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Abstract. Mathematical models of the «vectoring» crosstalk compensation system for TPP-50x2 and
TPP-100x2 multi-bundle telephone cables are developed. Simplified calculation formulas for the total power
of the far end crosstalk and the crosstalk suppression by the «vectoring» system at parallel operation of
xDSL-systems on the bundle twist cables with the number of bundles up to five are defined. Spectral power
density level of the crosstalk ratio at the receiver’'s input of the transmission systems on VDSL2 technology
without and with the «vectoring» system application is estimated depending on the signal frequency and the
line length when TPP-50x2 and TPP-100x2 cables are fully loaded with the transmission systems. The
efficiency of the «vectoring» crosstalk compensation system application is estimated by the crosstalk
suppression value in the frequency range of up to 35 MHz with parallel operation of the VDSL2-systems on
the domestic multi-bundle telephone cables TPP-50x2 and TPP-100x2 with up to 500 meters line length.

Key words: transmission system, crosstalk, power spectral density, «vectoring» system, multi-
bundle telephone cable, crosstalk suppression.

AHoTauif. Po3pobneHo MateMaTuyHi Mogeni cuctemMmmn KomneHcauji nepexigHnx 3aBaj «BEKTOPUHT»
ansa Garatony4ykoBux TenedoHHux kabenie TIM-50x2 Ta TIM-100x2. BusHayeHo cnpolyeHi dopmynu
pO3paxyHKy CyMapHOi MOTY)XHOCTi nepexigHUX 3aBaj Ha AanbHbOMY KiHUi Ta npuayLleHHs CUCTEMOKO
«BEKTOPUHIr» nepexigHux 3aBaf npu napanenbHii poboTti CIN xDSL no kabensx ny4ykoBOro CKpy4YeHHs 3
KinbkicTio ny4kiB Ao n'atu. OuiHeHO CniBBIOHOLWEHHA PIBHA CNEKTparibHOT rYCTUHU NOTYXKHOCTI nepexigaHuX
3aBaj Ha BXofi nMpurMada cucteM nepefadvi 3a TexHonorielo VDSL2 Ge3 Ta i3 3acTOCyBaHHSAM CUCTEMMU
«BEKTOPUHI» y 3anexHOCTi Big4 4acTOTW CUrHamy Ta OOBXMHWU TiHii MpuM NOBHOMY 3aBaHTaXeHHi kabenis
TrMMN-50x2 ta 100x2 cuctemamun nepegadi. OuiHEHO edEeKTUBHICTb 3aCTOCYBaHHA CUCTEMM KOMMeHcauil
nepexigHuX 3aBaj «BEKTOPWHr» 3a BENUYMHOIO NpuUAYLLEeHHS nepexiaHux 3asafg y cmysi yactoT o 35 My
npv napanenbHin poboti CM VDSL2 no BiTYn3HAHMX BaraTonyykoBux TenedoHHux kabensx TIM-50x2 Ta
100x2 npw goBxuHi niHii go 500 m.

Knro4oBi cnoBa: cuctema nepefavi, nepexigHi 3aBagu, cnekrTparnbHa ryctmHa noTy>XHOCTi, cuctema
«BEKTOPUHI», baraTony4koBuin kabenb, NpUAYyLIEHHS 3aBag.
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AHHoOTauuA. Pa3paboTaHbl MaTemaTMyeckme MOAENM CUCTEMbl KOMMEHCaALMN NEPEXOAHbIX MOMEX
«BEKTOPUHM» ANS  MHOrONy4koBbIX TenedoHHbIXx kabenen TIM-50x2 w  TIMM-100x2. OnpeaeneHsbl
yMpoLLeHHble (popMynbl pacyeTa CyMMapHOW MOLLHOCTUM MNEpPexOofHblX MOMEeX Ha fanbHeM KoHue W
NnoJaBneHNs CUCTEMON «BEKTOPUHI» NepexogHbiX MoMex npu napannensHon pabdote CI xDSL no kabensam
My4yKOBOW CKPYTKM C KONMUYEeCTBOM ny4ykoB A0 nNATU. OUEHEHO COOTHOLUEHWE YPOBHS CMEKTparibHOM
NAOTHOCTN MOLLHOCTW NMepexodHbIX NMoMex Ha BXoAe MpUeMHvKa cucteMm nepegayum no texHonormn VDSL2
6e3 1 C NPUMEHEHNEM CUCTEMbl «BEKTOPUHM» B 3aBMCMMOCTM OT 4YacTOTbl CUrHama v AnuvHbl IMHAX NpU
nonHom 3arpyske kabenenm TIM-50x2 n 100x2 cuctemamu nepegadn. OueHeHa 3PPEKTUBHOCTb
NPMMEHEHNS CUCTEMbl KOMMEHCALUUW MNEepPexofHbIX MOMEX «BEKTOPUHI» MO BENUYMHE MNoAaBrieHus
nepexoHbIX Nomex B nosioce YactoT go 35 MI'y npm napannensHon pabote CIMT VDSL2 no oTe4eCTBEHHbIM
MHOrony4koBbIM TenedoHHbIM kabensam TIM-50x2 n 100x2 npu gnvHe nuHumn go 500 m.

KnioueBble cnoBa: cuctema nepegayun, nepexofHble MOMexu, CcrnekTpanbHas nnoTHOCTb
MOLLIHOCTU, CUCTEMA «BEKTOPUHI», MHOIOMYYKOBbIN Kaberb, nogaBrneHne nomex.

The use of broadband access technologies (BA) by telephone network multipair cables still
remains relevant. So the integration of ultra-high-bitrate xDSL technologies with optical broadband
access technologies in hybrid BA networks based on FTTx concepts (for example FTTC+VDSL2
or FTTDp+G.fast) allows to compete successfully with fully optical networks based on FTTH
concept.

FTTx+xDSL hybrid networks allow to provide a high-bitrate access to the terminal user (up
to 1 Gbit/s with the G.fast technology application [1]) at significantly lower capital investments and
the deployment time of BA network due to the use of existing telephone network cable
infrastructure.

One of the main disadvantages of this variant of the BA network construction is a significant
limitation of the transmission rate during the parallel operation of xDSL transmission systems
(xDSL-systems) over telephone network multipair cables. Therefore, the success of ultra-high-
bitrate xDSL-systems usage for the BA organization over telephone network depends on the
successful solution of the crosstalk compensation problem, which is the main reason for the
transmission rate limitation during the parallel operation over multipair cables. This problem was
successfully solved by the crosstalk compensation system development, called «vectoring» [2].

It is known that TPP type cables are used on domestic telephone networks, the
characteristics of which differ from the characteristics of foreign cables. Therefore the actual task is
the development of appropriate mathematical models for the «vectoring» system usage during the
operation over domestic multipair cables and the efficiency evaluation of its implementation.

The use of the «vectoring» has already been considered in works [3...5] for VDSL2 and
G.fast systems when working over TPP-0,4 cable with bundle twist. TPP-0,4 is the most
widespread on domestic telephone networks. The general analytical expression that determines the
non-compensated crosstalk has been determined and which was simplified for cases of 10, 20 and
30-pair bundle twist cable on the condition that their own and transient attenuations are equal for all
pairs of this cable, the averaged noises value calculation. However, this task was not solved in the
specified works for telephone cables with a large number of pairs (with the number of bundles
greater than 3).

The purpose of this article is mathematical model development of the «vectoring»
crosstalk compensation system for TPP type multi-bundle telephone cables and the efficiency
evaluation of the «vectoring» system usage during the xDSL-systems operation over the domestic
multipair cables of TPP-50x2x0,4 and TPP-100x2x0,4 type.

A generalized block diagram and the algorithm of the «vectoring» system operation are
considered in [3, 4].

As defined in [3], the general expression of far end crosstalk (FEXT) noise power without
the «vectoring» NFext; at the transmission system Ne / (TS-/) receiver input by known signals S, at
the TS-m transmitter output is determined by:
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NFextl ZZNFextl,m :sz'Hl,m’ (1)
m=1

m=1
m#l m#l

where [, m =1, 2...n; n — TS quantity; [ — affected TS number; m — influencing TS number; H;,, —
transient transfer function (TTF) between lines / and m; S,, — is the signal spectrum at the
transmitter output of affecting TS.

The general expression of the non-compensated crosstalk NFext'; generated by pre-distorted
signals during the «vectoring» system application is determined by:

SRX S : Hm
NFext", :ZZ%'H”’” ’ 2)
i

where H,, is the own transfer function (OTF) of the line m.
The notion of a suppression coefficient was introduced for the efficiency evaluation of the
«vectoring» system application, which in general was determined as follows:

s, H,,

NFext m
KFext, = exvl = —— jS' i . 3)
NFext’, Zz ke mk
m:} i:l Hm I,m

In [5], simplified formulas for the crosstalk power calculation were determined from the
general expressions (1) and (2) when working over TPP cables with bundle twist which have a
small number of bundles (< 3), for the case when the xDSL systems have the same transmitters
power S =S, and all lines in the multipair cable have the same OTF H;= H, and TTF between the
pairs inside the bundle is equal to H;,, = HFext', and between the pairs of adjacent bundle is equal
to H,,, = HFext™:

NFext, :S[(x—l)-HFextl +(y+z)~HFextA], 4)

NFext', = %'[(x—l)2 -(HFext')’ +(x-y+x-z+2-y-2)-(HFext")’ + 5)
(Y’ +z2+x-y+x-z=2-y—2-2)- HFext' - HFext"],

where x is the TS quantity in the 0™ bundle, y is the TS quantity in the 1* bundle and z is the TS

quantity in the 2" bundle (for TPP-20x2 it is necessary to accept z = 0, and for

TPP-10x2 it is necessary to accept y and z = 0); HFext' — TTF between pairs inside the bundle;

HFext" — TTF between pairs of adjacent bundles.

The process for deriving an analytical expression for the crosstalk power calculation without
and with the «vectoring» usage for multi-bundle cables is now discussed.

In TPP-50x2 cable, the pairs are divided into five bundles of 10 pairs. Each pair, in addition
to crosstalk between pairs inside the bundle (expressed through HFext') and between pairs of
adjacent bundles (HFext"), the crosstalk between pairs, which are located through one bundle from
the bundle in which the pair is a subjected to crosstalk (HFext''), must be taken into consideration.
The total number of working TS (is equal to n) located in 50-pairs cable is in some way distributed
between five bundles: n =x +y +y’ + z + z’. In general case, each TS is subjected to the influence
of (x — 1) TS inside the bundle, y+ »’ TS of two adjacent bundles and z+ z” TS of two bundles that
are located through one bundle.

According to the above, formula (1) for the crosstalk power calculation without the
«vectoring» usage NFext; at the input of the TS-/ receiver takes the form:

NFext, = S[(x—1)- HFext' +(y+y")- HFext® + (z+z') - HFext""]. (6)
i yry
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The formula (2) for the non-compensated crosstalk power calculation NFext";, generated by
pre-distorted signals, takes the form:

NFext", = %[(x —1)* - (HFext")* + (xy + yz+ xy'+ y'z") - (HFext™)* +

+(xz+y'z+xz'+ yz") - (HFext™)* +
+H(x=1)-(y+y)+y-(y =D+ y"(y'=1))- HFext' - HFext" + (7)
+(x=D-(z+z)+z-(z=1)+z"(z'-1))- HFext" - HFext"" +

+(y- Y+ 2+ v (y+2)+z-(y+z)+z(y'+ 2)) - HFext” - HFext™"].
Comparing the formulas (5) and (7) it can be concluded that with the increase of bundles in
the multipair cable, the crosstalk definition when using the «vectoring» is considerably more
complicated. Therefore, for the additional simplification of the expressions for the crosstalk
calculation, we will continue to consider a separate case of the TS location in the cable, when the
number of TS is the same in every bundle. In this case x = n/n;, where n, is the quantity of bundles
in the cable, x =y =y’ =z =z’ respectively. Then formulas (6) and (7) take the form:

NFext, = S[(x—1)- HFext' +2x- HFext" +2x- HFext"'], )
NFext’, = %[(x —1)* - (HFext")* + 4x* - (HFext")* +

+4x? - (HFext™)? + 4x-(x—1)- HFext' - HFext" + )

+4x-(x—1)- HFext' - HFext"" +8x* - HFext" - HFext™"].
Formula (9) can be simplified and represented through (8) in the following form:

1. I . 4 . T1q2
NFextV,:S[(x 1)- HFext +2x-HFext” +2x- HFext | _

H (10)
_ (NF ext,)2
S-H
The expression (10) is also true for TPP-10x2, 20x2 and 30x2 cables. This is explained by
the total symmetry of the crosstalk between the TS of all bundles in cables without dividing into the
layers on the condition of the same TS quantity in every bundle. That is to say, NFext; of all pairs
are the same. In this case, the formulas (8) and (10), respectively, can be written generally:

NFext, = S[(x—1)- HFext' +x-)_ HFext,], (11)
k
2
NFext", :M, (12)
S-H

where ¥ — expresses the sum of crosstalk from the pairs of all other bundles; HFext;, — TTF
between pairs of k-th bundle and investigated pair.

Consequently, it is possible to calculate the total FEXT noise power without the crosstalk
compensation system usage for the TSs, which operate over any TPP multipair cable with bundle
twist by formula (11). It is possible to calculate the total non-compensated FEXT noise power with
the application of the «vectoring» system for the TSs, which operate over TPP multipair cables with
the number of bundles up to five by formula (12).

For the TPP-100x2cable, which consists of three bundles of the internal layer and seven
bundles of the external layer, formula (12) is not true. In this case, the formula (11) for a pair
located in any of the three bundles of the internal layer and the pair located in any of the seven
bundles of the external layer accordingly takes the form:
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NFext.,, = S[(x—1)- HFext' + 2x- HFext" + 7x - HFext™ ], (13)

NFext,,, = S[(x—1)- HFext" +2x- HFext" + 2x - HFext"" + (14)
+2x- HFext™ +3x - HFext™"],

where HFext"™ — TTF between pairs of bundles of adjacent layers; HFext'> — TTF between pairs

that are located through two bundles of one layer.

Now, formulas (13) and (14) allow to determine the expressions for the calculation of non-
compensated crosstalk power NFext';, but these expressions will be different for pairs in the bundles
of internal and external layers. It is necessary to define the expression NFext"; for the worst case, in
which the total crosstalk power will be maximal — for pairs of the internal layer. For this variant, the
(x-1) constituents of formula (13) are taken into consideration inside the bundle, 2x constituents of
formula (13) from two adjacent bundles and 7x constituents of formula (14) from seven bundles of
adjacent layer. As a result, we obtain:

NFext". =£ x—1)? - (HFext')? + 4x* - (HFext*)? +
int/ H

+21x* - (HFext™)* + 4x-(x —1)- HF ext" - HFext" + (15)
+14x-(x—1)- HFext' - HFext™ +28x” - HFext" - HFext™" +
+14x* - HFext"" - HFext™* +14x* - HFext"* - HFext™"].

Next, convert the resulting formulas into a view that is convenient for working with
logarithmic values, taking into account that the parameters of the TS and cable are provided in
logarithmic values (in dB, dBm/Hz, etc.). For this purpose, in the above formulas, it is necessary to
use the signal spectral power density (SPD) instead of the signal power, instead of its OTF — the
line attenuation and instead of the TTF — FEXT attenuation. Also, the fact that FEXT can be
expressed through the far end crosstalk immunity (Equal Level Far End Crosstalk — ELFEXT) and
line attenuation [6] needs to be considered:

Appy (1) = Ay iy (D) + SAELFEXT () + 4,00, (16)
where Appxr (i) — FEXT attenuation; Agirexr (/) — immunity from the far end crosstalk between
pairs inside the bundle; 04z rexr (i) — ELFEXT increasing between pairs of different bundles (this
value will be different for adjacent bundles 84"z, rzyr (i), for bundles through one bundle 84"z, pzxr
(i), for bundles through two bundles — 84"z, rzyr (i) and for bundles of adjacent layer — 84z, prxr
(9)); Aiine (i) — the line attenuation; 7 is the number of the xXDSL-system carrier frequency.

As a result, formulas (8), (10), (13) and (15) respectively take the form:

Gnl50(i) = Gs (1) = Apy ey (1) — 4, (D) +

o " (17)
+101g[(x—1)+2x - 107 mrmr (0 4 9 1070 s (0],
Gnl"50(0) = Gs(i) = 2+ Ay ey (1) — A, (D) + (18)
+201g[(x 1)+ 2x - 107 e O 4 1 (O e O,
Gnl100(i) = Gs (i)~ Ay ey () — Ay, () + (19)

+101g[(x—1)+2x-10 " mr @ 47510 01 s (O]
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Gnl"100(2) = Gs(i) =2 Ay pyy (1) = Ay, (1) +
+10 lg[(x — 1)2 + 4x2 . 1070’2'5AAELFEXT(i) +2 1x2 . 1070,2-8AALELFEXT ()

+4x - (x—1)- 1070 w145 (x—1)- 1070 amer @ 4 (20)

+28X2 X 1O’Oal'(sAAELFEXT(i)+5AALELFEXT(i)) + 14x2 X 10*0,1'(5ATIELFEXT(l')+5AALELFEXT(i)) +

+1 4)C2 -1 0_0’1‘(5ATZELFEXT (D)+34™ o (1) ],

where Gnl(i) — the PSD level of FEXT without the «vectoring» system usage; Gs(i) — the PSD level
of the signal at the output of the transmitter; Gnlv(i) — the PSD level of FEXT with the «vectoringy
system usage.

The «vectoring» system usage efficiency is convenient to express through the FEXT
suppression (difference between PSD levels of FEXT without «vectoring» and with it) AGnl(i),
which is determined by the ELFEXT and the location of the TS in a multipair cable, regardless of
the xDSL-system characteristics [5]. In accordance with (3), from formulas (17) ... (20) AGnl(i) are
determined as follows for TPP-50x2 and TPP-100x2:

AGnIS0(i) = GnlS0(i) — Gnl” 50(i) =

= Apppyr (1) —101g[(x 1) + 2x - 1070 w4 95 (O e () 1

21

AGnI100(i) = Gnl100(i) — Gnl*100(i) =
= AELFEXT (l) — 10 lg[[(x — 1)2 + 4x2 . 1 070’2.514/4“‘["""”([) + 2 1x2 . 1070’2'5‘4“/-:11'1{)(7'([)

+4x * (x - 1) * IO_O’IASAAELFEXT @ + 14x . (x — 1) . IO_O’I'SAALELFEXT (@) + (22)

+28x2 .10_0’1'(5AAELFEXT(i)*'SAALELFEXT(i)) + 14x2 .10_0,1‘(5AT1ELFEXT(i)+6AALELFEXT(i)) +

+14x2 . 10_0’1'(6AT2ELFEXT (i)+8AALELFEXT(i))] / [(X _ 1) +2x- 10_031'6AAELFEXT(i) +7x- lo_osl‘SAALELFEXT () ]] )

The evaluation will be carried out for a bandwidth of up to 35 MHz, it is used by the modern
xDSL-systems (TS using VDSL2 technology [7]) for information transmission over the multi-
bundle cables. The TPP cables parameters are determined from [6] and [8].

The frequency dependences of the PSD level of the total FEXT noise power are calculated
by (17)...(20) at 100 % loading of the multipair cables TPP-50x2x0,4 and TPP-100x2x0,4 by
VDSL2-technology transmission systems at different lengths of the subscriber line are shown in
Fig. 1 and 2. For comparison, in figures «—140 AWGN» noise level is also indicated (it has minus
140 dBm/Hz PSD level), which corresponds to the absence of external additive noises and is
determined by the maximum power of thermal noises. The results of FEXT suppression calculated
by (21) and (22) are shown in Fig. 3.
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100 m, without vectoring 100 m, with vectoring

G(f), dBm/Hz
90 / 500 m, without vectoring # /500 m, with vectoring
/
-110
-130
-150
170 |
i ~140 AWGN S
190
0 5 10 15 20 25 30 35f MHz
Figure 1 — Frequency dependence of the PSD level of the total FEXT noise power
at 100% loading of the TPP-50x2x0,4 cable by VDSL2-systems
Analyzing the results, we can reach the following conclusions:
— in case of TS operation without the «vectoring» system application, FEXT considerably

exceed the level of minus 140 dBm/Hz, so they will determine the total SNR and achievable
transmission rate of xDSL-systems;

— the «vectoring» application allows to reduce significantly the FEXT level: according to
Fig. 3 depending on the line length and the signal frequency the FEXT suppression for cable TPP-

50x2 is 15.4...61 dB,

and for TPP-100x2 — 13.9...60 dB, the use of the «vectoring» system leads to

the fact that for the VDSL2-system in the band of up to 7 MHz for 100 meters line length, the
FEXT level does not exceed the thermal noise level (minus 140 dBm/Hz), and the maximum FEXT

level does not exceed

minus 120 dBm/Hz (see Fig. 1 and 2).

100 m, without vectoring 100 m, with vectoring

G(f), dBm/Hz
500 m, without vectoring 500 m, with vectoring
-90 /
/
~120 i
m-.-*"" -."-.J"‘
.r"’—w -
~150 | > {5“'" ..............................................
:{;{if'

i “140AWGN b
_1 80 ‘1 '''''' L

0 5 10 15 20 25 30 351, MHz

Figure 2 — Frequency dependence of the PSD level of the total FEXT noise power at 100%

loading of the TPP-100x2x0,4 cable by VDSL2-systems
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Figure 3 — Frequency dependence of FEXT suppression with 50 and 500 meters line length
and 100% loading of the TPP cables by transmission systems

Conclusion.

Mathematical models of the «vectoring» crosstalk compensation system for domestic TPP-
50x2 and TPP-100x2 multi-bundle cables were developed.

The efficiency estimation of the «vectoring» system application during the operation of the
xDSL-system over the domestic TPP-50x2 and TPP-100x2 multipair telephone cables is given.
FEXT suppression at 100% loading of the TPP cables by transmission systems, depending on the
line characteristics can reach 61 dB, and the FEXT level does not exceed minus 120 dBm/Hz.

The research shows that the «vectoring» system application in xDSL-systems operating over
multi-bundle telephone cables effectively counteract crosstalk, suppressing them to the thermal
noise level.
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