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EFFICIENCY OF TELECOMMUNICATION SYSTEMS
TRANSMISSION OF FIXED BROADBAND ACCESS
THROUGH TELEPHONE CABLES

B. banrawos, B. Opcwkos, I bapba, 1 Maxapos. EdekTHBHiCTH TeslexoMyHikaniiiHHX cucTeM mnepenadi (ikcoBanoro
IIMPOKOCMYTOBOI0 AOCTYNY MO Tede(oHHHM KabeasiM. Y CTAaTTi HaBEACHO OLIHKY e(EKTHBHOCTI CHCTeM mepeaadi iHdopmarii
IU(pPOBUMU a0OHEHTCHKUMHU JTiHISIMH (PIKCOBAaHOTO IIMPOKOCMYTOBOTO JOCTYIY IO OaraTomapHuX Tene(GOHHUX Kadeisax 3 BUKOPHCTAHHIM
CHCTEMM KOMIICHCAIlil NepexiHUX 3aBajl «BEKTOPHHI» MiX CHCTEMaMHu Iepejadi. 3alporoHOBAHO METOAMKY PO3PaxXyHKY BiJHOIICHHS
CUTHAJI/LIIyM Ha BXOJi IpuiiMaya, sika BPaXOBY€ YaCTOTHI XapaKTePUCTHKU Ta aJUTUBHI 3aBaju JiHil, HE CKOMIIGHCOBaHI MEpPEXiIHi 3aBau
MK CHCTEMaMH Hepesiadi, 0 B3a€MOBIUIMBAIOTh, 1 OOMEKEHHS IOTY)KHOCTI IepeaHnX CHIHAJIB, [1OB’3aHE 3 HOPMYBAHHSM IOTY)KHOCTI
nepeqaBaya, BUKIMKAHE BHKOPHCTAHHS CHCTEMH «BEKTOPUHI». E(QEKTHBHICTH cumcTeM mepegadi 3a JOMOMOTOI0 CHCTEMH KOMITCHcAILl
TIEPEeXiZHUX TIEPEIIKO]] «BEKTOPHHI» OIiHEHI MOJEN Mepexi IIMPOKOCMYroBOro AOCTyIy 3a TexHoioriero G.fast mpm 3actocyBaHHi
Oararonapsoro tenedonHoro kademto tumy TIIII 3 kinbkicTio map go 100 B gianasoni yactot 10 106 MI' i noBxuHax ninii 70 250 mMeTpiB.
OuiHeHO JOCSDKHY LIBUJKICTH Iepelnadi B 3aJeKHOCTI BiJl XapaKTEePHCTUK aOOHEHTCHKUX JIHIM, YKClia MapajelibHO MPAIIOI0UNX CHCTEM
nepenayi Ta oOMEXEHHS HOTYKHOCTI TEpeAaHMX CUTHajiB. BHU3HaueHO, 110 OCHOBHOK NPUYMHOK OOMEXKEHHS IOCSHKHOI LIBHIKOCTI
nepenadi iHdopmanii Ipu BUKOPHCTAHHI CHCTEMH «BEKTOPHHI» € YaCTOTHI XapaKTEePHCTUKH Ta aJUTHBHI 3aBaJuy aOOHEHTCHKUX JIiHIH, HE
CKOMIICHCOBAHI MEpeXiHi 3aBauy Ta OOMEKEHHS MOTY)KHOCTI CHTHAIY, IO MEPElaeThCs. 3aporoHOBaHa METOAMKA OLIHKY BiJHOIICHHS
CHTHAJ/IIyM Ta JOCSKHOI INBHMAKOCTI mepenadi iHdopmamii 3 cucTeMaMu KOMIIEHcAmlil MEpexiIHUX 3aBaji «BEKTOPHHI» MOXe OyTH
3aCTOCOBaHa B 3a/la4ax MPOCKTYBaHHs Ta HOOYJ0BH Mepek (DiKCOBAHOTO MIMPOKOCMYTOBOIO JOCTYILY, [0 BUKOPUCTOBYIOTH SIK CEPEIOBHILE
nepenadi 6ararornapHi TenedoHHI kabeli Ta kabeli THITy «BHTa Hapay.

Knrouosi cnosa: MUPOKOCMYTOBHI JIOCTYII, CHCTEMaA Iepesiadi, IBUIKICTh mepeiadi, TeneoHHui kabenb, «BUTa Mapay, nepexiaHi
3aBajiH, CIIEKTPaJIbHA I'YCTHHA IIOTY)KHOCTI, BiJHOIICHHS CUTHAJI/IIYM, aJTOPUTM (CHCTEMa) «BEKTOPHHI

V. Balashov, V. Oreshkov, I. Barba, I. Makarov. Efficiency of telecommunication systems transmission of fixed broadband access
through telephone cables. The article provides an assessment of the efficiency of transmission data systems by digital subscriber lines of
fixed broadband access over multi-pair telephone cables using the transient interference compensation system “vectoring” between
transmission systems. A technique for calculating the signal-to-noise ratio at the receiver input is proposed, which takes into account
frequency characteristics and additive interference of lines, uncompensated transient interference between mutually influencing transmission
systems, and the limitation of the power of transmitted signals associated with the normalization of the transmitter power, caused by the use
of the “vectoring” system. The effectiveness of transmission systems with the help of the transient interference compensation system
“vectoring” is evaluated by broadband access network models using G.fast technology when using a multi-pair telephone cable of the TPP
type with the number of pairs up to 100 in the frequency range up to 106 MHz and line lengths up to 250 meters. The achievable
transmission speed is estimated depending on the characteristics of subscriber lines, the number of parallel operating transmission systems
and the limitation of the transmitted signal power. It was determined that the main reason for limiting the achievable speed of information
transmission when using the “vectoring” system is the frequency characteristics and additive interference of subscriber lines, uncompensated
transient interference and limitation of the power of the transmitted signal. The proposed method of evaluating the signal/noise ratio and the
achievable speed of data transmission with vectoring transient interference compensation systems can be applied in the tasks of designing
and building fixed broadband access networks that use multi-pair telephone cables and twisted pair cables as a transmission medium.

Keywords: broadband access, transmission system, transmission speed, telephone cable, «twisted pair», transient disturbances, power
spectral density, signal/noise ratio, algorithm (system) “vectoring”

1. Introduction
To build fixed broadband access (FBA) networks to the Internet, both optical cables and trans-
mission data systems (TDS) and multi-pair telephone cables, twisted pair cables and TDS using xDSL
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technology (TDS xDSL) are widely used [1]. The most effective TDS xDSL using G.fast technology
(G.fast IPS) provide transmission speeds over broadband networks up to 1 Gbit/s and higher [2, 3].

2. Analysis of literature data and problem statement

TDS xDSL technologies are constantly being improved and developed. The latest update to Rec-
ommendation G.9700 (G.fast) dates back to March 2019 [3]. MGfast TDSs have already been devel-
oped and standardized, which provide multi-gigabit transmission speeds over multi-pair cables [4, 5].
The development of xDSL technologies is moving along the path of increasing transmission data
speeds over a broadband access network to terabits [6, 7].

The limitation of the transmission speed of TDS xDSL over transmission lines of a broadband
access network is caused, along with additive white noise and the inherent attenuation of transmission
lines, also by transient interference (TI) between TDS operating over a common transmission medium —
multi — pair cables.

The high speed of data transmission of TDS xDSL when working over a common transmission
medium is ensured through the use of an Tl compensation system called “vectoring” [8, 9]. The “vec-
toring” algorithm includes measuring the T1 from the TDS operating over a common transmission me-
dium and introducing correction signals into the transmitted signal of each TDS to compensate for the
TI at the reception. This, in turn, necessitates reducing the power of the transmitted TDS signal in ac-
cordance with the normalized spectrum mask.

A number of works by foreign researchers, for example, [10-15], are devoted to the issues of the
efficiency of TDSXDSL in broadband networks, the assessment of the resulting Tls and their compen-
sation. These works present the results of a study of the operation of VDSL2 TDS, G.fast TDS using
the “vectoring” system to compensate for TI in broadband networks. The relevance of research in this
area of telecommunications is also evidenced by the constantly functioning International Broadband
Forum [16].

3. Purpose and objectives of the research

A number of domestic scientific works present the results of studies of the effectiveness of using
the T1 “vectoring” compensation system when using TDS xDSL on Ukrainian broadband networks [8,
17, 18]. As studies have shown, when compensating the T between the TDS with the vectoring sys-
tem, a specific, fundamentally uncompensated T is generated, since the compensation signal, in turn,
is the source of the TI.

The work [18] proposed a method for calculating the signal-to-noise ratio in TDS xDSL, which
takes into account the frequency characteristics and additive interference of transmission lines, un-
compensated transient interference between mutually influencing TDS. However, the limitation of the
useful signal power associated with the normalization of transmitter power caused by the use of the
“vectoring” system was not studied in the above and other well-known scientific publications.

The power of the uncompensated TI depends on the parameters of the transient frequency charac-
teristics between the transmission lines of the common transmission medium and the number of oper-
ating TDSs.

The technique for estimating the signal-to-noise ratio is of scientific and practical interest. It
takes into account the frequency characteristics and additive interference of the transmission line, un-
compensated transient interference between mutually influencing TDSs and the limitation of the useful
signal power associated with the normalization of the transmitter power, which was not taken into ac-
count in known works. It is also interesting to estimate the achievable information transmission speeds
of TDS xDSL with the *“vectoring” T1 compensation system.

4. Estimation of the signal-to-noise ratio in the TDS xDSL with the “vectoring” TI compen-
sation system

The criteria for the effectiveness of using the “vectoring” system will be the increase in the
achievable speed of data transmission in the TDSxDSL during parallel operation of the TDS in multi-
pair telephone cables when using the “vectoring” system compared to the option of working without it.
For this purpose, it is necessary to determine the resulting signal-to-noise ratio at the input of the TDS
receiver, taking into account additive noise and TI. Based on this, using the accepted methodology,
calculate the TDS data transmission rate achievable under these conditions [19].

Let’s consider a model of a broadband network consisting of L telephone lines of a multi-pair cable
(L transmission lines), through which TDS operate using xDSL technology, covered by the vectoring
system to compensate for transient interference between these lines (Fig. 1), where I, m=1, 2...L; L -
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number of mutually influencing lines; | — number of the affected line; m — number of the influencing
line; H,, — transfer function (TF) between lines | and m; Py, — power of the transmitted signal along
the I-th line; Py — power of the received signal along the Ith line; Y Pxr |m — power of the total transi-
ent noise from (L-1) influencing lines into the I-channel.

Near end Far end
line 1 Pui — Hi=Hii frecl"'sz'rlym
)Hl,:\ Hl,lv\Hl,L
line2 —u2 : \ Ho=Hys  Preco+ XPxrom
[ ]
e Har  \HaL :
° [ ]
. P H = Hy Preci ¥ 2 Pxtim
line | >
. [ ]
® HiL o
* L]
line L —mii H =Hi  Prect + 2PxTim

Fig. 1. Diagram L of mutually influencing transmission lines of a multi-pair cable

To implement the vectoring algorithm, it is necessary to know both the intrinsic transfer func-
tions (TFs) of the transmission lines and the TFs between the influencing transmission lines, which are
described by the TF matrix [H, ] from the I-th channel to the m-th channel:

H1,1 H1,2 - Hl,m Hl,L
Hz,l Hz,z - H2,m H2,|_
[H, ] . . . . . - (1)
. H, H, . H, . H_
_HL,l HL,Z HL,m - HL,L_

In matrix (1), the elements of rows and columns are the PFs between the corresponding lines, and
the elements of the main diagonal are the own PFs of these lines. PF (1) are frequency dependent func-
tions. In further mathematical operations, the square of the PF — H2(f),, is used, therefore, in order to
simplify the analytical expressions, we will use H; to denote the function H*(f), .. Also, to simplify
the recording of our own PFs, instead of two indices with the same value, we will use one index corre-
sponding to the line number — H, instead of H, (this is shown in Fig. 1 by the corresponding entries,
for example H=H,)).

According to Fig. 1, when a signal with power Py is applied to the input of line | (“Near end line I"),
the received signal with power P will be present at the output of this line (“Far end” line 1), and
crosstalk from other (L-1) lines with total power Y Py m.

In the absence of influences between transmission lines, as well as additive noise channels exter-
nal to a given system (only thermal noise is taken into account), the signal-to-noise ratio at the receiver
input is determined by the expression:

SNRa|= I:)recl :PtrI’HI ’ (2)
noise Nadd
where Py | and Pyoise, respectively, are the signal and noise power at the input of the TDS receiver;

Py — power of the useful signal during transmission in the I-th channel (at the input of line I);

N.da— power of additive white Gaussian noise (AWGN).

If there are mutual influences between transmission lines, it is also necessary to take into account
transient interference from all parallel operating Pyr | information transmission systems. In this case,
the signal-to-noise ratio is determined by the expression:
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SNR _ Precl _ IDtrl 'HI 3)
XTI_Ndd+PXT|_N iH P ,
: add T m” Ttrm
dd oar 1, t

m=l

where Py , is the power of the useful signal during transmission in the m-th channel (at the input of
line m).

In accordance with the algorithm of operation of the vectoring system, during transmission in the
I-th channel, a signal is added to the transmitted useful signal with power P, compensating for transi-
ent interference from the m-th channel to the I-th. Power of this signal:
HI m’ I:>trm
H (4)

The numerator of the fraction in (4) determines the power of the transient noise Pyt from chan-
nel m to channel |, and the denominator allows this transient noise to be recalculated from the output
of channel | to its input to generate a compensation signal.

The total power of the crosstalk compensation signal from all (L-1) channels during transmission
in the I-th channel is:

Pc ., =

L L H -P
Pc, =Y Pc, =Z% (5)
el el !

As a result, a distorted signal with the total power is transmitted to the I-th channel:
Pv,, =P, +Pc,. (6)

trl trl

The compensation signal P, allows you to compensate for the transient interference Py, but at
the same time it is itself a source of transient interference, which determines the fundamental impossi-
bility of completely compensating for transient interference using the vectoring system [17]. The pow-
er of uncompensated transient interference is determined by the formula:

Pv,. =3 H, P =3 H, .y mn P 7
VXTI_Z Im’ Cm_z I,m'z—' ()
m=1 m=1 n=1 m

m=l m=l n=m
In this case, expression (3) is transformed as follows:
SNRY, = PmF') - . Pl 'FL" . . ®)
add + VXT | Nadd +ZH|,m X Z m,n trn
momem "

Along with the presence of uncompensated transient interference generated by the compensation
signal, it is necessary to take into account one more factor that determines the achievable speeds of
mutually influencing G.fast TDS, with the vectoring system. Under the condition of limiting the power
of the transmitted signal Py <Py nom, the power of the useful signal Py, and the power of the compen-
sation signal Pc, are proportionally reduced.

In this case, the level of the nominal power spectral density (PSD) of the transmitted signal accord-
ing to the spectrum mask Py nom IS taken to be less than the level of the maximum PSD of the transmitted
Pmask DY an amount of about 3.5 dB, which are determined by ITU recommendations [2, 3]. Accordingly,
the nominal power of the transmitted signal py nom IS taken to be approximately 2.2 times less than the
maximum power P ., Which makes it possible to take into account the signal crest factor.

Taking into account (5) and (6), the powers of the useful signal and the compensation signal are
determined in accordance with the following expressions:

1 PI’
P rl = I:)trnom : v HI, 'Ptrm ) (9)

L
Ptrl+z mH
|

m=1
|

3
0
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N Hl,m ) Ptrm
m=1 H|
PG =P | — P (10)
Ptrl +Z ImH trm
m=1 |

Expression (7), taking into account the power limitation of the compensation signal (10), must be
rewritten as follows:

i Hm,n P
L n=1 Hm
I:)|VXTIZZHI,m'Ptrnom' LH .P
m=1 Ptrm+z mn " Tirn

= H,

n=m

(11)

From expression (11) it is clear that the uncompensated transient interference at the input of the I-
th channel receiver is the sum of transient interference from all other (L-1) channels, which is deter-
mined by the power of the compensation signals at the output of the m-th channel transmitters and the
value of the transfer function between the I-th and m-th channels.

Thus, in the model under consideration, the uncompensated transient interference and the limi-
tation of the power of the TDS signal, along with additive white noise, determine the achievable speed
of each TDS.

The signal-to-noise ratio for xDSL TDS with the vectoring system takes the form:

P . PtrI X H
room - HI,m : |:)trm !
I:)trl +Z H
P'v 2 !
SNR'y, = —=! — - s - (12)
PIVnoisel ZL: Hm,n ' I:’trn
L M
Nadd+ ZHI,m'Ptrnom' L H P
m=1 m,n trn
m=| Ptrm + Z H
n=1 m

In order to be able to obtain qualitative and quantitative estimates of signal-to-noise ratios, we
will simplify (12) and further assume that the corresponding parameters of all mutually influencing
transmission lines (own PFs and transition PFs) and the characteristics of the TDS (transmitted signal
power) operating along them are equal:

P, =P

v =P Hy=H Hy = Hope (13)

Under the accepted assumptions (13), the signal-to-noise ratio for TDS in the absence of transient
interference (2), for TDS taking into account transient interference, but without the vectoring system
(3) and TDS taking into account transient interference and the vectoring system without restrictions
signal power (8) and with signal power limitation (12) can be rewritten as follows:

OTF? I,m

SNRa = - Hore (14)
add
SNR,, = Pe - Horwr ' (15)
Noga +(L=1)- P - Hope
SNRv = Pu - Hore : (16)

2
H TTF

OTF

Nadd +(L_1)2 : Ptr :
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P

tr nom

'HOTF'K

P norm ) (17)
H 2
Nadd + Ptrnom ’ (L_1)2 T KPnorm
HOTF
In order to simplify formula (12), the coefficient Kp norm is introduced into formula (17), which we
will call the useful signal power normalization coefficient:

K, = 1 , (18)

P norm
14 (L-1). P
OTF
1> KP norm >0.

5. Evaluation of the effectiveness of G.fast TDS when compensating for transient interfer-
ence with the vectoring system

Using the signal-to-noise ratios (14—18), we calculate the achievable information transmission
rates in a broadband access network using multi-pair telephone cables TPP-0.4, taking into account the
compensation of transient interference by the vectoring system without limitation (16) and with lim-
ited signal power (17). The choice of TPP type cable for the calculation is due to the fact that it is the
most common on the existing fixed broadband access network in Ukraine, and its electrical character-
istics are inferior to those of the twisted pair cable. In this way, in a certain sense, a lower estimate of
the achievable information transmission rates will be obtained when transient interference is compen-
sated by the vectoring system.

The achievable speed of the G.fast TDS in a system of mutually influencing TDS was calculated
using the method presented in [19] with the following initial data:

— G.fast TDS parameters comply with Rec. G.9700 and G.9701 MCE-T [2, 3];

— frequency characteristics of the TPP-0.4 cable were determined from [1, 8, 18];

— line length — 25...250 m;

— number of parallel operating G.fast TDS —1...100;

— additive interference was taken into account as AWGN with a PSD level of —140;120 dBm/Hz.

Fig. 2 and 3 present the results of calculating, respectively, the absolute (in Mbit/s) and relative (in %)
reduction in the information transmission rate of the G.fast TDS with the vectoring system when limiting
the signal power relative to the option without power limitation and AWGN=140 dBm/Hz.

AR,
Mbit/sec

SNR'v, =

0.04 006 008 01 012 014 016 018 02 022 I km
Fig. 2. Reducing the transmission data speed of TDS G.fast by limiting the signal power when using the
vectoring system (TPP-0.4; AWGN=-140 dBm/Hz)

AR,
%
1

0.8

0.6

0.4

0.2

N — :

004 006 008 01 012 014 016 018 02 022 I km

Fig. 3. Relative reduction in the transmission data speed of TDS G.fast due to limiting the signal power when
using the vectoring system (TPP-0.4; AWGN=-140 dBm/Hz)
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AR,
MBit/sec

0.04 006 008 01 012 014 016 018 02 022 I, km

Fig. 4. Reducing the transmission data speed of TDS G.fast by limiting the signal power when using the
vectoring system (TPP-0.4; AWGN=-120 dBm/Hz)

AR,

% 100 TDS

90 TDS
70 TDS
50 TDS
20TDS
10 TDS
2TDS

15

0.04 006 008 01 012 014 016 018 02 022 I km

Fig. 5. Relative reduction in the data transmission speed of TDS G.fast due to limiting the signal power when
using the vectoring system (TPP-0.4; AWGN=-120 dBm/Hz)

Based on the analysis of the results of calculating the information transmission speed presented in
Fig. 2 — 5 the following conclusions can be drawn:

— transient interference significantly limits the speed of information transmission during parallel
operation of xDSL TDS over multi-pair telephone cables;

—the use of the “vectoring” system is an effective method of increasing the achievable speed of
information transmission of xXDSL TDS;

— limiting the signal power when using the vectoring system leads to a slight decrease in the
transmission speed. So, when working in parallel up to 100 TDS G.fast at an additive interference lev-
el of =140 dBm/Hz) the transmission speed is reduced by no more than 5.5 Mbit/s or 1.15% of the to-
tal speed when operating without power limitation;

— limiting the signal power when using the vectoring system when operating G.fast TDS in con-
ditions of increased additive interference (with a level of —120 dBm/Hz) with parallel operation of up
to 100 TDS leads to a decrease in the information transfer rate by no more than 5 Mbit/ s or 1.5% of
the total speed without power limitation.

The main factor limiting the achievable information transmission rate of xXDSL TDS when using
the vectoring system is uncompensated crosstalk.

The insignificant effect of limiting the signal power on the achievable information transmission
rate of the G.fast TDS when using the vectoring system is explained by the fact that, according to ex-
pression (17), when limiting the power of the transmitted signal, not only the power of the received
useful signal decreases (the numerator of expression (17)), but and the power of uncompensated inter-
ference (denominator of expression (17)). But the power of the transmitted TDS signal depends both
on the transmitted compensation signal, which is objectively insignificant, and on the value of the use-
ful signal power normalization coefficient Kp yorms(18).

Let us evaluate the role of the latter in limiting signal power when using the vectoring system.
Figure 6 shows the frequency dependences of the power normalization coefficient of the useful signal
KP norms during parallel operation of 100 G.fast TDS with a line length from 50 to 250 meters. And
in Fig. 7 shows graphs of the distribution of the number of bits of transmitted information b by carrier
frequencies, the sum of which determines the information transmission rate of the G.fast TDS.
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From Fig. 6 it follows that the power of the transmitted signal at carrier frequencies above 100
MHz under certain conditions can be reduced to 58% of the rated power. But if we compare the values
of KP norms with the corresponding results of transmitted bits of information in Fig. 7, it can be seen
that carrier frequencies with low Kp ,orms are not used to transmit information, primarily due to the high
line attenuation. As a result, we can assume that the normalization coefficient for the power of the use-
ful signal actually decreases slightly — Kp 1orms>0.79, otherwise carrier frequencies are not used to
transmit information, as a result of which the power of the transmitted signal decreases.

KP norm

0.9

0.8

0.7

0.6

0.5

0 10 20 30 40 50 60 70 80 90 f, MHz

Fig. 6. Frequency dependence of the useful signal power normalization coefficient when using the vectoring
system (TPP-0.4; 100 TDS)

b,
bit/(sHz) 100 m 175 M 2504l

10

10 20 30 40 50 60 70 80 90 f,MHz

Fig. 7. Distribution of bits across the G.fast TDS carrier frequencies when using the vectoring system with
power limitation (TPP-0.4; 100 TDS; AWGN=-140 dBm/Hz)

6. Conclusions

The article provides an assessment of the effectiveness of transmission data systems over xDSL digi-
tal subscriber lines using the “vectoring” transient interference compensation system between TDSs.

A method for calculating the signal-to-noise ratio in the TDS xDSL is proposed, which takes into
account the frequency characteristics and additive noise of lines, uncompensated transient interference
between mutually influencing TDSs and the limitation of the useful signal power associated with the
normalization of transmitter power caused by the use of the vectoring system.

The results of modeling the parallel operation of up to 100 TDSs of G.fast technology over multi-
pair cables of TPP-0.4 type with a line length from 25 to 250 meters are presented.

The influence on the achievable transmission speed of TDS of the limitation of the power of the
useful signal when using the vectoring system is assessed. It has been determined that the main reason
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for limiting the achievable transmission speed of TDS when using the vectoring system is the uncom-
pensated TI. Limiting the power of the useful signal leads to a decrease in the data transmission speed
by no more than 1.5%.

The proposed methodology for assessing the signal-to-noise ratio and the achievable data trans-
mission speed of TDS using XDSL technologies with vectoring compensation systems can be useful in
the design and construction of fixed broadband access networks using multi-pair telephone cables and
twisted pair cables as a transmission medium.
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