ¥V IIJTAHAPHOMY CBITJIOBO/II
31 IIOPCTKOIO MEXKEIO ITOALIY
JIEJIEKTPUYHNUX IITAPIB

O.I. Mamesocoea, A.B. Kosaaenro, B.H. Kypawoe
Peszwome

Po03BHHYTO CTATUCTHYHY MOZEJL PO3CIIOBAHHS CBITJIa IIOPCTKOIO
TOBEPXHEI0 IIJIAHAPHOI'O CBITJIOBOMA, BiIbHY Bif HaGJIMKEHHS Cla-

310

6OHAIIPaBJIEHOr0 CBiT/IOBOAA. JIOCHIAKEHO 3aJIe’KHICTh BEJIMYUHU
BTPAT Bif BUCOTH IPOMIII0 NOKA3HUKA 3aJI0MJIEHHS, TOBIIUHU CeP-
[IEBUHY CBIiTJIOBOZA Ta KOPEJSAMiMHUX XapPaKTEPUCTUK PO3CIFOI0Y0L
nosepxHi. IIpoanasizoBano BigminzocTi posciroBanas TE ta TM
MO/, IOKa3aHO, II0 JABOBUMIPHA MOZEJb HEIPUAATHA JIs KiJIbKi-

CHHX OIIHOK BTpar y Bumagky TM mon.
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