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Background. Currently, communication networks are under development of high-speed transmission technology for
single channel fiber optic transmission systems, along with intensive introduction of Wavelength Division Multiplexing
technology. Thus there are variants of optical channels design with different transmission rate, which may differ by an order or
more, e.g., in the STM-16 standard, it is 2.5 Gbit / s, and STM-256 standard - 40 Gbit / s. Thus, issues arise with respect to the
comparison of frequency resource in various transmission technologies that provide certain information bandwidth.

Objective. The aim of the paper is to find solutions that can increase information throughput of FOCL at constant
frequency resource.

Methods. FOCL analysis with frequency multiplexing showed the feasibility of a smaller number of channels but with
a higher data rate in each channel. In addition, a perspective use of soliton transmission mode to increase capacity is shown.

Results. It was shown that to improve the wavelength division information-bandwidth transmission system in a fixed
wavelength band it is plactical to use a minimum number of optical channels while increasing the transmission rate in each of
them.

Conclusions. The possibility to improve information throughput by increasing the number of channels limited by the
transmission band of the optical amplifiers. A considerable part of the frequency resource is used for intervals between the
optical channels in order to maintain the requirements for inter-channel effect and consideration of the laser frequency
instability and its spectral linewidth. Thus, there is a certain margin for further increase of FOCL throughput. This can be

achieved by increasing the transmission speed in each optical channel while reducing their number.
Keywords: optical channel; transmission rate; error rate; optical soliton interchannel effect; spectral width.

I. INTRODUCTION

In our days, for communication networks high-speed
transmission technology for single-channel fiber-optic
transmission systems (FOTS) is being developed, along
with the introduction of intensive technologies spectral
division multiplexing (SDM). [1] However, there are
variants of optical channels with different transmission
speeds [2], which can differ by an order or more, for
example, a standard STM-16 it is 2.5 Gb / s and a
standard STM-256 - 40 Gbit / s. Also, possibilities of
transmission of information by optical solitons are
being investigated [2]. Thus, questions arise regarding
to the comparison frequency resources of different
transmission  technologies that provide certain
information bandwidth.

II. EASE OF USE OF TECHNOLOGIES THAT
PROVIDE HIGH THROUGHPUT OF FOCL

Fiber-optic transmission systems are digital
transmission systems using optical fiber (FO) as a
medium of transmission, they emerged as the dominant
PDH technology (Plesiochronous Digital Hierarchy),
which was moved from copper cable to optical fiber
(FO). The technology in the development of new
technology has been developed into SDH -

synchronous digital hierarchy technology (SDH) using
standard modules. Initial transmission speed of these
modules is 155 Mbit / s (STM-1) and this time
increased to 40 Gbit / s per one channel.

SDH technology was initially focused on the use of
FO as a medium of transmission. Further development
by increasing the capacity of the communication
channel faced the technological limitations on speed.
Finding ways to overcome this obstacle, followed by
two promising areas. One of them was linked to
possible ways to further increase the transfer rate in one
channel 160 and then to 640 Gbit / s. It led to the
introduction of the idea of using specific pulses -
solitons as the carriers and the emergence of soliton
networks. The second way was associated with
increasing total capacity by the use of every fiber
carrying multiple optical wavelengths. This led to the
emergence of technology WDM - Wave Division
Multiplexing technology.

A. Wave multiplexing

Along with time division multiplexing in optical
communication systems is used method of wavelength
division multiplexing, which is also called the wave or
wavelength multiplexing [1,2].
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The Wave Division Multiplexing method combines
multiple optical carriers at different wavelengths Ai (on
the passing side) and transfers the received signal X Ai
one followed FO bearing division — each in its fiber.
The possibility of introducing FOCL using WDM
technology for communication networks has been
realized with the introduction of optical amplifiers that
allow carrying out reinforcement group signal in
optical form without converting it into electrical form
[3]. The width of the range in which to place the
supporting band gain determined that for fiber optical
amplifier (FOA) with fiber doped with erbium, is in the
range of of 1530 - 1565 nm. Thus it imposes limits on
the number of channels (carriers) that can be formed
within this frequency range.

In turn, the frequency carrier allocation plan has
been given in Recommendation ITU G.694.1 [4].
Originally based draft standard [4] was the frequency
plan with uniform channel carrier frequencies with
minimum increments of 100 GHz, which was then
reduced to 50 GHz. In the wavelength range from
1528.77 nm to 1560.61 nm, which corresponds to the
band amplification optical amplifier can be placed
maximally 41 or 81 channel respectively.

Another way to increase the number of channels is a
further reduction of supporting steps up to 25 GHz, and
even up to 12.5 GHz. Carrier frequency (in THz) can be
obtained using the generalized formula:

f=1931tnxf, (1)

where f — step grid frequency in Hz T and n — integer:

0,1,..m.

Using such small steps as 12.5 GHz requires some
effort to maintain a stable frequency (wavelength) of
the carrier, temperature changes of which must be
within the tolerances of established standards. These
tolerances for different transmission speeds and
frequency step grids can be derived on the basis of total
inequality (given in [4]), which must be fulfilled

selecting frequency step grid f :

ANf < f.-2B @)

where B — speed transmission Gbit / s. Frequency is in
GHz. The following estimations of upper limit of
tolerance for volatility carrier frequency can be
obtained on the basis of formula and are shown in Table
1[2].
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TABLEIL.  THE UPPER LIMIT TOLERANCE TO CARRIER
FREQUENCY INSTABILITY, GHZ

Step of frequency plan GHz| 1000 50| 25]|12.5
transmission speed of 23 11} 5| 1.8
25Gb/s

transmission speed of 20 7 1,2 -
10 Gbit /s

transmission speed of 5 - - -
40 Gbit /s

It should be noted that formula does not include the
width of the spectral line laser that for small frequency
steps can be essential. The main energy of the signal
with pulse modulation concentrated in the main lobe of
the signal [5]. Thus, we can assume that the spectrum
width of single optical channel by the modulation is

&. = %, where 7 — duration of modulating pulse. In

applying NRZ code this ratio can be written as:
o . =2B where B - transmission speed in channel.
The use of NRZ code leads to a signal broadening and
thus increasing the frequency resource consuming
FOCL at constant bit rates. Thus, the use of this code
type in terms of saving frequency resource is not
desirable.

Building a transmission system with spectral
division multiplexing the value of frequency interval
between Af, channels is important, which should

include a width of channel spectrum (for NRZ code is
2B) and the spectral line width of the Af laser should
be taken into account as well. Also, we need to consider
an option as the frequency instability over time Af, =,
is given in [2]. Thus, the spacing between adjacent
channels should be not less, than 2B+ AF +2Af,.
And this is limiting case because, for example, the
formula (2) is proposed with reserve, which is dual

access to the instability of the carrier frequency. With
this in mind, the final value will have the form:

(2B+AF +4Aft)< f, 3)
I the frequency range I can
accommodate N=(f, .. — fu)+(2B+AF +4Af7)

channels, where N — Integer. Losses in the frequency
range between channel spacing in this case will be:

Afv = N(AF +4Af,) 4)

By increasing the speed rate B the value of N
decreases and therefore reduces frequency range loss
while increasing information throughput FOCL. Thus,
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at a fixed frequency resource information throughput
increase can be achieved by reducing the number of
channels while increasing the speed rate. In the extreme
case this could be one channel with a maximum speed
rate:

fmax_ min _AF_4AfT
2

High speed modulation is one of the most technical
challenges.

In addition, when assessing the quality of
transmission FOCL SCD the mutual influences between
channels should be taken into account [1], which are
determined by the shape of the spectral line and
between the channel interval (Fig. 1).

As shown in Fig.1, due to different forms of spectral
line real source of the ideal (infinitely narrow) band
wavelength  channel overlaps side components
spectrums adjacent channels. The formula for transient
noise ratios (attenuation transition) is as follows:

B=

S))

iy Pssu.i
oij =101g - (6)
Penn.ij
where j=1..N, jAi
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Fig. 1. The emergence of interchannel

interferences in FOCL with SCD due to mutual interferences
between channels
where P,,.; — the power of the sourcechannel radiation
and (output power), P,,,;— power fixed in the channel i
due to the influence of the channel /N — number of
FOCL channels with SCD.

Then the signal / noise ratio in the channel i can be
evaluated from the formula:

a(chani) = IOIgN;

10-+10
2

(7)

where j=1..N, j&£i

The presence of transient noise leads to lowering of
signal / noise ratio and consequently to a deterioration in
the quality of transmission. At the same time equivalent
information flow transmission through the channels with

higher information capacity (bit rate) allows avoiding a
number of marked restriction or reduce their impact and
save a frequency resource that is limited.

Additional disadvantages FOCL SCD are a non-
linear effects that are caused by the presence of a
number of optical channels and increased fiber capacity
[6]. Most of non:lingar effects are four wave mixing,
which leads to the combination of parasitic components
in the signal spectrum. These components can be in
bands of working channels. The range of signals
propagating along the fiber with frequencies f, f, f; based
on products of four wave mixing is shown in Fig.2 [6].

fllj 23 fl}l 32
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Fig. 2.
mixing

Total number combination of parasitical signals in
the presence of N of working channels is:

N*(N-1)+2

Group signal spectrum given for 4-wave

.(8)

Such a large number of components significantly
reduces the signal / noise ratio in each channel and
degrades the quality of transmission by the increase of
error rate. In addition to such drawbacks as overvalued
frequency resource for FOCL SCD are inherented
nonlinear effects that degrade the quality of
transmission.

B. Optical Time Domain Multiplexing (OTDM)

Time domain multiplexing in optical transmission
lines comes together with the first optical lines. With
the wave multiplexing it is used in each wave channel.
The use of Wave Division Multiplexing allows
increasing the amount of information to be transmitted.
But information capacity and speed of information
transmission — is not the same. For example, one
channel for transmitting high-definition television with
required bit rate (uncompressed) is 994.3 Mbit / s [7].
That is, these requirements create preconditions for the
development actuality transmission systems with high
speed (OTDM ~.Optical Tithe Division Multiplexing).
Reached at this time OTDM system speed is 40 Gbit/ s
(STM-256). Further increasing the transfer rate can be
achieved through the performance of -electronic
components of FOCL like optical modulator and
semiconductor devices (transistors), on which are built
electronic control circuit modulation. According to [1],
modulator built on Mach-Zehnder effect can provide
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order modulation rate of 75 Gb / s. Unambiguous
electronic semiconductor components, the newly
developed relatively new type of transistor — HEMT
(High-electron-mobility transistor with high electron
mobility, providing working at frequencies of the order
of several hundred GHz.[8] Thus, increasing the speed
of operation modulators or to develop new high-speed
types in conjunction with HEMT-transistors will allow
to achieve transfer rates in a wave channel in order of
hundreds Gb /s.

At this time in the development and creation of
OTDM components for them are being carried out. In
[9] was reported the successful test of FOCL OTDM
transmission at speeds of 1.28 Tbyt / s over a distance
of 70 km. In this system were used compensation
dispersion (PMD and chromatic) and phase modulation.
As a source of FOCL OTDM using laser
synchronization modes that can achieve record-short
duration optical pulse modulators as well as kits that
drive pulses through the respective delay line and adder
in the optical fiber.

Perhaps the relatively reasonable option at this time
can be considered FOCL system with an optimal
combination of WDM and OTDM. On such a system
was reported in [2]. In this system at four wavelengths
(ie four spectral channels) transmitted on 160 Gb / s
digital signals were generated by OTDM. Line length
was 240 km.

As for chromatic dispersion, the transfer rate
increases and the impact of the broadening of pulses to
transfer mode that requires the use of in-line dispersion
compensator compensating fiber-based or based on
optical fiber Bragg gratings. Get rid of this defect is still
possible using soliton transfer mode.

C. Soliton transfer mode for FOCL

Further research for the speed rate increase led to the
practical implementation of special pulses — solitons as
the carriers and the emergence of soliton networks.

In conventional OTDM FOCL the main limiting
factor for the speed rate is the pulse broadening due to
group velocity dispersion and actions of certain non-
linear effects. Optical solitons - wave packets that are
excited by laser light source in the fiber at the joint
action of the dispersion and nonlinear effects in the
anomalous dispersion. Solitons can be distributed in the
optical fiber over long distances (in order of several
thousand kilometers) with little or no distortion of the
shape and stored when dealing with each other,
restoring direction, speed and amplitude, i.e. showing
property characteristic of particles [10]. Features of
formation of solitons allow using in soliton
transmission lines of RZ code, and it increases the
width of optical channel compared with NRZ code.

Increasing the bit rate requires the reduction of soliton
pulse duration, which is approximately 4 ps for the
soliton. To this end, FOCL soliton uses soliton pulses
compression. The first and second spectral windows
transparency uses compressors fiber grid. In the third
window compression is performed due to the choice of
higher order solitons. It provides compression duration
of pulses in 8-12 times [2]. In the second spectral
window transparency it is possible to use both methods
providing large (up to 5000) rates and the compression
ratio pulses of several femtoseconds. Thus, there is a
very strong potential for growth speed transmission
soliton networks. Also, it should be noted that the width
and spectrum of the optical signal are being increased.

Soliton lines can be used for increasing the length of
regeneration station transmission speeds up to order of
160 Gbit / s (STM-1024 level), or to transmit
information over very long distances (several thousand
kilometers) without regenerators. With resultant loss of
soliton peak power can be compensated using optical
amplifiers (op-amp). Moreover amplifier restores the
soliton as a physical nature, then salt ton pulse is
compressed to the original width. Given the fact that the
reinforcement distributed along the length lightguide,
the pumping radiation having shorter wavelength can be
periodically injected into fiber at several locations in
the direction opposite to the proliferation of solitons.
The length of this line can range from several thousand
to several tens of thousands of kilometers [2].

Test on soliton lines confirmed high reliability of
soliton systems and their resistance to high values of
polarization  dispersion mode (PDM), unlike
conventional optical transmission systems, where the
same values PDM would be critical even at the speed of
10 Gbit / s. Thus, these tests confirm the future of
soliton networks, used in existing systems, WDM, for
example, from 32-64 channels, each in soliton regime at
40 Gbit / s to realize the channel capacity of 1.6 Tbit -
2.56 /with.

CONCLUSION

Fiber-optic transport systems have the highest limit
bandwidth compared to other transmission systems.
Among them FOCL SDM broaden its distribution with
the ability to accommodate a number of spectral
channels at certain wavelengths. The possibility of
throughput increased by enhancing the number of
channels is limited by bandwidth of optical amplifiers.
A substantial portion of the frequency resource is to
provide spacing between optical channels to maintain a
link between the requirements for interchannel
interference and laser frequency instability and its
spectral line width. Thus, there is a margin for further
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throughput increase of FOCL. This can be achieved by
increasing the transfer rate in each optical channel while
reducing their number. In this case, NRZ code is used
for the transmission as one that provides the minimum
width of the spectrum of the optical channel. Thus, the
best way to build transmission systems with high
information capacity in a limited frequency range is to
combine technology with high-speed WDM technology
OTDM.

Quite effective solution that can even double the
information capacity of the system at a constant
frequency resource is an additional polarization
multiplexing, where two optical channels are
transmitted with orthogonal polarization in the same
bandwidth [11].

Soliton transmission mode [10] is under further
investigation, during which we can expect
determination of its effectiveness used in high-speed
optical systems.
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Manvwko 0.0., Jompauesa K.O., boxna H.IL, Lllecmonan E.O.

Ouinka yactotHoro pecypcy BOCII npu BUKOpHCTaHi HOBHX TeXHOJIOT i

Ipo6nemaTnka. B pmaHmit 9ac 11 Mepex 3B'S3KY MPOBOAATHECA PO3POOKM BHCOKONIBHAKICHUX TEXHONOTIM mepemadi st
OHOKAHAJbHUX BOJIOKOHHO-ONTHYHMX CHCTEM Mepefavi Hapsmy 3 iHTCHCHBHHM BIPOBAUKEHHSAM TEXHOJOTIl CHEKTPATBHOTO MOy
kaHajiB. [Ipn boMy iCHYIOTB BapiaHTH MTOOYIOBH ONTHYHMX KAHAMIB 3 Pi3HOO MBUAKICTIO TIepeaadi, ika MOKe BiJpi3HATHCS HA MOPAIOK
i Oinbiie, Hanpuknan, B cranaapti STM-16 BoHa craHoBuTh 2,5 ['6it/c, a B cranmapti STM-256 - 40 T'6it/c. Kpim Toro, mocimimkytoTbes
MOMJIMBOCTI Tiepenadi iH(popMallii 3a JOMOMOTOK ONTHYHHX COJNITOHIB. TakuM YWHOM, BWHWKAIOTh THTAHHA IOIO TMOPiBHAHHS
YacTOTHOTO Pecypey pi3HUX TEXHOJIOTiH nepeaadi, ki 3a0e3nmeuyroTh neBHy iHpopMaLiiiHo-NPOIMyCKHY 31aTHICT.

Merta pociizxens. MeToro 1aHoi poOOTH € MOIIYK pillleHb, SKi MOXYTb 301IbIINTH iH(pOpMaLiiiHO-TIpomyckHy 3aaTHicTs BOCIT
TpY He3MiHHOMY 9acTOTHOMY pecypci.

Metoauka peadizanii. Ananiz BOCII 3 yacTOTHUM MyJIbTUIUIEKCYBaHHAM JAaB 3MOTY 3POOMTH BUCHOBOK TIPO JOLWIBHICTH
BUKOPUCTAHHS MEHIIOI KiJbKOCTI KaHaliB aje 3 OiNbIIOK IIBHUAKICTIO Tepeiadi JaHWX B KOXKHOMY KaHami. KpiMm Toro, mokasaHo
HepCreKTUBHE BUKOPUCTAHHS COJITOHOTO PeXUMY Mepefadi 1715 301IbIeHHs POMyCKHOT 31aTHOCTI.

PesyabTaTuaociimkenb. [lokazaHo, mo Juif TiABUIIEHHS iH(OPMAI[HHO-NPOITYCKHOI 3MaTHOCTI CHCTEMM Tepenadi 3i
CMEKTpAIbHUM TOAINIOM KaHaIlB Y (ikcoBaHOMY Hiana3oHi AOBXKHH XBUJIb JOLLIBHO 3aCTOCOBYBATH MEHIY KiIbKiCTh ONTUYHUX KaHAIiB
TP 0JIHOYACHOMY 30iMIbIIEHH] IIBUAKOCTI Mepeadi B KOKHOMY 3 HUX.

BucHoBkH. MOXIMBICTh MiIBULIEHHSA iH(pOPMALIHO-NMPOMYCKHOT 3JaTHOCTI 3a paxyHOK 30iMbLIEHHS KiIbKOCTI KaHaliB
00MeXyeTbCS CMYTOIO TIPOTTYCKAaHHSA ONTUYHMX MiACHIOBadiB. [Ipi bOMy 3Ha4HA YacTHHA YacCTOTHOTO pecypey iine Ha 3abe3medeHHs
iHTepBaiB MK ONTMYHUMM KaHalaMH 3 METO0 MiATPUMaHHS BUMOT LIOJ0 MiXKKaHaJbHOTO BIUIMBY Ta 00JiKY HecTaliibHOCTI 4acToT
Ja3epa Ta IMPHHU HOro CeKTpalbHOI JiHil. TakuM 4MHOM, icHye MEeBHUI 3amac MOAabIIOro HApOLLyBaHHS iH(pOpMaLiifHO- POy CKHOT
3patHocTi BOCII. [JlocarTy 1ie MOXHa 3a paxyHOK 30ibIIEHHS IBUAKOCTI Mepeadi B KOXKHOMY ONTHYHOMY KaHAJi IPU OJHOYaCHOMY
3MEHILEHH] 1X KiTbKOCTi.

KutrouoBi cjioBa: ONTHYHHMI KaHA;, MIBHAKICTh Mepenadi; koedillieHT MOMMIOK; ONTUYHHI COJIITOH; MiKKaHAbHWI BIUIHB;
MMpPHHA CTIEKTPA.

Manvko A.A., Jompauesa E.A., boxna H.H., Lllecmonan E.A.

Ouenka yactotHoro pecypca BOCII npu ncnonb30BaHMH HOBBIX TEXHOJIOTHIA

[TpoGnemaTuka. B HacToswee Bpems i ceTeil CBA3M NPOBOAMTCS pa3paboTka BICOKOCKOPOCTHBIX TEXHOJNOTMH Nepenaun ms
OJHOKAHAJBHBIX BOJOKOHHO-ONTHMYECKUX CUCTEM Tepeayd HapAly C WHTEHCHBHBIM BHEIPEHHEM TEXHOJOTUM CIEKTPANbHOIrO
paszeneHus kaHanoB. [Ipu 3TOM CylIECTBYIOT BapUaHTbI IIOCTPOEHUS ONTUYECKUX KAHAIOB C Pa3HOW CKOPOCTBbIO IEpefaul, KOTopas
MOJKET OTJIMYaThCs Ha MOPANOK M Oonee, Hanpumep, B ctaHnapte STM-16 ona coctasnser 2,5 I'6ur / ¢, a B crangapte STM-256 - 40
I'6ut / ¢ . Kpome Toro, uccieayroTcss BO3MOKHOCTH Mepefaull HHYOPMALMHU ¢ TIOMOLIBIO ONTHYECKUX COMUTOHOB . Takum oOpasoM,
BO3HMKAIOT BOMPOCHI OTHOCHTENBHO CPAaBHEHHS YacCTOTHOTO pecypca pasiUYHbBIX TEXHOJOTMH Mepefadd, KOTOpble 00ecHeuuBaroT
onpeeIeHHYI0 HHPOPMALUOHHO-POMYCKHYIO CIIOCOOHOCTS.

Lens wuccmenoBanmii. Llensto nanHO#W paboTHl SABNAETCA TOWCK PEIIEHWH, KOTOpBIE MOTYT YBENMYHTh HH(POPMAIHOHHO-
npomnyckHyto ciocodHocTs BOCII npu Heu3MeHHOM YacTOTHOM pecypce.

Metoanka peanusauun. Ananns BOCII ¢ 4acTOTHBIM My/NbTHINEKCUPOBAHUEM TO3BONII CIENaTh BBIBOJ O LENECOOOPa3HOCTH
UCTIOJIb30BaHNS MEHBIIEr0 KOJIM4ECTBA KaHAJIOB HO ¢ OOJIbIIeH CKOPOCTBIO Mepefady JaHHbIX B KaxJ0oM kaHane. Kpome Toro, nokasaHo
HepCNEeKTUBHOE MCHONb30BAHNE COTUTOHHOTO PeXMMa MepeadH s yBeTUIeHNs IPOIYCKHOM CIOCOOHOCTH.

PesyabTatsl uecnegoBanus. [TokaszaHo, 4To [/ NOBBILIEHNS MHPOPMALMOHHO-IPOITYCKHOI CMOCOOHOCTH CHCTEMbI Mepenadu ¢
CMIEKTPANbHBIM pa3fieleHneM KaHaloB B (DMKCHPOBAHHOM AMAna3oHe MIMH BOJIH LIeJeco00pa3sHO MPUMEHATh MEHbIIee KONMYEeCTBO
ONTUYECKHX KaHAJIOB MPU OJHOBPEMEHHOM YBEJMYEHHU CKOPOCTH Mepeadyl B KaxJ0M U3 HUX.

BobiBogbl. BO3MOKHOCTh MOBBIIEHNS HH(POPMALHOHHO-MPOIYCKHOM CTMOCOOHOCTH 3a CYET YBEIWYEHHS KONMYECTBA KAaHAOB
OTrpaHM4MBAeTCS MOJOCON MPOMyCKaHUs ONTHUYECKMX ycunutened. ITpu 3ToM 3HaunTenbHas 4acTh YaCTOTHOTO pecypca HAET Ha
ofecneueHne MHTEPBATIOB MEK Ty ONTHYECKUMH KaHANAMU € LENbIO MOAAEPKaHNsA TPeOOBaHHIl OTHOCUTENBHO MEX KaHATbHOTO BIIMAHHUS
1 y4eTa HeCTaOMIBbHOCTH YacTOTHI Jla3epa M IIHUPUHBI €0 CHEKTpanbHOl nuHuK. Takum 06pa3oM, CyIeCTBYeT OMpeeNeHHbli 3amac o
JalbHeiIeMy HapaluBaHUIO HHPOPMALIMOHHO-TIponyckHol criocodHocTu BOCTI. JIocTuub 3TOr0 MOXKHO 32 CUET YBETMUEHHUS CKOPOCTH
nepefiauyl B KaI0M ONTHYECKOM KaHalle MPU OJHOBPEMEHHOM YMEHbLIEHUH UX KOJIUYECTBa.

KnrodeBbie coBa: onTudeckuii kaHam; CKOpOCTh Tepeqaud; Kod(@HIMeHT ommbOK; ONTUYECKHH CONUTOH; MEKKaHANbHOE
BIIMSIHUE; LIUPUHA CTIEKTpa.
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