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FORMATION OF A LOW-FREQUENCY COMPONENT OF AN
OPTICAL SIGNAL BY PULSES OF A GAUSSIAN FORM

Odegov N.A., Stepanov D.M.

O.S. Popov Odessa national academy of telecommunications, Odessa, Ukraine

Background. Increasing the spectral efficiency of fiber-optic transmission systems (FOTS) is a topical problem. Currently
used single-wave FOTS on the basis of equipment type STM allow the transfer of data at rates up to 40 Gbit/s. Given the
available optical bandwidth of approximately from 175 THz till 375 THz, the bandwidth of the possible transmission band is
about 200 THz. The value of the spectral efficiency index is about 0.005 bits/Hz. Usage of DWDM systems with widely
spaced carriers allows increasing the spectral efficiency approximately an order of magnitude, which in principle does not
solve the initial problem. Experimental developments are known in which the transmission rate is reached up to 160 Tbit / s. A
special optical fiber with 348 transparency windows is used. The spectral efficiency of such systems reaches unity. The
problem with the widespread use of such systems is the need to replace an already mounted optical cable. For comparison, in
industrial mobile communication systems, the spectral efficiency is of the order of 0.5 till 5 bits / Hz.

Objective. Development of theoretical ideas on the formation methods of optical signals with a given structure that allows
increasing the bandwidth of FOTS taking into account the dispersion factors and the dependence of the attenuation coefficient
on the frequency. These theoretical studies have the ultimate goal of increasing the spectral efficiency of the FOTS using the
existing cable infrastructure.

Methods. The formation of a low-frequency component of an optical signal with a given shape under conditions when the
basic optical pulses are formed by a pulsed laser in the state of locking mode. In this case, the spectral composition of the
optical signal can be formed in such a way as to balance the effects of dispersion and distortion of the spectrum due to the
dependence of the damping coefficient on the frequency.

Results. The theoretical substantiation of the principle possibility of approximating processes of a certain form by a
sequence of Gaussian pulses is given. Convergence estimates of the corresponding functional series are obtained. The results
are valid for narrowband transmission channels with a width of the order of 100 GHz and for the length of the regeneration
sections of the order of 100-300 km.

Conclusions. There is a fundamental possibility of short optical signal generation with a given shape using Gaussian
impulses. Pulses of approximately Gaussian shape give the laser in the state of locking mode.

Keywords: Fourier transform; Gaussian pulse; state of locking mode; convergence; Jon Tikhiy.

1. Introduction The simple dispersion, causing distortion of the OP

Optical signals in the transmission channel are
distorted due to the noise component, attenuation and
dispersion. The high protection of the FOTS against the
external interferences requires consideration of the
components due to noise amplifiers, losses on line
inhomogeneities and so on. This component of the
distortions within the framework of the present paper is
negligibly small.

In principle the attenuation of the optical signal is
compensated at repeater sections. The greatest influence
on the length of the regeneration sections and the rate of
data transfer is rendered by dispersion. Its influence in
the simplest representation [1] leads to an increase of
the duration of the optical pulse (OP) during its moving
along the optical fiber (OF). In more precise
representations [2], the distortion of the distribution of
the electric and magnetic components of the OP is
considered.

form in the time domain, does not lead to a distortion of
its energy spectrum. Moreover, the symmetry property
of OP is invariant even to high-order dispersion [3].
This provision provides the prerequisites for the
creation of a FOTS, in which on the receiving side the
signal recognition is recognized by comparing their
energy spectra with reference spectra [4].

Dependence of the attenuation coefficient on the
frequency also leads to an increase of the pulse duration
[S]. This factor also leads to a distortion of the energy
spectrum of the OP on the receiving side.

To significantly increase the bandwidth of the
FOTS, it is necessary to take into account all the factors
mentioned. In this case, it is possible to increase the
spectral efficiency by the generation of signal alphabet
that has approximately the same increase of duration at
the receiving end. This statement follows from the fact
that the data rate using signals with different structures
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will be determined by a signal that is subject to the
greatest expansion during its moving along the OF.
Previously local results for different signal systems
possessing the property of equal dispersion increase of
duration are obtained [6]. As the alphabet of signals the
model of amplitude modulation and frequency
manipulation of the electric field component is adopted:

E () =U, (1) cos(AQ, n)exp(jo,t), (1)
where U, (¢) — low-frequency component (LFC) of k
alphabet signal, AQ), — small frequency deviation

relative to the carrier @, .

By choosing the shape of the LFC and the frequency
deviation parameter, it is possible to achieve a condition
of approximately the same increase of the duration of
the OP of the alphabet (1) at the receiving end. In this
case, a small detuning of the carrier frequency (about
50-100 GHz) does not present a technical problem. For
relatively large duration of OP (about 10-100 ns), the
solution of the problem of amplitude modulation based
on the usage of electrical devices is also known [7].

However, for the formation of ultrashort optical
signals (of the order of 1-100 ps) with a given shape of
the LFC, other physical principles are required.

In this article, it is considered the option of the
formation of LFC of optical signals using exclusively
optical components that provide the highest speed of
signal generation and transformation.

2. Model of the OP field in the time domain

The electric field generated by a pulsed laser in the
multimode regime can be represented by the formula

[8]:

E()=E sin[(2N + D) Awt / 2]

sin(Awt / 2)
where 2N +1 — number of generated modes, Aw —

exp(joyt),  (2)

frequency interval between adjacent modes, ®, -

central frequency of laser radiation.

It can be seen from formula (2) that for a significant
number of axial modes the field in the neighborhood of
an individual mode is approximately described by a
function of the form

E(t)~ E,sinc(at) . 3)
The function (3) has the form of a function of readings
by the Kotel'nikov theorem. If allocate a separate pulse
of this kind, then it is possible to obtain the possibility
of approximating an arbitrary LFC of optical signal by
individual readings. However, it will be difficult to
filter an individual pulse.

In the state of locking mode of the OP without
chirping at a certain spatial point with high accuracy is
described by the Gaussian approximation [10]:

E@)=U(t)exp(jo,t),U(t)= A4 exp(— 2;2 tzj ,(4)

where T — effective duration of the OP.

Further, it is assumed as an axiom that the LFC of
the OP generated by the laser in the state of locking
mode corresponds to a Gaussian function U(¢) from

formula (4).

3. Formation of the LFC with a given form

Historically,  electronic = and  optoelectronic
modulators were the first devices which solved the
problems of the LFC formation [7]. Advantages of such
devices are relatively low cost, compactness and the
possibility of adaptive rearrangement for the LFC
formation with a different form. Disadvantages — the
presence of nonlinear effects and noise, as well as a
relatively large inertia.

Optical devices for the LFC formation with a given
shape use a double spectral transformation of the
original OP [10]. The Fourier transform of the input OP
is performed. The resulting spectral density is
transformed by a specified manner. Then the inverse
Fourier transform is performed.

A significant advantage of such schemes is their
high speed, which makes it possible to form ultrashort
OP with a given shape. The effective duration of the OP
can be reduced to a few femtoseconds.

A certain disadvantage of such modulators is the
rigidity of tuning to a certain shape of the LFC of the
OP.

Intermediate position between the modulators
considered above occupy the proposed devices, the
basic scheme of which is shown in Fig. 1.
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Fig. 1. Schematic diagram of the LFC formation, which
implements the approximation by the reading functions:

a - optical demultiplexer (splitter); b - optical amplifiers; ¢
- precision delay lines; d - optical multiplexer (adder)

In this case, it is assumed that the effective duration
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of the input OP is 1-10 fs. To approximate a given LFC,
10-100 OP should be used. Thus, the duration of the
signal at the output can be 0.01-1.0 ps. To ensure
maximum bandwidth of the FOTS, such a time can be
considered acceptable. In this case, the device can
adaptively be rearranged by changing the transmission
coefficients of optical amplifiers.

The implementation of such devices is constrained
not so much by technical difficulties as by the
insufficient development of a scientific and methodical
apparatus for approximating functions of arbitrary form
by Gaussian impulses.

15

Fig. 2. Approximation of a rectangular pulse by Gaussian
pulses:

1 - rectangular pulse; 2 - approximation by the sum of 8
Gaussian pulses; 3-approximation by 40-Gaussian pulses

The application of numerical simulation methods
shows that there is a high rate of convergence of a
series of Gaussian sample functions to a certain smooth
function u(¢) on the interval ¢ €[—11]

lim 4 iu(mr) exp[ (t_mr)2J=u(t), Q)

M- m=—M 2ﬂ2

with an appropriate choice of the step of the relative
delay of the sampling functions 7 and the parameter /3
characterizing the effective pulse duration.

Example of approximation of a rectangular pulse
u(t) = rect[-1,1] is shown in Fig. 2. At M =200 the
graphs of the approximating series and the
approximated function become visually
indistinguishable. As values of the approximation
parameters (5) are accepted: 7= =1/ M , parameter
A is chosen from the condition for minimizing the
index of the relative quadratic error of the model

8= [y ~uy ) dt I [P ()t (6)

where u,, (¢) — approximating series.
The error values (6) for some variants of

approximations by different number of pulses M are
given in Table 1.

Table 1 Dependence of the approximation error
M | M=10 | M=50 | M=100 | M=150
o 0,05 | 0,011 | 0,0057 | 0,0031

M=200
0,0019

Analysis of the data of Table 1 shows the high rate
of convergence of the approximating series to the
original function. Note here that a rectangular pulse is
extremely "inconvenient" for approximation by
continuous functions, since it has singular points -1 and
1.

The purpose of the following presentation is the
justification of the convergence of series (5) and an
estimate of the rate of such convergence.

4. Basic provisions

In this section we consider a number of fairly simple
and, for the most part, well-known propositions, which
are the starting points for further analytical studies.

Position 1. In the space of Riemann-integrable
functions on the interval 7 =[-Ll] u=u(t)e®

define the metrics
N
L,= (_”u1 —u2| dat)'’, L. = m]glx|u1 —u2|. (7)
T

Equivalent are the metrics L and L , if there are such

numbers C,,C, >0, thatat Vu,,u, € O
C.L, (u,uy) < Ly (uy,uy) < G,L (uy,uy). (8)

It can be shown that all the metrics (7) are
equivalent.

Convergence in equivalent metrics is also
equivalent: if a sequence of functions converges in a

metric L, then it converges in an equivalent metric
Ly . Similarly, the divergence property.

We note that convergence in the metric L, means

X
pointwise convergence of functions.
Position 2. A number of functions

M-1 1
Uy, = Zu(m 0,)—rect[md,,(m+1)o,],
m=—M 5[
0, =1/ M, converges in any metric (7) to the function

u(t) on the interval 7 =[-1,1]. The proof of this

proposition follows from the definition of the Riemann
integral.
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Here it would be possible to stop the formal
analysis, taking as the counting functions impulses of a
rectangular shape. Unfortunately, lasers do not know
how to generate such pulses.

Position 3. To shorten the entries we use the
notation: F'(@w) = F(u(t)) for a direct Fourier

transform and u(t)=F~'(F(w)) for the inverse

Fourier transform. Also, if this does not cause
uncertainty, convergence will be understood as
convergence in the sense of any of the metrics (7), since
they are equivalent. The essence of position 3 reduces
to the assertion that convergence in the time domain
implies convergence in the frequency domain. The
converse is also true.

Because of the importance of this provision, we
give its simple proof. Let there be given two functions

u, and u, such that their difference u, —u, =9,

slightly. Because of the linearity of the integral
transformations

F(u,) = F(u)=F(S,) =06,
but with the Parseval identity ||5u|

= ||5F|| In this case,
the definition of the norm is used ||g|| =L,(g,0). If

||5u|| — 0, that ||5F || — 0. The converse is also true,

as was proved.

Position 4. The spectral density of a function
u(t)y= Arect[-r/2,7/2] is real and has the form
F(u)zArsinc(a)r/2). If 7/2=1, then
F(u)=2A4sinc(w) .

It follows from 1-4 that if some series of functions
approximates a rectangular pulse, then it can
approximate an arbitrary smooth function on the
interval T =[—L1], and thus, on an arbitrary interval.
In the latter case, the problem is solved by scaling the
argument.

Position 5. The sum of the first terms of the
geometric progression:

_ N+l
O(N) =b+bq+bg* +-++bq" =%. )
—q
5. The theorem on the approximation of

unity

Az, B

With a certain choice of parameters
sequence of functions

1y (1) = Aiexp[— %} (10)

converges to a function u(¢) = rect[—1,1].

Evidence. We perform the Fourier transform of the
function (9). Taking into account the lag theorem

F(uy) = Fy(®) ) exp(—jmzw),  (11)
2

Fy@)=4] exp(— Ztﬂ 2jexp(— jondt. (12)

Let’s consider separately the factors in (11). The
sign of the sum contains the terms of a geometric
progression. In accordance with formula (9), taking
formula (11) into account, we set
N=2M, b=exp(jMwr), q=exp(—jor).

Then for the sum in formula (11)

0= Yexp(—jmro)

obtain:
0 = exp(iMarr) 1- exp[—]wr(?M +1)] (13
1 —exp(—jor)

Applying the identity in (13) to the numerator and
the denominator:

1—exp(—¢) =[exp(p/2) —exp(-¢/2)]/ exp(p/2)
after identical transformations we obtain:
0= 2s1n(]\fla)r+a)r/2). (13)
2sin(wt/2)
To determine the result of the Fourier transform
(12), we use the tabular integral [11, p. 344]:

® 2
I exp(—px” — gx)dx = \/z exp(q—], Rep>0.
p 4p

—00

Inourcase p=1/24>,q= jo, then:

Fo(a))=A,B\/Eexp(—%2a)2). (15)

Combining formulae (14) and (15), we obtain the
formula for the function (11):

2.2
P2 sin(Mor + o7/ 2)

F(u,)=Ap27e : (16)
sin(wt/2)
For the subsequent analysis, we define the

parameters £ and 7 in formula (16). Assume the

value of the parameter 7 =1/M . In this case, it is
ensured that the maxima of the sample functions belong
to the approximation interval [—1,1] and the absence of

such maxima outside the given interval, as illustrated in
Fig. 3.

Parameter £ define in the form f =y /(M~27),
where the coefficient y has the order of unity.

It takes into account that for the argument x — 0
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functions in formula (16) tend to the limits: y(s) = pec[—1,1](1 —¢*) with only 9 pulses is already

sin(x) > x, exp(x) > 1. Performing the limit very accurate (Fig. 4).

transitions for the components of the function (16) for 1 :

some fixed value of the parameter @ and at M — o s Amonmme- ’
obtain a chain of corollaries: L R --------
Flu,) - A yN27 sm(M{o/M+a)/2M) N 1 L
MA2rx sin(w/2M) ol
N AﬁZM SIN®) , pu) = F(Ayrect-11]) 717 Ny
) 03 ----oonds !

Fig. 4. Approximation of the quadratic function for M=9

In Fig. 5 and Fig. 6 for the same number of samples
on the interval [—L1] the graphs of the functions

sinc[-1,1] and exp(~t>/0,5) are given. Note that

already at M =30 the graphs of the approximating and
initial functions in Fig. 4-6 become visually

indistinguishable.

Fig. 3. Selecting the step of the count functions The values of exponent (6) of the approximation
accuracy for the functions in Fig. 4-6 are given in
Table 2.

Taking into account in the last formula 4y =1 that

the series (11) converges pointwise to the function Table 2 Accuracy of approximation of functions
2sinc[—1,1]. On the basis of position 1, this series also M (1-1%) sinc(?) exp(—£2/0,5)

10 8,0379E-03 | 7,9372E-02 4,8660E-03
.. . 50 7,6528E-05 1,6681E-04 2,0916E-05
converges to the original function: 100 | 42279E-05 | 1,0716E-04 1.5541E-05

u, (t) > u, (t) =u(t) =rect[-11],

which was to be proved.

converges in all the metrics (7). Then, on the basis of
position 4, the inverse image of this series (10) also

6. Estimation of accuracy of approximation
and speed of convergence

The accuracy of the approximation depends on the
number of samples M, the relations between the
parameters A and ¥, and also on the properties of the
approximated  function  u(f). The performed
calculations show that the acceptable values of the

parameters ¥ =27, f=1/M.

The number of samples M depending on the . . . . .
properties of the function #(¢) with sufficient accuracy A5 ¥ 05 0 05 1 15

for applications should be chosen in the range from 20

. > . Fig. 5. Approximation of the function sinc(#) at M=9
to 100. Thus, the approximation of a quadratic function 8 PP ®
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Fig. 6. Approximation of the function exp(—t>/0,5) at
M=9

Analysis of Table 2 shows the high accuracy of
approximation of various smooth functions u(f) by

series of sample functions of the form
M ‘_ 2
u, (t) = AZu(mr) exp{— % . (17
Y 2p

The study of the rate of convergence of series of the
form (17) is obviously connected with the study of the
convergence of sequences of the form

M
m2
0,M)=>q", 0<g<l, (18)
m=—M

which will later be called quadratic-geometric
progressions.
Reference literature gives a formula for

0,,(M > ) [11,p. 719]:

> 2 2
Zq(m+a) — 93(7211,6” /11’16])11,1—1/21, (19)
q

where 6, — elliptic theta-function of the third kind.

A formula for the last function is also known [11, p.
792]:

= 2.2
O,(v,x)=1+ 22@ " cos(2mvr).  (20)
m=0

Comparison of formulae (19) and (20) shows that at
the results it came to the same thing with which to
begin: to the same quadratic-geometric progression,
only in an even less convenient form for analysis.

Yyon Tikhiy faced to a similar situation,
discovering the following brief definitions in the
explanatory dictionary:

“SEPULETS - an important element of the civilization
of the ardrites (see) from the planet Enteropia (see). See
the SEPULCHER”. I followed this advice and read:
"SEPULCHER - a device for the SEPARATION (see)".
I looked "SEPARATION"; there it was: "SEPUATION -
occupation of the ardrites (see) from the planet Enteropia
(see). See SEPULETS”.

Since we could not find closed formulae for the sum
of series of the form (18), we use the following
arguments to estimate the fact and the rate of
convergence. First, we represent the series (18) in the
equivalent form:

0,(M)=1+204(M), Os(M)=>q". (21)

Thus, the problem being solved reduces to investigating
the convergence of series Qg (M) from formulae (21).

We show that the quadratic-geometric progression
Qg (M) is majorized by a geometric progression

2 2
O,M*)=q+q*+-+q" " +4¢"" . (2
In fact, the progression (22) in addition to terms of

2
the form ¢" contains also terms of the form
2
g" 1<k <(m+1)2, s0:

Os(M)<Q,(M?). (23)
Equality in formula (23) is achieved only when
M =1. The geometric progression (22) in accordance
with the formula (9) has a limit g /(1 —g). Thus, taking

into account the inequality (23), the quadratic-
geometric progression is monotonically nondecreasing
and bounded from above. By the Weierstrass theorem
this means that it is convergent and has a finite limit.

To estimate the rate of convergence of the quadratic-
geometric progression to the limit, we use inequality
(23).

To this end, from (9) we obtain the estimate of the
remainder of the geometric progression:

2
AQ, =0,(0)=0,(M* +1)=¢"" /(1-¢q).
Hence, taking into account inequality (23), the
remainder of the series of the quadratic-geometric

progression follows:

M2+2
Os(0)-OsM)<q™ ~/1-q), (24
which completes the investigation of the convergence
of series of the form (18).
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7. Conclusions

The main conclusion is that it is possible to form a
low-frequency component of optical signals with a
given shape. In this case, Gaussian pulses can be used
as sampling functions.

With an effective duration of such pulses of the
order of 1-10 fs, optical signals with the duration of the
order 0.1-1 ns can be generated with high accuracy.

The systems of approximating functions considered
in this paper are not orthonormal. However, it is shown
that with their help it is possible to approximate
sufficiently smooth functions with high accuracy at a
reasonably limited number of samples.

Unfortunately, it was not possible to obtain closed
formulae for the limits of the quadratic-geometric
sequences considered. At the same time, analytical
estimates of the rate of convergence are obtained and
the very fact of the convergence of such sequences is
proved.
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0oez06 M.A., Cmenanos JI.M.

®opmMyBaHHSI HI3bKOYACTOTHOI CKJIAI0BOI ONITHYHOT0 CHTHAJY iMITyJIbcaMu raycoMm GopmMu

IIpodaemaTnka. AKTyanpHOIO € TpoOiemMa MiIBUIICHHS CHEKTPalTbHOI e(PEeKTHBHOCTI BOJOKHO - ONTHYHHX CHCTEM
nepenayi (BOCII). BukopucroByBani B manuit gac ogHoxBmwiboBd BOCII Ha ocHOBi obmagHanHs Ty STM 103BONSIOTH
nepenaBaTH MaHi 31 mBHAKicTIO 10 40 I'6iT / ¢. 3 ypaXyBaHHAM JAOCTYIMHOI CMYTH ONTHYHHUX YacToT mpubmm3Ho Bix 175 TI'n
g0 375 TlI'u mmpuHa MOXIMBOI CMyrd mnepenadi CTaHoBUTH Onu3bko 200 TI'm. 3HaueHHS MOKAa3HUKA CIICKTPAIbHOT
e(peKTUBHOCTI CTAHOBHUTH, TAKUM YnuHOM, pudam3Ho 0,005 6it / 't 3actocyBanus cucteM DWDM 3i 3HaUuHO PO3HECCHUMU
ONTHYHHMH HECYYHMH HO3BOJISE€ 30UIBLINTH CHEKTPaibHY €()eKTHBHICTb MPHOIM3HO HA IOPANOK, IO IPUHLMUIIOBO HE
BUpILIy€e BUXIAHY TpoOneMy. JIyisi MOpiBHSHHS B cUCTEMax MOOLIBHOTO 3B'S3Ky CIIEKTpaibHa e()eKTHBHICTh Mae mopsaok 0,5 -
5oir/TI'n.

Mera pociinxkenb. PO3BUTOK TEOPETHYHUX YSIBJICHb PO METOJM (OPMYBaHHS ONTHYHMX CHTHAJIB 33JIaHOi CTPYKTYPH,
0 JIO3BOJISIIOTH MiJBUIMUTH mporryckHy 3aatHicTs BOCII 3 ypaxyBaHHSAM HpHCYTHIX (akTopiB aucrepcii 1 3amexHOCTi
KoedirieHTa 3aracaHHs BiJ 9aCTOTH.

Metoanka peasizanii. @opMyBaHHS HH3BKOYACTOTHOI CKJIaJ0BOI ONTHYHOTO CHTHAY 3a/1aHoi (JOPMH B yMOBax, KOJH
0a30Bi ONITHYHI IMITyTTbCH (POPMYIOTECS IMITYJIECHUAM JIa3ePOM B PEXKHUMI CHHXpOHI3amii Moa. [Ipr 1iboMy CIIeKTpanbHUNA CKIIa
OIITHYHOTO CUTHATY MOKe OyTH c(OpPMOBAHMI TaKUM YHHOM, MO0 BPIBHOBAKUTH €(DEKTH JHCIEpPCii i CIOTBOPEHHS CHEKTpa
3a paxyHOK 3aJIeKHOCTI Koe(illieHTa 3aracaHHs BiJl 9aCTOTH.

Pe3yabTaTn nociinkens. Jlano TeopeTndHe oOrpyHTYBaHHS MPHHIMIIOBOI MOKIIMBOCTI alPOKCHMAIIi] MPOIECiB MeBHOT
(bopMH MOCITIIOBHICTIO TayCOBUX IMITYJIbCIB. OTPUMAHO OLIHKU 301KHOCTI BIIIIOBIAHUX (DYHKIIOHAIBHUX PSIIIB.

BucnHoBku. [CHy€e IPUHIIMIIOBA MOXKIIUBICTD (POPMYBaHHS KOPOTKUX ONTHYHUX CHUTHAIIIB 33/1aHO1 ()OPMH 3 BUKOPHCTAHHSIM
iMITyJIbCiB TaycoM (opMu. IMimysiben npuoiu3HO rayccoBoit (opMH Jlae IMITYIbCHUI J1a3ep B PeXKUMI CHHXPOHI3allii MOJI.

KurouoBi ciioBa: neperBopenns Dyp'e; rayciB iMITyJIbe; peXKUM CHHXPOHI3alii MoJI; 30DkHICTD; [ifona Tuxuii.

0oez06 H.A., Cmenanos /I.H.

®opMupoBaHUe HU3KOYACTOTHOH COCTABJISIONIE!H ONTHYECKOT0 CHTHAJIA MMITYJIHLCAMH IayccoBoii popmbl

IIpobsemaTnka. AKTyanbHOH sBiIeTCs MpoOieMa MOBBILICHUS CIEKTPaIbHON 3(()EKTHBHOCTH BOJOKHO — ONTHYECKUX
cucreM nepenaun (BOCII). Mcnons3yemeie B HacTosmiee Bpems onHokanansable BOCII Ha ocHOBe 06opymoBanus tama STM
MO3BOJISIIOT [Iepe/iaBaTh JIaHHbIE €O CKOpocThio o 40 ['Our/c. C yd4eroM JOCTYHNHOW MOJIOCHI ONTHYECKUX YaCTOT
npubamnzurenbHo ot 175 TI'm o 375 TI'n mmpuHa Bo3MOXKHOM mosiockl nepenayn cocrapisier okoio 200 TI'n. 3Hauenue
TOKa3aTeNs CHEKTPaIbHOH 3(PPEKTHBHOCTH COCTaBIsIET, TakuM oOpazoM, mpubmmutensuo 0,005 out/I'u. [Ipumenenue
cucreMm DWDM co 3HauuTenbHO pPA3HECCHHBIMU ONTHYECKUMM HECYLHIMMHU [O3BOJIAET YBEIMYMUTb CHEKTPAIbHYIO
3] (eKTHBHOCTh MPUONU3HUTENBFHO Ha MOPSAAOK, YTO NMPUHIMIHAIBHO HE pelaeT MCXOJHYIo mpoOnemy. /st cpaBHEHHs B
cHCTeMaxX MOOMIIBHOW CBSI3M CIIeKTpasibHast 3 ek THBHOCTH MMeeT nopsiok 0,5 — 5 out/I'm.

Hens wuccaenoBanmii. Pa3BuTre TEOPETHUECKMX TNPEACTABICHHH O MeToJax (OPMHPOBAHMS ONTHYECKHX CUTHAJIOB
3a/IaHHOM CTPYKTYPBI, TMO3BOJISIOIINX TOBBICHTH HPOITycKHYyI0 crocobHocTs BOCII ¢ yyeToM MpHCYTCTBYIOMNX (aKTOPOB
JIMCTIEPCHH U 3aBUCHUMOCTH KOd((HIMeHTa 3aTyXaH!s OT YaCTOTHI.

Mertoanka peaausanuu. PopMupoBaHNE HW3KOYACTOTHON COCTABIIOIICH ONTHYECKOTO CHIHANA 33/JaHHOM (hOpMBI B
YCIIOBHUSIX, KOTJ]a 0230BBIE ONTUYECKUE UMITYIIbCHI (POPMUPYIOTCSI MMITYJIBCHBIM JIA3€POM B PEKMME CHHXpOHM3auu MoJ. [lpu
9TOM CIIEKTPAJIbHBI COCTAB OITHYECKOTO CUTHANa MOXKET ObIThb C(OPMUPOBAH TakUM 00Opa3oM, 4TOOBI YPaBHOBECUTH
3¢ deKThI TUCHEePCHU U HCKAXKEHUS CIIEKTpPa 33 CYET 3aBUCUMOCTH KOd(D(HIMEHTA 3aTyXaHHUsI OT YaCTOTHI.

Pesyabratel ucciaenoBanmii. J[aHo Teopernueckoe 0OOCHOBaHWE NPHHIMIHUAILHOW BO3MOXKHOCTH aNIPOKCHUMAIUN
MPOIIECCOB  ONPEIENCHHOH (OPMBI  MOCIIE0BATEILHOCTBIO T'ayCCOBBIX HMITYJIbCOB. [loydeHbl OINEHKH CXOIMMOCTH
COOTBETCTBYIOIINX (DYHKIIMOHAIBHBIX PSI/IOB.

BoiBoapl. CymiecTByeT NPHHIUIHANBHAS BO3MOKHOCTH (DOPMHPOBAHHS KOPOTKMX OITHYECKHX CHTHAJIOB 3aJ[aHHON
(hOpMBI ¢ HCTIONB30BAHUEM MMITYJILCOB I'ayccoBoi GpopMbl. VIMITYJILCEI TPUOIN3UTETBHO TaycCOBOI (DOPMBI TAET UMITYJIbCHBIN
Ja3ep B PEKUME CHHXPOHU3ALMN MOJI.

KuaroueBble cioBa: npeodpazoBanne Oypre; TayCCOB UMITYIIbC; PEKIM CHHXPOHU3ALMNH MOJT; CXOAUMOCTh; Uiton Tuxuii.





