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Abstract. The phenomenon of the waveguide light scattenntpe irregular planar

integrated-optical waveguide is investigated. Thtoon of the direct scattering

problem is fined with the help of the theory of fpepations. The inverse waveguide
scattering problem consists in restoring of spécttansity function and/or

autocorrelation function of waveguide’'s irregul@st and determination of
irregularities’ parameters by the measuring datadiating field in the far zone. The
computer simulation and experimental results allapproving, that our method
permits to receive an approximate correct solutibthe inverse scattering problem
with the rms error of restoring of the given autwetation functions no more than
35% in the presence of high real noise (for SNR). The statistic parameters of

irregularities in this case are determined withéh®r less than 15-30 %.

Keywords: integrated optics, waveguide, irregularities, wpude scattering
phenomenon, autocorrelation function, noise, coempuodeling, incorrect scattering

problem

1. Introduction.

The intensive development of the integrated ogtius optoelectronics during last 30
years promoted the researches of the light saagtem the irregular optical
waveguides (OWG) from the different points of vi¢x14]. As it is known the
integrated optical waveguide is one of basic elémehthe integrated optics. In most
cases integrated OWG serves as the basis foramezitihe various optical integrated

circuits. In this connection the important direatim technology is the development
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of methods of creation of an OWG with a low levéll@sses of the intensity of a
directed mode on scattering on irregularities (l@wres roughness and
heterogeneities of the waveguide layers) of thectire of a waveguide.

The laser light scattered in an OWG can be re@dtas radiated substrate-cover
(substrate-air) and substrate modes (“out-of-plstsdtering”), and as the radiation,
scattered in the plane of a waveguide (“in plarstedng”). The main task in all
cases consists in a correct solution of the diaect inverse scattering problems [8-
14, 17-19].

As a rule, when analyzing the light scattering @loghors give main attention to the
solution of the direct scattering problem i.e. lte determination of the field's or to
the intensity's characteristics of the coherentatamh scattered in the waveguide.
The found scattering diagrams (patterns) then seel for the solution of an inverse
problem by the known comparison method, when dee by that or different way to
achieve the coincidence, for example, by the Iegaares method (in rms sense) of
the experimentally measured diagrams with the #texally calculated one. When
the irregularities are statistical, the diffractigpectra are diffused, and instead of the
sum of final number of the plane waves there isnéggrated expansion of the field
in each point by the plane waves [2, 9-14]. If doaditions of the waveguide mode
scattering on the statistical ensemble of microdbjeit can be the statistical
roughness of the surface or statistical heterogjerdithe refraction index of the
waveguide layers) satisfy to the first approximatod the theory of perturbations, the
intensity of the scattered radiation, registeredthsy “dot” photodetector in the far
zone or in an equivalent Fourier plane, is actuallynap of the spectral density
function (SDF or the power spectrum density (PSIjcfion) in the space of the
wave numbers. As is known, in this case the saagf@lepends only on the statistical
characteristics of the second order of an enseroblenicroobjects: SDF or its
Fourier-transformation i.e. the autocorrelationdion (ACF) [20-30].

The ACF and SDF contain all the information aboudinmparameters of the
researched ensemble of microobjects. In considessd the first approximation of

the perturbations theory is satisfied, if the rowan-square (rms) height of the
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boundaries roughness of OWG is small on a compartsath with the wavelength of

the laser radiation, and with the thickness ofvtageguide layer.

In this paper the phenomenon of the waveguide esgadt in the irregular planar

optical waveguide is investigated. The solutionshef direct and inverse waveguide
scattering problems are fined. The computer modelai both problems are

presented.

2. Physical nature of problem. Theoretical analysisof the waveguide light
scattering problem.

The phenomenon of waveguide light scattering isndgpeexamined in two main
directions. The first direction includes the gehdénaory of irregular planar optical
waveguide, peculiarity of process of intermode wvganvge scattering (mode
conversion) etc. In the second direction phenomeariomaveguide scattering is used
for investigation of the irregularities propertitbemselves and determination of their
characteristics and parameters. This division danYery strict because two aspects
of problem are being carried on in the examinafieth4, 17-30].

In this paper the out-of-plane two-dimensional (Zbattering in the incident plane is
considered. Let's consider the scattering of thedent waveguide mode in the
integrated optical waveguide containing the statt three-dimensional (3D)
irregularities. When neglecting polarizing effett® problem of waveguide three-
dimensional (3D) scattering [9, 21, 23, 24, 26jduced to the solution of the known
two-dimensional wave equation [12-14].

Then we assume absence of the cross-correlatiomecbans between all types of
irregularities (roughness of the boundaries andieterogeneity of the layers of
OWG) [18]. The solution of the inverse problemesluced to the restoration of the
autocorrelation function of the statistic statignaregularities of the planar optical
waveguide by the data of the light scattering ia thr zone (or in the equivalent
Fourier-plane).

The new algorithm of the solution of the inverseveguide scattering problem is

used which is the combination of the clas3ikijonov’g [15] regularization and the
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guasi-optimal Egorov’g filtration of the measured data [12-14, 18-20.282 27-29].
The planar optical waveguide usually consists eédhlayers (Fig. 1): the cover
medium, thin waveguide layer and the substrate thithrefraction indexes,, n, and
n;z accordingly. The imperfections of the structureQMWG can be stipulated by the
irregularities (roughness) of the boundaries of uhé of the mediums forming the
waveguide, the under surface defects (so-callethgéd or cracked layer) and the

heterogeneities of the refraction index of the vganvee layers.

Irregular section of a
waveguide
Near-field

radiating modes
Lens s

HE-Ne

Laser 4
5

Direction of
propagation of
a guided mode

\ Far-field radiating

Y z modes

Far-field (or Fourier
Polarizer  ESIIIITITNNY plane)
Photoreceiver (or CCD)

u, pm

Fig. 1. Scheme of light 2D-scattering in the irregularmasyetric planar optical
waveguide: 1 is the covering layer, 2 is the gugdayer, 3 is the substrate, 4 is an
immersion, 5 is the quartz hemisphere, 6 is ths, leis the waveguide thickneds,

is the length of the irregular region.

The heterogeneities of the waveguide layers ancruadrface defects during the
consideration of the scattering problem can beunonscribed of the same type as the
heterogeneities of the refraction index of the appate waveguide medium. For
simplification of the theoretical analysis of theaweguide scattering problem we

shall neglect cross-correlation connections, bo#twbken irregularities of the
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boundaries of the wunit, and between irregularities the boundaries and
heterogeneities of the refraction index of waveguitediums.

In the Fig. 1 the scheme of light scattering in ithegular OWG is presented, where
L is the length of area containing the statisticaégularities,h is waveguide
thickness, the cover medium 1 and substrate 3 theveame refraction indexes, 4 is
the immersion, 5 is the quartz semi sphere, PD pha@todetectorP(s, y) is the
intensity of scattered light, ADC is analog-to-diadiconverter, PC is a personal
computer.

On the Fig. 2 the diagram of the wave numbgrsand p are presented
B+ p°=(kn)*, k=2r4,i=1, 2, 3;Kis a certain harmonic lattice vector in the
infinitive spectrum of the irregularitie®), is the scattering angle in the plane of

incidence.

Imp A Propagating air radiating

Directed modes (continuous spectrum)
modes (discrete /
: 2
11 1 [~ : / >\§?
[ i 1 | >
i
Rep

Damping radiating modes

Propagating radiating (continuous spectrum)

substrate modes
(continuous spectrum)

Fig. 2. Wave numbers diagram of an asymmetric optical yaike.

The problem of scattering of the guiding mode ie tanar optical waveguide
containing stochastic irregularities (Fig. 1) idved with the help of the theory of
perturbations [2, 8-14]. A solution is sought farthe form of an expansion of an

arbitrary radiation field distribution in terms @WG orthogonal TE or TM modes

5



XYPHAI PAOVUOINEKTPOHUKW, N 7, 2010

[10. 12, 18]. We will consider the case of the guydTE-mode scattering in the
irregular OWG.

3. Direct waveguide 2D-scattering problem. Main egations. Numeric modeling

3.1. Formulation of a direct waveguide 2D-scattgrproblem

The solution of the direct 2D-problem consistsha tletermination of the scattering
diagram, mainly in the near or far zone (or in gniealent Fourier-plane) [8-14]. In
the case of the statistical irregularities it isrenpreferable to measure intensity of the
scattering diagram in the far zone with the helghefpoint (dot) photo receiver.
When the statistic surface roughness is under deraion there is no separation of
the scattered plane waves and we should write ¢hesed intensity R> in the
integral form {ntegrated scattering problenfl2-14]:

(P)=C,[D(B, B)@(B:y)F (B y)dB, (1)
where £ is the longitudinal component of the propagatiranstant of scattering
modes forming an optical pattern of irregulariti€gjs the normalized coefficient (or
so-called wavelength factom)(5', 5) is the transfer function of photo detectéx(s';

y) is the optical transfer function (OTF) of the wguide (waveguide optical factor);
F(5'; y) is the spectral density function of the stataticregularities (irregularities
factor);y is the effective refraction index of the waveguide.> means averaging on
an ergodic ensemble of statistically identical sys.
When the point photoreceiver is us&jA, p) is delta functiorv(s' - §)) the far zone
scattering diagram R{(f; y)> can be presented as for tddferential scattering
problem

(P(By) =Co(@(B:V)F (B ). (2)
For investigation of the direct and inverse wavdguscattering problems the model
statistic (e.g. non-sinusoidal) noise is takenhia form of the band-limited additive
(+ in Eq. (3)) or multiplicative (one should usein Eq. (3) instead oft) “white”

noiseW(f; y) [12-17], therefore the equation Eq. (2) must bigten in the form:
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(R(B:y) =C(@(Biy)F (Biy)) +(W(By)- (3)
The intensity of the “white” nois®f; y) in Eqg. (3) is generated as the uniformly

distributed random number between 0 &ridlis real and depend on the SNR level).

3.2. Numeric modeling of direct waveguide 2D-scaite problem for the surface
roughness

The computer modeling of the direct waveguide sdaiy problem is conducted as
an example for the stationary statistical roughrefsthe surface of quartz plates
(index of refractionn; = n; = 1.46 forA = 0.63um (helium-neon laser)), between
which there is thin optically transparent liquigda (h, = 1.59) without losses.

The scattering patterns for the given Gaussian tspeadensity function
(F(B.y))=20°rL ™" exp[=(B, - B)’r* /2] with rms heights = 5 nm and different
correlation radiuses (intervals) are depicted atingty on the Fig. 36, = ky, andy =
1.48 in all cases. The scattering patterns arauledésd for the substrate-cover and
substrate radiating modes intervafgtl(—k n,,+k,n,), wherekn, = 4,. In all cases

here SNRx 10.

1%10° -
8x10" - 7
7x10™ -

5x10™

A(p:y), ab. un.
(8]
e
e
1

B, }Lm’1
Fig. 3. Theoretical Gaussian (curves 1-7) and experiméotave 8) scattering
diagrams of a laser radiation in the far-field zanéhe plane of incidenced).

Theoretical Gaussian curves 1-7 are obtained ®fdlhowing parameters of the
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roughnesss = 5 nm, and the correlation intervalk changed from 0.05 till 0.35

micron with the step of 0.05 microns.

Fig. 4 shows the calculated SDF of the band-limitedite” additive noise (for one

realization) that is used during computer simulatod the process of restoration of
the given theoretical autocorrelation functions E@s. (7) and (8). The imaginary
part of SDF is calculated for verification durifgetcomputer simulation that the used

noise statistic process is the real process.

12
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Fig. 4. SDF of the real “white” noise (for one of the reoigalizations): 1 is the real

part and 2 is the imaginary part in arbitrary units

The autocorrelation function of the test roughnd3@) is being Fourier-
transformation of the given Gaussian SBR) = o°exp[-(/r)?]. The parameters take
the values: root-mean-square height 0.1-50 nm (1-500 A) and correlation radiuses
r = 0.01-10um. It is supposed, that the studied surfaces aated by same
procedure and belong to one ergodic ensemble, ftnereletermined statistical
characteristics and parameters of the surface remsgghi.e. ACF, PSD, rms height
and correlation interval are identical to the rougds of both boundaries of the
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waveguide. The dynamic of the calculated scattepiaerns in the presence of the
additive or multiplicative band-limited “white” nee¢ as the correlation interval and
effective index of refraction change is obviouse Hame dynamic has been obtained
for others types of the planar optical waveguided different statistics of the
irregularities. It should be noted that e.qg. thattering patterns for the exponential
ACF with different correlation intervals are mogymmetric than the patterns on the
Fig. 3 (curves 2, 3), so that the left part of plad¢terns tends to the zero level like on
the Fig. 3 (curves 5-7).

The computer modeling of the guiding mode scatteriproblem on the
heterogeneities of the waveguide layer can be adedusimilar as for the surface
roughness. Here we should consider that there aréosses due to the surface
roughness and there are losses due to the heterbgerof the waveguide layer
(liquid with n, = 1.59). Note that the scattering patterns for gpecified Gaussian

ACF are similar to the curves depicted on the Big.

4. Waveguide 2D inverse light scattering problem. Min equations. Algorithm of

a solution for the high statistic noise

The solution of the inverse problem for the statishsemble of irregularities consists
in the restoration of the ACF (and/or SDF) and dieéermination of the appropriate
parameters of the irregularities by the measuriatp f the scattering diagrams
(patterns) in the far zone (or in the equivalentrk@r plane). Different procedures of
processing of the measured data can be used tom ctfiicient resolution in the

experiments. We use a new algorithm of processfriheodata measured in the far
zone [13, 18-20]. First the spectral density ftmm:tlf(ﬂ, y) of the irregularities is
restored by the far zone data. Second SDF can de dkpanded into the Taylor

series and then it can be extrapolated out ofahge of the wave numbefd | (-4,
+£1), wherep; = kny, of the registering scattering modes. Therealfteraigorithm that
uses the classic regularization and the quasi-@ptihscrete data filtration processes
these data. Investigation of this algorithm by tdwmenputer modeling for different

types of the planar optical waveguides and diffeisatistics of the irregularities
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demonstrates that it is rather simple and pernaitgliminate efficiently the high
additive band-limited “white” noise. After certamodification it permits to eliminate
the influence of the high multiplicative band-liett “white” noise but not so

sufficiently as the additive one.

4.1. Taylor expansion of SDF in presence of thaéssianoise

We note that the formula Egs. (2) and (3) can ke=l dsr the solution both of the
direct and inverse problems in the spectral redon with the known space
resolution limited by the range of the observaloltering substrate-air and substrate
modesp U (61, +61) wherep; = kny, p1 = 3 [10-14]. The spectral density function of
the statistical irregularities restored from egomtiEq. (3) can be than expanded into
the Taylor series [12-14]:

F(8.) =P o (.) = (Flaan) =S, LT
wherem =0, 1, 2 ... fmn = MAB; Fm = F(Br) = <PBm; Pw D (Bm; 7)>™ is the
expansions coefficients taking in the reading (dajnpoints, the superscript index m
means then-th derivative.

The analytic extrapolation in the presence of thiserequires as is known the use of
the regularization methods [8, 15]. In this case Hourier-transformation of the

formula Eq. (4) permit to write the next form fastored ACHR(u, y):

+00

Ru; ) = Y (F(B:v)exdi(8 - B, (5)

m=—co

where numbem of expansion coefficients determines the rms eofo6DF’'s and
ACF’s restoration;j =+/—-1, j?=-1. It can be shown that the relative error of the

rms height determination may be less than 1% foica}l planar waveguides whem

> 15 and there are not noise influences on thetexgis far-zone data.

The restored SDF can be extrapolated into the @dodrhd of the taking into account
scattering modes with an error not grater than @®hen the value of expansion
coefficientsm = 5 and SNR: 10. The given Gauss ACF is determined then from Eq

(5) with an error less than 55 %. The correlatisenval r from 20 nm to g@m of the
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given autocorrelation function in this case is dateed with the relative error about
5-15 %. The described procedure permits to aclhseviain super resolution over the

parameters of the statistic irregularities understeration.

4.2. Standard Tikhonov's regularization and the sju@ptimal Egorov’s filtration of
the measuring scattering noisy data

When the registration of the light scattered initgnis performed in the presence of
the noise in the far zone by the point photo detdtie evaluation of ACR(u; y) can
be obtained from the noisy data as the Fourieistoamation of SDF Eq. (4). Then to
this estimation of ACF the classic [15] regulan@aatmethod [12-14, 17-21] can be
applied:

Ru;y)=C,"] %exr{j(ﬂo - Bujds, (6)
whereu =z - Z, zandZ are coordinates in the plane of object, i.e gufarities of
OWG,; py = ky is the propagation constant of the waveguide mddes the optical
transfer function of the waveguide (kernel of imtgtransformation)®* is the
complex conjugate t®; u is the regularization parameter; the elementalilsters
of p-order are taken ad;, = or M, = (6, - )®, p> 0 is the regularization ordd,
=1, 2.

The Eq. (6) allows receiving an approximate regedal solution of the inverse
diffraction limited problem on Tikhonov [15]. Fat, = " (SNR™ formula (6) gives
the optimum regularized solution of the inversebpem, which coincides the result
of application of the optimum Wiener filtration [[LAs it is known the Wiener filter
operates efficiently only when the spectra of tigaa and noise do not overlap [16].
When the spectra are overlapped another procedditteong should be found. The
equation Eq. (6) yields the solution of the invessattering problem in the planar
optical waveguide with statistical irregularities lwth types, both roughness of the
boundaries, and heterogeneities of the refractimex in case of their additive
contribution in the common scattering diagram. Nibt& the classic regularization

method do not permit to achieve a superresolutimer othe parameters of
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irregularities.

It is known that in the far zone the scatteringronghness of the boundaries of the
waveguide is mainly dominant [4]. Using the simgaippositions and various model
approaches, it is possible with satisfactory fquegknental needs exactitude to solve
the problem of restoration of the statistics of theghness and heterogeneities of the
refraction index and to determine appropriate patars of irregularities. If the
cross-correlation connections cannot be negleateld simple solution is impossible.
However in this case certain model approaches attowletermine for the given
specific (or found in another way) correlation ftion, at least, the parameters of
statistical irregularities.

The limited extrapolation of the restored power ctépan density of roughness
IE((,B;y)) beyond the limits of the range of wave numberstid observable

scattering substrate-air and substrate modes iprésence of the given noise has not
allowed solving completely the delivered probletre error of restoration remained
large.
In this connection the procedure of an effectiveathing (quasi-optimal Egorov’s
filtration) in the integral Eq. (6) is applied fateriving an approximate correct
solution of the inverse waveguide scattering pnob]&2-14, 18-20, 22-25, 27-29]:
(RB:Y) P E(u: )
of + M,

When the spectra of the noise and signal are qyseththis procedure of the filtering

exd j(8, - Bulds. (7)

R,(u;y)=C,"

permits to achieve more effective elimination oé thand-limited “white” additive
noise [12-17, 22-25, 27-29] than Wiener filter [1%). In the cases of using of the
sampling theorem it is more preferable to restbeeautocorrelation function with the

use of the quasi-optimum discrete filtration:

L2 (R, (MAS; ) E(u,; mA

Fim(un;y)=0012< il ﬁg» ChLLY)
m=0 ‘CD‘ +IL[Mb
where the valuen =0, 1, 2 ...N,m=0, 1, 2 ...M; U, = n'Au; S, = MAB. The

smoothing (filtering) functiorE(u; y) is selected from the condition of the minimum

exd j(8, -m/M)n], (8)
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rms error of reconstructing of the specified AGKu.; y):

= [SB) RG] ©)

where the valuehll, M << 0.
By applying the Parseval equality to the Eq. (98 wan consider the obtained

expression as the rms error of approximation ofiniteal continuous PSO-(f; y) L
L, (00, +o0) With the help of functions (i.e. spectra) of lted lengthF (3;y) U L, (-

S, t6). The minimum error, accessible for this approxiorais equal to:

_.Brnax

min(l, )= | \<F(ﬂ;y)>—<F~i(ﬂ;y)>smrdﬁ+j (F(B:)-(F(B:y), | dB. (0)

This error is equal to the “energy” containing niinm the high-frequency part of the
spectrum of the roughness “powéi(s; y), that is in the range of valu<-:|$8 | > Bmax
wherefnax determines boundary frequency, after which thécaptransfer function
of the system is equal to zero. From the viewpointhe optimum filtration theory
formulas Egs. (7, 8) allows to attenuate mainlyhkiggquency noise components.
Thus, the considered above procedure of searcHitigeasolution of the waveguide
inverse problem is reduced to the construction efain quasi-optimum operator
using the least-squares method.

During the modeling on the computer functiodisg, and parameters of the solution
of the inverse problem, p andy are varied. The smoothing function has been taken
essentially in the simple kind so3)/(cu) or exp[a(up)?]; c anda can be treated as
effective averaging intervals. The obtained outc®mé the computer simulation
allow approving that this rather simple proceduieves receiving the approximate
correct solution of the waveguide scattering inggpsoblem with the relative rms
error of restoring of an ACF no more than 30% foiIRS> 10 [12-14, 18-20, 22-25,
27-29].

We should note that the exactitude of restorinthefexperimental ACF achieved by
this algorithm is quite sufficient for reliable éemination of the subwavelength
correlation intervals and rms height of the surfemeghness. First we can evaluate

from the scattering diagram the experimental ACFtlué investigated surface
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roughness as Gaussian with appropriate geometranyederse andr [20]. Then
using of our method of reconstruction of the autoaation function of the
waveguide’s irregularities [12-14, 18-20, 22-25,-Z8] permits to improve this
estimation and it is possible to determine the mparmameters of the surface
roughness with more accuracy. The determined rcegghiparameters are in good
agreement with the obtained by the SEM and by ttendard mechanical
profilometer [20]. While the effective filtering dra limited extrapolation are used,
the restoring functions became more similar tarnktel ones.

The further increase of the exactitude of restonhghe specified ACF (and SDF)
and determination of the appropriate parameterhefrregularities is possible, for
example, at the expense of the choice of anoth&emom smoothing functions and
the parameters of solution of the problem and alsbe expense of application of an
effective analytic extrapolation of the spectrahsigy function beyond the limits of
the range of registered scattering modes. In thge ave should use the following
formula for the restoration of the smoothing ACRhmhe superresolution [12-14,
18-20, 22, 25, 27-29]:

Run)=C, (S BB (s, - pas 1)

where anm={<P>q>DEEﬂ¢\2+yM)_l}m are the smoothed regularized expansion

coefficients. While the experimental data are pssed it is necessary to limit the
numbemin EqQ. (11) due to influences of the calculatioroes and noise.

Other approaches for finding the correct approxamsaolution of the delivered
problem, especially when reaching the super rasolubn lateral sizes of the
irregularities are also possible [12-14, 17-30]stiould be noted that a computer
realization of all these methods requires first tevelopment of an adequate
physical-mathematical model of the waveguide sdatiephenomenon. The best
results can be obtainedafpriori information on the object is known and the noise

statistics is determined.
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Conclusion

The phenomenon of the waveguide mode scatteringanrregular planar optical
waveguide is investigated. The solution of thedigroblem is fined with the help of
the theory of perturbations. By assuming the abseof the cross-correlation
connections between all types of irregularitiesisitpossible to restore the initial
theoretical or experimental autocorrelation functidhe solution of the inverse
problem is reduced to the restoration of the speadtiensity function and/or
autocorrelation function of the statistic statignaregularities of the planar optical
waveguide by the data of the light scattering iea thr zone. This algorithm of
solution of the inverse waveguide scattering pnobie the combination of the classic
regularization and the quasi-optimal filtration (srthing) of the measured data. To
achieve the super resolving in the inverse probidms algorithm must be
accomplished at least. Certain extrapolation of gpectral density function of the
irregularities beyond the range of the wavenumbsrshe registering scattering
modes permits to improve the estimations of theored statistic characteristics and
parameters of the irregularities.

The waveguide scattering method in our opinionhis most suited tool for the
metrological control in the integrated optics antegrated optoelectronics since the
determined characteristics and parameters chamctbe waveguide in a whole just
as an integrated structure but not as the sepamsddims used for its manufacture.
And what is more, just these parameters are neéaledhe final metrological
attestation of the integrated optical waveguides.

The waveguide scattering method can be also usethe biomedical and ecological
studies due to its sensitivity to the large changéshe object’'s contrast and
possibility to obtain statistic information abouiet ensemble of microobjects in a

single measurement over a wide surface area.

15



XYPHAI PAOVUOINEKTPOHUKW, N 7, 2010

REFERENCES

1. Shevchenko V.VContinuous Transitions in Open Waveguidgéslo.: Golem,
Boulder, 1971.

2. Marcuse D.Light Transmission OpticdNew York: Van Nostrand, 1972.

3. Walter D.J., Houghton J Attenuation in thin filmtmal waveguides due to
roughness-induced mode couplinghin Solid Film 1978. V. 52. P. 461-476.

4. Bradley E., Hall D.G Out-of-plane scattering fromags waveguides:
comparison of theory and experimenOfptics Letters1982. V. 7. No. 5. P.
235-237.

5. Gottlieb M., Brandt G.B., Conroy J.J. Out-of-plaseattering in optical
waveguides /IEEE Trans. On Circuit and Systeni979. V. 26. No. 12. P.
1029-1035.

6. Hall D.G. Scattering of optical guide waves by wgwele surface roughness: a
three-dimensional treatmeni3ptics Letters1981. V. 6. No. 12. P. 601-603.

7. Imai M., Koseki M., Ohtsuka Y. Scattering pattereasurement and analysis
of sputtered-glass optical waveguides for integraiptics //IEEE Trans. on
MTT. 1982. V. 30. P. 635-641.

8. Andler G., Egorov A.A., Cheremiskin I.V. Determimat of parameters of a
roughness of an optical surface by the scattemng dielectric waveguide //
Optics and Spectroscopy©84. V. 56. No. 4. pp. 731-735.

9. Siro F. Vasquez S. de F., Egorov A.A., Cheremidkih To a problem on
determination of statistical characteristics ofegularities of thin-film
waveguides /Optoelectronics, Instrumentation and Data ProcegsiiO9l.
No. 2. pp. 51-55.

10.Egorov A.A. Characteristics of a radiation, scatteon roughness of a surface
substrate of a planar waveguideSlrface. Physics, chemistry, mechanics
1994. No. 5. pp. 72-76.

11.Egorov A.A. Theory of waveguide optical microscapyaser Physics1998.
V. 8. No. 2. pp. 536-540.

12Yegorov A.A. Recovery of the characteristics andeduination of the

16



XYPHAI PAOVUOINEKTPOHUKW, N 7, 2010

parameters of statistical nanometer surface rowggnesing the data on
scattering in a planar optical waveguide Radiophysics and Quantum
Electronics 2000. V. 43. No. 12. pp. 980-988.

13.Egorov A.A. Using waveguide scattering of lasenafidn for determining the
autocorrelation function of statistical surfacegbuness within a wide range of
changes of the roughness correlation interv@uantum Electronics2002. V.
32. No. 4. pp. 357-361.

14Yegorov A.A. A new algorithm of restoring the auboelation function of
subwavelength statistic surface roughness by Iggattering in integrated
optical waveguide in the presence of a high adelistochastic noise Froc.
SPIE 2002. V. 4900. pp. 792-801.

15Tikhonov A.N., Arsinin V.Y. Solution of ill-posed problemWashington:
Winston/Willey, 1977.

16 Akhmanov S.A., Diakov Yu.E., Chirkin A.SIntroduction to Statistic
Radiophysics and OpticMoscow: Nauka, 1981.

17.Yegorov A.A. Inverse light scattering problem inpkanar waveguide with
statistical subwavelength irregularities: theoryd asomputer simulation /2.
Comput. Methods in Sciences and Enginee@§2. V. 2. pp. 277-285.

18.Yegorov A.A. Inverse laser irradiation scatteringolgem in a planar
waveguide with statistical irregularities. Computevdeling for a case of large
additive “white” noise /Laser Physics2003. V. 13. No. 9. pp. 1143-1148.

19.Egorov A.A. Reconstruction of the characteristicsl aletermination of the
parameters of a statistical surface roughness figin scattering data in an
integrated waveguide in the presence of nois®pfics and Spectroscopy
2003. V. 95. No. 2. pp. 294-304.

20.Egorov A.A. Reconstruction of the experimental aotoelation function and
determination of the parameters of the statistioahness of a surface from
laser radiation scattering in an integrated-optiealveguide //Quantum
Electronics 2003. V. 33. No. 4. pp. 335-341.

21Egorov A.A. Theory of laser radiation scattering integrated optical

17



XYPHAI PAOVUOINEKTPOHUKW, N 7, 2010

waveguide with 3D-irregularities in presence ofsaoivector consideration //
Laser Physics Letter2004. V. 1. No. 12. pp. 579-585.

22 Egorov A.A. Inverse problem of laser light scattgrin an integrated optical
waveguide: 2D solution with accurate input datiaager Physics2004. V. 14.
No. 10. pp. 1296-1309.

23.Egorov A.A. Theory of waveguide light scattering am integrated optical
waveguide in the presence of nois®&diophysics and Quantum Electronics
2005. V. 48. No. 1. pp. 57-67.

24 Egorov A.A. Use of waveguide light scattering foe@sion measurements of
the statistic parameters of irregularities of imgdgd optical waveguide
materials /Opt. Engineering2005. V. 44. No. 1. pp. 014601-1-014601-10.

25.Egorov A.A. Inverse problem of theory of the lasg®adiation scattering in
two-dimensional irregular integrated optical wavieguin the presence of
statistic noise /Laser Physics Letter2005. V. 2. No. 2. pp. 77-83.

26 Egorov A.A. 3D Waveguide light scattering. Rigoroasd approximate
analysis //ICO Topical Meeting on Optoinformatics/Informatidthotonics
2006. September 4-7 2006. St. Petersburg. Russi®eg&rsburg: ITMO. pp.
371-372.

27 Egorov A.A. Super resolution in the waveguide imeerlight scattering
problem //[Journal of Radio Electronic2007. No. 6. pp. 1-9.

28 Egorov A.A. Inverse problem of scattering of monmchatic light in a
statistically irregular waveguide: theory and nuicersimulation /Optics and
Spectroscopy2007. V. 103. No. 4. pp. 621-628.

29.Egorov A.A. Theoretical research of correctnessanfinverse problem of
scattering of laser radiation in a statisticallyegular integrated-optical
waveguide in the absence of nois@adiirnal of Radio Electronic2009. No. 4.
pp. 1-19.

30.Egorov A.A., Sevastianov L.A., Sevastyanov A.LaiBsev A.V. Propagation
of the monochromatic electromagnetic waves in ulagwaveguides. A brief

introduction to an analysis in the case of smoatlstatistic irregularities //

18



XYPHAI PAOVUOINEKTPOHUKW, N 7, 2010

Bulletin of PFUR. Series Mathematics. Computerrsme Physics2010. No.
1. pp. 67-76.

19



