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Abstract. The urgency of the "digital divide" problem is a global problem. That the problem is in
particular and acute in Ukraine, is described in the article. It is proposed to use VDSL2 technology for
modernization of the rural telephone network connecting lines, as the most efficient by the criterion of the
transmission rate maximization. The simulation of the transmission system using VDSL2 technology
operating over connecting lines, which are constructed using the KCIM — 1 x 4 x 1,2 type cable, is
performed. In this work, research of the VDSL2 systems achievable transmission rates dependence on the
rural telephone network connecting lines parameters is performed. The expediency of the "vectoring”
crosstalk compensation system application in parallel operation mode of VDSL2 systems in order to improve
the connecting lines modernization efficiency is proved. The analysis of the rural telephone network
connecting lines operation life and respectively parameters degradation influence on the achievable
transmission rates of VDSL2 systems is completed.
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AHoTauis. Y cTaTTi 06rpyHTOBaAHO aKTyanbHICTb 3adadi "umndpoBOro po3pmey" sik 3aranbHOCBITOBOI
npobrnemu, Tak 3o0KpeMa i NpobriemMu, sika rocTpo CToiTb B YKpaiHi. [NpoaHanisoBaHo BapiaHTW MoAepHisauii
iCHYlOUMX 3’€AHYBanbHUX JiHIA CinbCbKoi TenegoHHOI Mepexi 3 BUMKOPUCTaHHAM TexHonorii xDSL gns
3a0e3neyvYeHHss TEXHIYHOI MOXIMBOCTI BMPILUEHHA Mpobnemmn «uUMdpPOBOro pPO3pMBY» [AONS HACEeneHHs
CINbCbKMX TepuTopianbHUX rpomag YkpaiHM. 3anponoHOBaHO BUKOPUCTOBYBATM AONA  MoAgepHisauii
3'eHyBarnbHMUX MiHIN CinNbCbkoi TenedoHHOT Mepexi TexHonorito VDSL2, sk Hanbinbw edekTuBHy 3a
KpuTepieM MakcuMisauil LWBMOKOCTI nepefaBaHHs. [NpoBeaeHo MoaentoBaHHA poboTy cucTemmn nepegadi 3a
TexHornorieto VDSL2 no 3'egHyBanbHMX MiHisAX, WO nobygoBaHi 3 BUKOPUCTaHHSAM kabero Tuny
KCIIM - 1 x 4 x 1,2, xapakTepUCTUKM SKOrO BIiAMOBI4AOTb HOPMaM Ha MOYaToK ekcnnyaTauii Ta TepmiH
ekcnnyartauil akMx cknagae 25 pokiB. Y cTaTTi AoCniapKeHi 3aneXHOCTi AOCSXKHUX LWBUAKOCTEN NepeaBaHHS
cuctem VDSL2 Big napameTpiB 3'€gHyBarbHUX iHIM  CinbCbkoi  TeNegOHHOI Mepexi: [AOBXUHU
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3'eHyBarnbHMX NiHilA, NepexigHMxX 3aracaHb Npy napanensHin poboTi cuctem VDSL2, NOTY>XHOCTi aaNTUBHMX
3aBag. OGrpyHTOBAHO LOLIMbHICTL 3aCTOCYBaHHSI CUCTEMM KOMMNEHcaLlii nepexigHMx 3aBag, "BEKTOPUHI" npwu
napanenbHii poboti cuctem VDSL2 gns nigBuweHHs edeKTMBHOCTI MoAepHisauii 3'eqHyBanbHUX MiHin
cinbcbKoi TenedoHHOI Mepexi. "BeKTopuHr" [o3Bonsde 3abe3neynTy JOCTaTHE NPUAYLIEHHST NepexigHux
3aBag npu poboTi ABox cucteM VDSL2 kabenem KCII 3a sikoro edheKkTMBHICTb MOogepHi3aLii NigBuLLyeTbCS
NpakTU4YHO BABIYI MOPIBHAHO 3 BapiaHTOM poboTu oaHiei cuctemmn VDSL2. [doBeoeHO MiaBULLEHHS
eeKTUBHOCTI MoAepHi3auii 3’egHyBanbHUX MiHIM 3@ paxyHOK onTuMi3auii napameTpiB cuctem VDSL2 —
AoUiINbHUM € 30inbLUeHHs1 MOTYXXHOCTI CMrHany npy 3acTocyBaHHi cucTteMu "BekTopuHr". 3pobneHo aHanis
BMAMBY TEPMiHY ekcnnyaTauil 3'€QHyBanbHUX MiHiK, BiANOBIAHO MOripLIEHHs X napameTpiB, Ha OOCSXHI
WwBuakKocTi nepepaBaHHsA cuctem VDSL2. 3acTocyBaHHsi cUCTEMWM KOMMeHcauii nepexigHux 3aBapg,
"BEKTOPUHI" € OOOB’A3KOBUM [Ans BapiaHTa poboTu kKabensmu, WO TpuMBanMi 4Yac 3HAXo4aATbCA B
ekcnnyaraduil.

Knro4oBi cnoBa: LUMdppoBuii po3pus, iIHHPOKOMYHIKaLiHI nocnyri, cuctema nepegadi, 3’eqHyBansHa
niHia, nepexigHi 3aBagu, cMctema "BEKTOPUHT", LWIBUAKICTb NepefaBaHHS.

AHHOTauwmsA. B ctatbe ob6ocHOBaHa akTyanbHOCTb 3aga4yn "umMdpoBoro pa3pbiBa” kak 06LLEMMPOBON
Npo6remMebl, Tak B YaCTHOCTM M NPOOreMbl, KOTopasi OCTPO CTOMT B YKpauHe. [pennoxeHo ncnornb3oBatb
Onst MoAepHM3auMuM COeaUHUTENbHBLIX TMHUIA cenbckon TenedoHHoM ceTn TexHonormoo VDSL2 kak
Hanbornee apEKTUBHYIO MO KPUTEPUIO MaKCMMM3auMM CKOpPOCTM nepedayn. [NpoBedeHo mogennpoBaHue
paboTbl cucTeMbl nepegavn no texHonormm VDSL2 no coeguHUTENbHBLIM FIMHUSAM, KOTOpble MOCTPOEHbI C
ncnone3oBannem kabens tuna KCIM - 1 x 4 x 1,2. B paboTe BLINOMHEHO MCCNeAOBaHNE 3aBUCMMOCTU
OOCTMXMMbIX ckopocTen nepegavm cuctem VDSL2 oT napamMeTpoB COEAMHMUTENbHbIX NMHUIA CenbCKon
TenegoHHon cetn. OBocHoBaHa LEenecoobpasHOCTb MPUMEHEHUSA CUCTEMbI KOMMEHCALUUM MNEPEXOLHbIX
nomex "BEKTOPUHI" npu napannensHon pabote cuctem VDSL2 ans nobiweHus 3hOEKTUBHOCTU
MOAEPHM3aLMN  COEOUHUTENbHbIX  NUHUMW.  BbiNOMHEH aHanu3  BAWSHUSA  CpoKa  3KchnyaTauum
COEANHUTENMBHbIX NUHUA CENbCKON TenegOHHON CEeTW, COOTBETCTBEHHO YXYALIEHWS WX NnapameTpoB, Ha
OOCTWXMMbIE CKOpOCTU nepeaayn cuctem VDSL2.

KnioueBble cnosa: LI,VId)pOBOVI pa3pbiB, VIH(bOKOMMyHVIKaLI,VIOHHbIe ycnyrun, cuctema nepenadu,
coeanHuUTenbHaaA NMHUA, nepexogHble NoMexun, cuctemMma l'BeKTOpl/IHF", CKOPOCTb nepenavun.

One of the important problems of the modern stage of telecommunication development is
the problem of "digital divide": unequal access to infocommunication services (ICS) for different
segments of the population. This problem is especially acute for the inhabitants of rural areas and
remote settlements, which are limited in the possibilities to use modern infocommunication
technologies (ICT) and services. At present, this problem has already gone beyond the purely
telecommunication problem and has acquired great economic and social significance, the
importance of which the world community has already well understood [1].

The International Telecommunication Union (ITU), along with politicians and economists
pays great attention to solving the digital divide problem. Thus, in his commentary to «The
Measuring the Information Society» (MIS) ITU Report for 2017, ITU Secretary-General Houlin
Zhao said [2]: «This year's report shows that ICTs have the potential to make the world a better
place and contribute immensely to the attainment of the Sustainable Development Goals. However,
despite the overall progress achieved, the digital divide remains a challenge which needs to be
addressed. This is important because information and communication technology and the digital
economy have the potential to transform the lives of billions of men, women and children. The
digital revolution can transform nations — entire continents — but only if digital resources are
accessible. This report will help to support countries to do just thaty.

The problem of "digital divide" also exists in Ukraine. According to statistics the number of
fixed telephone lines in the rural areas is on average only 16% of that of cities, and users with
access to the Internet — less than 3% that of city dwellers [3]. For inhabitants of many rural
settlements, modern ICEs are almost inaccessible, even the possibility of traditional
telecommunication usage is limited. The low availability of modern ICEs is one of the factors that
deepens the socio-economic decline of the Ukrainian village. Consequently, one of the important
steps to improve the socio-economic situation should be the construction of the modern
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infocommunication infrastructure in rural areas, which will provide the population with modern and
accessible ICUs. The Prime Minister of Ukraine noted [4]: «We are doing this. Seriously enough. In
order to create a system to stimulate the elimination of digital divide and digital discrimination, that
is, the access of all settlements to this infrastructure, we will use the existing infrastructure of
operators for this. But one thing must be understood is that the access to the Internet should be
provided not only for schools, but for the entire locality».

It should be noted that the government of the country plans to use the existing infrastructure
of telecommunication operators in the "digital divide" elimination program. One of the options to
overcome the "digital divide" that corresponds to this program is the usage of existing cable
infrastructure of the rural telephone network, and, firstly, the connecting lines between the district
local exchange (DLE) and the villages. It can be noted that when constructing a telecommunication
network, the largest share of CAPEX is the cost of cable and the expenses for their laying, so this
option is economically attractive.

The rural telephone network modernization in Ukraine has already been implemented.
However, only the SHDSL-technology [5] from the whole family of xXDSL technologies was used.
This is due to the fact that the modernization was carried out only for tasks of the telephone traffic
exchange between the DLE, which requires symmetric data transmission by the connecting line.
But for modern ICEs (access to the Internet, IP-TV, etc.), a situation is typical where the rate in the
direction to the user is significantly higher than the rate in the direction from the user. That is, such
services require asymmetric data streams that are typical for ADSL and VDSL technologies.

Comparison of symmetric and asymmetric xDSL technologies usage variants and the
technical efficiency evaluation of such variants were carried out in [6]. The feasibility of VDSL2
technology usage for rural telephone network connecting lines (CL) modernization was
substantiated. However, it was noted that crosstalk significantly reduce the modernization
efficiency. It is known that the "vectoring" system [7] is used for crosstalk suppression on the
xDSL-access networks, which allows a significant increase in the transmission rate when there are
parallel operation of the xXDSL transmission systems [8].

The purpose of this article is the evaluation of the efficiency of the "vectoring" crosstalk
compensation system application during the rural telephone network connecting lines
modernization using VDSL2 technology as a part of activities to bridge the "digital divide" in
Ukraine.

The most informative technical characteristic for assessing the modernization efficiency is
the throughput increase of the communication line — the ratio of the transmission rate, which can be
achieved after the modernization, with the rate that was provided before the modernization.
Consequently, it is necessary to perform the simulation of the transmission systems using VDSL2
technology (VDSL2-systems) operation over CL. The result of this should be a determination of the
achievable transmission rate by VDSL2-systems depending on the parameters of the connecting line
(line length, type of cable, the additive noise power, crosstalk values, taking into account the life of
the line and, as a consequence, the deterioration of the line due to aging). More than 50% of the
lines have a length of less than 16 km, so calculations are limited to this length. This will allow
estimating which transmission rate can be achieved without the use of intermediate regenerators.
From the practical point of view, in order to minimize the cost of modernization, intermediate
regenerators should be placed only in already equipped locations, in particular, in the places where
the PCM-30 regenerators are installed. This will allow the avoidance of the linear-cable works and
the improvement of the cost-effectiveness of modernization. Since, as a rule, KCIIIT - 1 x 4 type
cables with the wire diameters equal to 0,64; 0,9 and 1,2 mm are used on connecting lines, then the
modeling takes into account the parameters of these cables types. In view of this, particular interest
is the calculation of the VDSL2-systems transmission rate with the regeneration section length of
4,4 km (cable KCIIT - 1 x 4 x 1,2).

The simulation of the VDSL2-systems operation over connecting lines was accompanied by
the following tasks:
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—research of the dependence of the achievable transmission rates on the parameters of
connecting lines (CL length, cable type, crosstalk attenuation in parallel operation of the systems,
additive noise power);

—efficiency improvement of the CL modernization by optimizing VDSL2-systems
parameters;

— analysis of the influence of the CL operation duration, corresponding to the deterioration,
on the achievable transmission rate of the VDSL2-systems; and

— research into the possibilities of the "vectoring" crosstalk compensation system application
in parallel operation mode of VDSL2-systems to improve the efficiency of rural telephone network
CL modernization.

VDSL2-system with the frequency plan B7-5 (997-M2x-A), which uses a bandwidth of up
to 12 MHz to simulate the operation over connecting lines, was selected [9].

Characteristics of KCIIII type rural cables were defined from [10]. In order to research the
impact of the connecting lines operation life on the VDSL2-system transmission rate, deterioration
of the cable was taken into account, which occurs during the 25 years period of operation.

During transmission rate calculation it is taken into account that on the CL, unlike the
subscriber lines of the access networks, the error probability is two orders smaller and is equal to
Perr = 10-9-

The calculations were made at the power spectral density (PSD) level of the additive noises
(AWGN) in the range of minus 140...minus 100 dBm/Hz according to the method described in [10].

The signal PSD for VDSL2-systems was determined in accordance with the ITU-T
Recommendations [9]. The signal spectrum mask (maximum acceptable level) and the nominal
signal PSD, which is 3,5 dB smaller than the mask given by the Recommendations, is optimized to
provide the electromagnetic compatibility of the xDSL-systems, which operates in parallel over
multi-pairs telephone cables, and the number of such systems can reach several hundred.

No more than two transmission systems can operate on CL over KCIIII cable at a several
times longer distance than subscriber lines, so it was expedient to research the possibility of the
VDSL2-systems transmission rate increase due to increase of signal power. Calculations were made
at nominal, maximum (for mask) and increased on 3,5 dB from the maximum signal power.

The VDSL2-system uses the two-wire method of the two-direction communication, unlike
the PCM-30, which uses the four-wire method. This difference allows the set up of two VDSL2
systems instead of one PCM-30. Respectively, there is an opportunity to increase the efficiency of
CL modernization. However, the crosstalk in the parallel operation of two systems leads to a
significant transmission rate reduction over every system, as proved in [6].

The electromagnetic interactions model, given in [10], was used for the crosstalk impact
research on the achievable transmission rates, that the number of parallel operating systems is
limited by two. Also, for the crosstalk suppression and thus modernization efficiency increase, we
used the model of the "vectoring" system developed in [8] for the cable TIIII - 10 x 2, on condition
that n = 2.

The transmission rates, comparing results respectively for the downstream (DS) and
upstream (US) of the single VDSL2-system and two VDSL2-systems in the parallel operation (two
variants: with and without the "vectoring" crosstalk compensation system application), if there is no
external additive noise (AWGN = —140 dBm/Hz), when VDSL2-systems are working over new
KCIIIT - 1 x 4 x 1,2 cables (7= 0 years) and cables that have been in service for a long time (7 = 25
years) are shown in Fig. 1 and 2.

The obtained results prove that the crosstalk significantly reduce the transmission rate in
parallel operation of two VDSL2-systems over KCIIII cables. Moreover, if the transmission rate
reduction is observed for a new cable at a line length of up to 4 km and does not exceed 23% for
downstream and 44% for upstream stream, then the deterioration of cable due to aging leads to =2
times transmission rate reducing in comparison with the new one for DS and 1,6 ... 3 times for the
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US. In comparison with the operation of one system the reducing reaches 2,4 and 4 times
respectively for DS and US.

Note that the 2 times transmission rate reducing in parallel operation means that the usage of
two VDSL2-systems gives the same total rate as a single system, and therefore is not effective.
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Figure 1 — Transmission rate of the VDSL2-system DS at the nominal signal power
(KCIIIT -1 x4 x 1,2; AWGN =-140 dBm/Hz)
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Figure 2 — Transmission rate of the VDSL2-system US at the nominal signal power
(KCIIIT - 1 x4 x 1,2; AWGN =-140 dBm/Hz)

The "vectoring" system application allows ensuring sufficient crosstalk suppression during
the operation over new KCIIII cable, in which the transmission rate during the operation of two
VDSL2-systems for each of them is equal to the version of the one system operation. That is, the
modernization efficiency in this case is doubled. For a cable that has been in longtime operation
with a line length less than 2 km with "vectoring", there is the rate drop of no more than 7% for DS
and 16% for US in relation to the variant of the one system operation. For a line length of more than
2 km, the efficiency has a double increase also.

The transmission rates comparing results respectively for DS and US during two VDSL2-
systems parallel operation (with and without the '"vectoring" system application) over
KCIIIT - 1 x 4 x 1,2 cables that have been in service for a long time, depending on the external
additive noise PSD level, are shown in Fig. 3 and 4.
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The results shown in Fig. 3 and 4 illustrate that if the external additive noise PSD level is
increased to minus 120 dBm/Hz, then transmission rate reduction can reach 30% for the option
without vectoring usage and more than 50% for the option with vectoring usage downstream. The
reduction is even more significant for upstream — in certain cases the rate may be reduced by 4. The
external additive noise becomes dominant when its PSD level is equal to minus 100 dBm/Hz,
respectively as for the option without vectoring and with vectoring the rate is practically the same.
In this case the modernization of CL becomes ineffective.
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Figure 3 — Transmission rate of the VDSL2-system DS depending on the noise PSD level
(KCIIIT - 1 x 4 x 1,2; T= 25 years; nominal signal power)
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Figure 4 — Transmission rate of the VDSL2-system US depending on the noise PSD level
(KCIIIT - 1 x 4 x 1,2; T= 25 years; nominal signal power)

The transmission rates comparing results respectively for DS and US during two VDSL2-
systems parallel operation mode (with and without the "vectoring" system application) over
KCIIIT - 1 x 4 x 1,2 cables that have been in service for a long time, depending on signal power, in
the absence of external additive noise are shown in Fig. 5 and 6. Also, as during the single system
operation, variants with nominal, maximum and increased transmitter signal power were
considered.

The obtained results show that without crosstalk compensation the signal power increase
practically does not lead to the transmission rate increase (increase is observed only at a certain line
length: for the DS the maximum of the rate increase is observed at 5 km length and is 4% when
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comparing variants with nominal and increased power, for the US the rate increase reaches 80% at
4 km length). The "vectoring" application allows to get the transmission rate increase for DS at any

line length of about 8§ ...
reaches 83%.

17%, for the US increase is observed at the line length up to 6 km and

Consequently, in contrast to the variant without crosstalk compensation with the variant
with the "vectoring" system application, the signal power increase is appropriate and provides the
additional efficiency increase of the rural telephone network connecting lines modernization.
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Figure 6 — The transmission rates comparison of the VDSL2-system US depending on the signal
power (KCIIIT - 1 x 4 x 1,2; T'= 25 years; AWGN =—-140 dBm/Hz)

The simulation results of parallel operation of two VDSL2-systems with and without
"vectoring" crosstalk compensation system application at the standard regeneration section length
of PCM-30 working over KCIIIT - 1 x 4 x 1,2 cable depending on the CL lifetime and the signal
power are given in Table 1. For comparison, the calculation results of the transmission rate in case
of the crosstalk absence (one system operation variant) are provided.
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The calculation results of VDSL2-system transmission rate, taking into account the crosstalk
at the standard regeneration section length of PCM-30, and their comparison with the calculations
during the operation of one system, indicate the significant increase possibility of the throughput of
the rural telephone network connecting lines under the condition that two VDSL2-systems are used.
At the same time, the "vectoring" crosstalk compensation system application is fundamental for the
variant of operation over the cables that have been in service for a long time (this is the only variant
to be considered, because of the fact that new lines are built using fiber optic cables today). Thus,
for the variant of operation over new cables, the difference between the rate without "vectoring" and
with "vectoring" does not exceed 15% for the DS and 3% for the US. For the variant of operation
over cables with a 25-years lifetime the difference reaches 75% for the DS and 35% for the US.

Table 1 — The VDSL2-system transmission rate at the standard regeneration section length
of PCM-30 (KCIIIT - 1 x 4 x 1,2; line = 4,4 km), Mbit/s

) Transmi Noise PSD, dBm/Hz
Signal Crosstalk ssion
power o —140 —-120 —100 —140 —-120 —100
direction
Operation time 7, years 0 25

without DS 27,108 | 13,764 4,6 23,816 | 11,308 | 3,528

crosstalk US 4,212 1,62 1,148 | 2,392 1,62 1,1
Nominal without DS 24,696 | 13,376 | 4,596 | 14,924 | 9,024 3,46
power vectoring uUsS 4,184 1,62 1,148 1,828 1,188 1,024
with vectoring DS 27,108 | 13,764 4,6 23,804 | 11,308 | 3,528

uUsS 4,212 1,62 1,148 | 2,392 1,62 1,1
without DS 29,092 | 16,076 | 5,82 26 13,22 | 4,584
crosstalk US 5,788 1,62 1,268 3,26 1,62 1,228
Maximum without DS 26,132 | 15,456 | 5,808 15,56 | 10,008 | 4,432
power vectoring US 5,72 1,62 1,26 2,548 1,188 1,092
with vectoring DS 29,092 | 16,076 | 5,82 25,98 13,22 | 4,584
US 5,788 1,62 1,268 | 3,256 1,62 1,228
1.5 dB without DS 31,084 | 18,572 | 7,148 | 28,008 | 15,304 | 5,764
h.igher crosstalk US 7,7 1,62 1,392 | 4,496 1,62 1,352
than a without DS 27,42 | 17,664 | 7,128 15,92 | 11,056 | 5,448
maximum vectoring US 7,548 1,62 1,376 | 3,384 1,188 1,128
power with vectoring DS 31,084 | 18,572 | 7,148 28 15,304 | 5,764
US 7,7 1,62 1,392 | 4,496 1,62 1,352

Conclusion. The signal power level increase in predicted results leads to the transmission
rate increase (of 17% for the DS and of 91% for the US in case of external noises absence at the
standard regeneration section length of PCM-30).

The deterioration of cable due to aging (long service life) results in additional loss of
transmission rate, especially for the variant without crosstalk compensation (45% for DS and 55%
for US). Consequently, during determining the efficiency of the rural telephone network connecting
lines modernization, it is necessary to take into account both the levels of signal and noises, as well
as the lifetime of every particular connecting line.

The PCM-30 transmission system replacement into two VDSL2-systems with the
"vectoring" crosstalk application at the same standard regeneration section length allows to the
increase of the CL throughput of up to 28 times in the direction to the user and up to 4,5 times in the
opposite direction if the signal power is increased and the external noises are absent.
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