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Abstract. The method for determining the length of the amplifying section limited by the four-wave
mixing for the optical line based on the standard single-mode optical fiber, for the transmission system with
the spectral sealing of the channels is developed. There obtained the equation for determining the length of
the amplifying section of the fiber-optic transmission system, where the parameters of the transmitting optical
module, parameters of the linear path of the transmission system and parameters of the quantum fiber optic
amplifiers are related. The forms of this equation for different channels and for different intervals between
channels are presented. The spectral characteristics of the difference between the levels of the gain of one
quantum fiber optic amplifier and the noise power of one amplifier, which is counted on one optical channel,
are determined. The dependence of the length of the amplifying section on the number of quantum fiber
optic amplifiers for STM-16 and STM-64 transmission systems is established.

Key words: optical fiber, four-wave mixing, quantum fiber-optic amplifier, amplifying section.

AHoTauifa. Po3pobneHo MeToAuKy BM3HAYEHHs] LOOBXWHW MiACUITIOBANbHOI AiNsSHKM, oOMexeHol
YOTUPUXBUMBLOBUM 3MillyBaHHSIM AN ONTUYHOI MiHii Ha ©6asi cTaHgapTHOro O4HOMOLOBOMO OMTUYHOIO
BOMOKHa [Afs cucTeMu nepefadi 3i CnekTpanbHUM YLiNbHEHHAM KaHanis. OTpumMaHo piBHAHHA AONS
BU3HAYEHHS OOBXWHWU NiOCUNIOBANbHOI AiNAHKN BOMIOKOHHO-ONTMYHOT CUCTEMM Nepefadi, B AKOMY MOB’si3aHi
napaMeTpu nepefasanbHOro0 OMNTUYHOrO MOAYMS, MapamMeTpu NiHINHOro TpakTy cucTeMu nepefadi Ta
napameTpu KBAHTOBOIO BOSIOKOHHO-OMNTUYHOrO niagcunioaya. HaseaeHo hopmMu 4aHOro PiBHAHHS ANS pisHOT
KiNbKOCTi KaHaniB Ta Ang pi3Horo iHTepeany Mk kaHanamun. BusHayeHo cnekTparnbHi XapakTepUCTUKK Pi3HUL
piBHIB KoediuieHTa NiACUNEeHHS OO4HOro KBAHTOBOrO BOJSIOKOHHO-OMTUYHOrO MiAcumnoBaya Ta MOTYXHOCTI
WyMy OAHOro nigcunoBaya, WO nepepaxoBaHa Ha OAWH ONTUYHWUIA KaHan. BcTaHOBREHO 3anexHicTb
OOBXWHM NiACUNIOBaNbHOI AiNSHKM Bif KiNTbKOCTI KBAHTOBUX BOJTIOKOHHO-OMNTUYHUX NigcuUtoBaYiB Afsi CUCTEM
nepegavi pisBHa CTM-16 Ta CTM-64.

KnioyoBi cnoBa: oOnTMYHE BOSMOKHO, YOTUPUXBUMBOBE 3MillyBaHHS, KBaHTOBUWA BOJIOKOHHO-
ONTUYHWUIA NigcunoBaY, NigcunioBanbHa AingHka.
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AHHoTauma. PaspabotaHa wmeToauKka onpedeneHus  ANWHbL  YCUITMTENBbHOrO  yyacTka,
OFPaHNYEHHOTO YeTbLIPEXBOJIHOBBIM CMELLUMBAHMEM [N OMNTUYEeCKOW nunHMM Ha 6ase cTaHgapTHOro
O[JHOMOJOBOro OMTUYECKOrO BOSIOKHA ANA CUCTEeMbl NMepefayn CO ChnekTparnbHbIM YNIOTHEHWEM KaHaros.
lMony4yeHo ypaBHeHWe Ansa onpeaeneHus AnNuHbl YCUNUTENbHOro yyacTka BONOKOHHO-ONTUYECKON CUCTEMBbI
nepegayn, B KOTOPOM CBSi3aHbl MapaMmeTpbl nepearoLliero onTU4ecKkoro Moayns, napameTpbl FIMHENHOro
TpakTa cucTeMbl nepegadv M napameTpbl KBAHTOBOrO BOJIOKOHHO-OMTUYEcKoro ycunutens. puBegeHsl
POpMbI [@HHOTO ypaBHEHUS AN pasfnMyYHOro KonuyecTBa KaHanoB W ANS pasHOro WHTepeana Mexay
kaHanamun. OnpefeneHbl CrnekTpanbHble XapakTepUCTUKM pPasHOCTU YPOBHEN KoaduumeHTa ycuneHus
O[HOMO KBAHTOBOIO BOMIOKOHHO-OMNTUYECKOro YCUMUTENS U MOLLHOCTW LyMa OAHOro YCUNuUTens, nepecyu-
TaHHOW Ha OAWH ONTUYECKUN KaHan. YCTaHOBMNEeHa 3aBUCUMOCTb AMWHbI YCUNUTENbLHOrO ydYacTka OT KOnwu-
YecTBa KBAHTOBbIX BONIOKOHHO-ONTUYECKMX ycunuTenen ansa cuctem nepegayun yposHs CTM-16 n CTM-64.

KntouyeBble cnoBa: onTMYecKoe BOMOKHO, YETbIPEXBOMTHOBOE CMELUNBaHME, KBAHTOBbLIW BONOKOHHO-
ONTUYECKUIN YCUNUTENb, YCUNUTENbHLIN Y4aCTOK.

Problem statement

At the present stage of development of the telecommunication services marketpfiber
transmisn systems (FOTS) are widely used in the construction of transport telecommunication
lines, as well as in the construction of distribution, corporate andahbject networks. In this case,
there are also negative physical phenomena that limit the pibesitwf using optical fibers (OFs),
especially when transmitting information over long distances. Unlikenave FOTS, in systems
with wavelength division multiplexing, in addition to attenuation of the optical signal, chromatic
dispersion, nonlinear f&cts, in particular, fouwave mixing, should also be taken into account.

The FourWave Mixing (FWM) phenomenon is a parasitic effect in FOTS, which greatly
affects the quality of communication when using WDM systems. In wavelength division
multiplexing ystems FWM can cause interference (the phenomenon of the effect of a signal
transmitted from one channel to another) between two channels with different wavelengths, as well
as lead to an imbalance of channel capacities. At present, there is a needldp deweified
approach to determining the impact of FWM on the length of the amplifying section of FOTS.

Analysis of research and publications

For today, a technique has been developed for calculating the length of a regeneration sectior
for attenuation rad dispersion. The method of calculating the length of an amplifying section length
limited with FWM (rww) is cumbersome. General methods of the cullegii calculation method
are outlined in [1, 2]. But the existing techniques require a large amourgutfdata and a large
number of intermediate calculations.

Purpose of the work
The purpose of the work is to obtdhre method for calculating thieww parameter for WDM
systems based on a standard simgéele optical fiber (SMF).

Development of the mehod for determining lrpwm
The allowable attenuation value at the length of one of the amplifying sections fottthe k
channel belonging to the regeneration section with N-ipgic amplifiers (FOAS) is equal {a]:

" " hf
[l E Peand 2 & 1S ! p, 10|gl.10—.k3 #0lg fi, K ![¢n 10igh 1)
where! Dattenuation coefficientp,,,, Dthe maximum allowable fouvave mixing power level

of the signal on the transmission for an optical chandBm, calculated at the end of the
amplifying sectionkm; ! .o,n DPlosses in connectorf FOTS dB; ! s Plosses in splices of OFs
dB; Sbnumber of splices on the regeneration sectip®reserve factqrdB; h BPlanck's constant
equals 2,1"10* J/Hz; f, Dcentral frequencyf channek, Hz; # f, Dsignal spectrunt noisein
the same channeliz; G, Bnoise ratio of a quantum fiber optic amplifidB; [s/ n] Bthe minimum
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permissible nae protection value for the length of the regeneration sewtitnN fiber optic
amplifiers dB.
The maximum value of the attenuation factor for the optical oq@® with singlemode
optical fibersaccording to recommendationslot) [ 3]:
1) RecommendatioiTU-T G.652.B:
I =0,4dB/km bfor the wavelength d¥% = 1310m;
I =0,35dB/km bfor the wavelength o¥ = 1550m; (2)
I =0,4dB/km bfor the wavelength d¥% = 1625m.
2) Recommendation ITO G.652.D:
I =0,4dB/km bfor the wavelength d¥% = 1310m;
I = 0,3dB/km bfor the wavelength d¥% = 1550m; (3)
I =0,4dB/km bfor the wavelength d¥% = 1625m.
Optical fibers according to recommendatidit)-T G.652.& and G.652." in accordance
with [3] need to be used for short linesince such OFs have relatively high ued of the
polarization mode dispersiomn the framework of this work, we will confine ourselves to the
consideration of recommendatioBs652.BandG.652.D.
The power of the fouwave mixing increasewhenthe length of the linéncreasing This
sets limts on the transmission of power for each channel, depending on its length, with providing
the necessary power reserve due to this phenomenon
This limitation is shown orFig. 1 [1] with reserveof 1 dB as for standal singlemode
optical fibes asfor non-zero dispersioshifted fibersandzero dispersioshifted fibergcontinuous
line B8 channelsat intervals 0fL00 GHz, dashed liné® 32 channels 100 GHz dashdotted lineb
32 channels50GHz). As can be seen from
Fig. 1, the dependence of the pardere
on the length of the optical lins  Prw’ Pewn

dBm

pFWM
linear, which allows to determinep,,,,

using a simple model in the form of a first
order polynomial In Table 1 shows Sas 3
calculation formulas ofp_,, for different S T+

lengths of fiber-optic transmission lines
(FOTL).

Modern optical connectarsapplied 1 S 0
in singlemode OFs (FC, SC, LC, MUand B AT Bt
otherg, have direct losses ithe range of NSNS
0,1 to 0,2 dB. Therefore, to calculate the o S —H- -10
expression (1)it is acceptableto take : ==
I con=0,2dB.

Losses at the point of GFsplicing

should be4]: Figure 1 — Dependence of the allowable by four-wav

b 0,1 dB B nominally (for 70% e Vi e i sy

- . mixing signal strength per channel on the length of the
splicing methods FOTL);

! line with different number of channels
b 0,15 dB B maximally (not more in FOTS with WDM

than 30% of the total number osplicing
joints onFOTL).

As follows, for calculatons by expressiofi) we take! = 0,12dB.

The reserve of energy potential on the length ofittreamplifying sectior8; (takes into
account the deterioration with time of the technical characteristics of station equipmentlepscab
within 2 E 6 dB. To calculate by expression (1) we take 6 dB.

10° 20

i

0.01 - -20
1 10 10° 103 L, km
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Table1 B Formulas for calculating the allowable by femave mixing signal strength per
channel p.,,,) for different lengths of the optical lif&ror) with SMF

Number of
channels and Line lengthisup | Line length is Line length is Line length is
channel to 10 () 10 E 100 km 100 E 1000km | 1000 E 10000km
spacing
?gggrl]'lnzels ! FWM :21’5! 0’55‘ FOTL ! FWM =16! 01055 FoTL | Prwm =111 5a5‘ 10!3LF0TL !FWM =515! 3 104'— FOTL
fggg?;els Peuns = 20,5 0,58 | ups =151 0,056 17y | ! oy =101 5,5 10T o, | !y =45 5 10°L o,
2(2) CGh:;”els ! s =15,50 0,58 oy ! oy =101 0,056 (. | ! oy =45! B 10L gy | oy =1 0.8 55 101 1o,

(signal / noisg

(signal / noisg.__

this parameter is withitherange5,5 E 6 dB[1]. To calculate by expressigf) we takeG, = 6 dB.
If there are N identical quanturiber-optic amplifiers (QFOA)on the length of the

regeneration section of FOT®en noise protectio(difference in signal and noise levelsill be
written in the forn1]:

The noise ratignoise factoyis dediined ask_=10Ig , the default value of

[¢/r, = Rwu ! nd 10Ig N, @
where p.,,, P the maximum allowable fouwave mixing power level of the signal on the

transmission for an optical chanpgBm.
Allowable by ITU-T protection leveldor each channebn the length of the regeneration
sectionwith N amplifiersmustbe[1]:
[s/r] =18E21 dB D for STM-16 ,[s/r| = 28E31 dB B for STM-64. (5)

To calculate the expression (1) we acdepy = 21 dB bfor STM-16 and [s/n =31 dB b

for STM-64.
The width of the optical signal spectruff, can be determined by the form{i3:
I III
"=t fr 2 B '#f 2,4, (6)
where* f; D carrier frequency spectrum of the optical sigrdéd; = b speed of light invacuum
(3110° km/s); %D operating wavelength of the optical signain; *% B width of the radiation
spectrum of the transmitting optical modujen; ; B transmissionspeed for STM-16 ; = 2,5
Gbit/s for STM-64; = 10Gbit/s
We introduce the parametér
G=! 10Iglrg—f,"3! 01 § K, 'g n, (7)
which is the difference between the gain factor of @QHOA (g) and the noise power of one
QFOA, converted to one optical chanigey).
Using the expresion(6) and the numerical values of some components of the expression
(7), presented aboyeve obtain the expressidi) in the form
G=gl n=! 1O|959346#+ 4,;3475 108 $%_¢ » )

where #% P width of the radiation spectrum of the optical signal squrse; %D operating
wavelength of the optical signalm; ; BtransmissiorspeedGbit/s;

Considering1) E (8), we have an equation to determine the paramgfer:

e :i( o ! 27,4 0,123 G 10IgN) Dfor STM-16, (9)
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IFWM zé(pFWM! 37,4 0,125 G 10|gN) bfor '+, -64. (10)

ParameteG mainly depends on th8TM level wavelengthand onthe spectrum radiation
width. The graphs fromFig. 2 and 3 present the dependence of param&emn signal wavelength
for equipment STML6 and STM64 respectivelyln calculations the values of radiation spectrum
width *% = 0,1, 0,2nd0,3nmare used
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The research has shown that withie firequency grid of WDM systems the paraméer
varies in relatively small limit§0,2 E 0,3 dB). The dependence is linear.

Considering the attenuation coefficient of 8MF for the wavelengti# = 155@m, located
within the WDM frequency gridexpression for calculating the allowable by fewave mixing
signal power for a channdlTable 1) and equationg9), (10) defined the final equation for
determining parametdr,,,,, presented iable2 E 5.

Table 2 B Equations to determine parater |_,,, for WDM systemswith optical fibers
according tdTU G.652.Band equipmen$TM-16

Number of channels and Equatiors for determinationl,,,
channel spacing
Line length is up td0km
8 channels100GHz L :%'35! 1,571L,.,! 16,837 0,343 28'571 Ny
32channels100GHz | v :%,35! 1,571l ! 19,714 0,343 28571 M
32channels50GHz [ =%, 35! L571L ! 34 0,343 28571 Iy
Line length is 10 E 100 km
8 channels, 100 GHz | =%, 35! 0157 Lo ! 32,571 0,343 285711l
32 channels, 100 GHz | =%, 35! 0157 Loy ! 35429 0,343 28571 1N
32 channels, 50 GHz | ven :%,35! 0,157 Loy, ! 49,714 0,343 28571 N
Line length is 100 E 1000 km
8 channels, 100 GHz [ :%, 35! 157110 Lo ! 46,887 0,343 285711
32 channels, 100 GHz v :%,35! 1,571 10" Lo, ! 49,724 0,343 28571 M
32 channels, 50 GHz | even :%’35! 1,429 10" L.y, ! 65,429 0,348  28/5711M¢
Line length is 1000 E 10000 km
8 channels, 100 GHz L :%, 35! 1429 10™"Leor ! 62,571 0,343 28/5711¢
32 channels, 100 GHz L :%,35! 1,429 10™'L o ! 65,429 0,343 28571 M
32 channels, 50 GHz [ =%’ 35! 1571 10™Lor ! 79,724 0,348 28/571M

Table 3 B Equations to determine parametey,, for WDM systems with optical fibers
according to ITU G.652.D and equipment STIg

Number ofchannels and Equatiors for determinatiorl _,,,
channel spacing
Line length is up to 10 km
8 channels, 100 GHz | :%,3! 1,833L,.,! 19,6687 0,8 33,33 Iy
32 channels, 100 GHz | v =%,3! 1,833L,,! 2B 0:4% 33:33 If)\
32 channels, 50 GHz | =% 3! 1,833L,! 39,6687 0,8 33331y
Line length is10 E 100 km
8 channels, 100 GHz L :%,3! 0,183L,,;,! 38 0:4% 3333 Ip\
32 channels, 100 GHz | even :%,3! 0,183L,0,! 41,33 0,45 33,33 Iy
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Continuation of Table 3

32 channels, 50 GHz | :%, 3! 0183L,y! 5B 0,43 3333 IgN
Line length is 100 E 1000 km

8 channels, 100 GHz | v =% 3! 1833 10"L,,! 54,67 0,8 3333 Ny

32 chanels, 100 GHz | v :% 53! 1833 10" ! 5B 0,43 33,33 Iy

32 channels, 50 GHz | :%'3! 1,67 10*"Lo;,! 76,33 0,48 3333 Iy
Line length is 1000 E 10000 km

8 channels, 100 GHz L :%, 3! L6 10%'Looy ! 7B 0743 33733 I

32 channels, 100 GHz | :%’ 3! 16T 10%L ! 76,33 0,8 3333 1y

32 channels, 50 GHz v :%, 3! 1833 10% Loy ! 9B 0,43 3333 Iy

Tabe 4 b Equations to determine parametey,, for WDM systems with optical fibers
according to ITU G.652.B and equipment ST

Number of channels ang Equations for determinatioh,,,,
channel spacing

Line lengh is up to 10 km

8 channels, 100 GHz | v =%1 35l L571Leon! 45,429 0,343 28571 1N
32 channels, 100 GHz | =%,35! 1,571, 48,286 0,34% 28571 N
32 channels, 50 GHz | =%’35! 1,571, ! 62,571 0,343 28571 Ny
Line length is 10 E 100 km
8 channels, 100 GHz | v :%,35! 0,157 L..;,! 61,143 0,34% 28571 Ny
32 channels, 100 GHz | v :%’35! 0,157L.,;,! 64 0,343 28571 Iy
32 channels, 50 GHz . =%,35! 0,157L,o,,! 78,286 0,343 28571 Iy
Line length is 100 E 1000 km
8 channels, 100 GHz . =%7 5! L57110°"Loor | 75,429 0,348 28/5711¢

32 channels, 100GHz | | =% ag! L571 107" Lo, ! 78,286 0,348 285711

32 channels, 50 GHz | =% 5! 1429 107"Lo,, ! 94 0,348 28571 Ny

Line length is 1000 E 1000 km
8 channels, 100 GHz || :% 3! 1429 10™Lon | 91143 0,348 285711

32 channels, 100 GHz | _ =% 35! 1429 10" Lo ! 94 0,348 28571 Iy

32 channels, 50 GHz || =% 35 157110 Lo ! 108,29 0,343 285711M¢
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Table 5 b Equations to determine parametey,, for WDM systems with optical fibers
according to ITU G.652.D and equipment STov

Number of channels and Equations for determinatioh,,,
channel spacing
Line length is up to 10 km
8 channels, 100 GHz | =%13! 1,833L,.,! 5B 0,48 33:33 Iy
32 channels, 100 GHz . =%,3! 1,833L..,! 56,33 0,45 33,33 Iy
32 channels, 50 GHz | :%'3! 1,833L.,;,! 78 0,45 3333 Ity
Line length is 10 E 100 km
8 channels, 100 GHz | :%, 3! 0,183Lcon! 71,34 0,48 33,33 Iy
32 channels, 100 GHz . =%,3! 0,183L..,! 74,84 0,4 3333 Iy
32 channels, 50 GHz | =%,3! 0,183L.,! 91,33 0,4 33,33 Iy
Line length is 100 E 1000 km
8 channels, IDGHz | =%,3! 1,83 10°"L,o,! 8B 043  33:33 Iyl
32 channels, 100 GHz . :%’3! 1,83 10*"L.oy, ! 91,33 0,8 3333 Iy
32 channels, 50 GHz | =%’ 3! 167 10°"L oy, ! 109,67 0,8 3333 N
Line length is 1000 E 10000 km
8 channels, 100 GHz v :%,3! 1,67 10*'L..,,! 106,33 0,8 3333 N
32 Channels, 100 GHZ IFWM :%’Bl 1’ 67' 103IILFOTL! 109,67 0,6 33: 33 Ig
32 channels50 GHz |y =%,3! 1,83 16*'L o, ! 126,39 0,8 3333 N
o During the research the depending of the
o length of the amplifier section, limited by FWM

5 (loyy) ON the number of QFOA on a

regeneration sectioare obtained Some of the
obtained épendencies ar#ustrated in kg. 4.

STM-16, Lror. = 100 km

- Nl For calculationsthe results of which are
70 shown in kg. 4, the following data were used
48 =l operating wavelength of the optical signal
B |t TS ChHemeetIEgn = 1550,920m, width of the transmitter
el R B 7B T — __ __ spectrum#% = 0,1nm, number of optical
40 STM-64, Lror. = 100 km channel®32, chamel spacind®100GHz, type
s Tl ] of optical fiber® SMF rec ITU-T G.652.D,
e 0 0 0 6 constructional length of an optical ca® km.
= sTM64 Lon=1000km " The gaphs for transmission systems STId
10 and STM64 are presentefbr line length100
: km and1000km.

123456 7 8 9 1011121314151617 1819 20 The proposed method of dete”in'@ the

Number of QFOA

length of the amplifying sectignlimited by

. flgure 4. - Dépe.ndence of the length of the FWM (] involves using the following
amplifying section, limited by FWM (l4,,,), on the

number of QFOA on a regeneration section

FWM)
parameters
1. Length of the fibeoptic line
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2. Type of optical fiber

3. Constructional length of th@C.

4. Wavelength of the opticalgmal (%).

5. Width of the radiation spectru®%o).

6. Number of optical channels and channel spacing

7. Transmission speed

The method for determining tHg,,, parameter includes three steps

1. By expression(8) or by graphs orFig. 2 and3 determine the difference between the gain
of one QFOA and the noise level of one QFOA, converted to one optical channel (pa@meter

2. Taking into account the data on Table 5 choose the equation to determipg,,, solve
it for different values of the number of QFOA on the regeneration sectio@ &

3. Building a dependency df,,,, on the number of QFOfon the example ofi§. 4) make

a decision on choosing the optimal valud gf, for the regeneration section of FOTS

Conclusions

1. The scientific novelty of the performed work is that it has received further development of
a method for determining the length of the reinforcing sectionited by FWM. The developed
method allows at the design stage to make decisions on the number of QFOA which can be
successively includeidto the regeneration section

2. The practical significance of theork is thatits material can be used by design engineers
in the desigrprojeds of FOTL.
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