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Abstract— The transmission capacity and speed of access networks need to be continually increased
as the transmission demands and data flows of the end-users grow steadily. Metallic cables and lines
are still often used in both local area networks as well as access networks. Today, the G.fast lines with
transmission speed of 1 Gbps working in 212 MHz frequency band are being deployed in practice,
and a novel XG.fast conception with a frequency band up to 424 MHz is being developed. However,
the future DSL solutions will soon reach GHz transmission bands in order to increase the transmission
speed over metallic lines. Due to that it is necessary to investigate the behaviour and transmission
characteristics of typical existing metallic lines in GHz frequency band and to develop accurate
models to provide necessary estimations and modelling of in order to optimize transmission

parameters, modulations and characteristics of future gigabit DSL solutions.
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1.Introduction

Today, there are numerous access networks solutions including various types of wireless
networks [1], [2], optical networks [3] and metallic lines used in practice [4]. The metallic
cables and lines are still often used in various types of local area networks, access networks
and premises network solutions [5]. Moreover, their combination with optical networks in

various types of FTTx (Fiber to the X) lines is possible [6], [7]. The main advantage of these
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solutions is that the exploitation of existing metallic lines can potentially decrease the capital
expenditures (CAPEX) of newly deployed networks [8]. In order to provide modern metallic
subscriber lines solutions, G.fast and Gigabit DSL with gigabit transmission speed was
developed [9]. These solutions use wide transmission frequency band in order to achieve
Gbps speed, G.fast lines typically occupy frequency band up to 106 or 212 MHz. The future
development is now focused on upgrading the transmission speed and capacity of metallic
lines and to occupy the frequency band up to GHz. The upgraded XG.fast line technology
will probably exploit frequency band up to 424 MHz [10]. Another way of the progress is
Terabit DSL conception, which has been recently presented in [11].

On the other hand, the transmission parameters of typical existing metallic cables and lines
strongly depend on the frequency band. Especially the attenuation as well as phase
characteristics are affected by the frequency band and due to that, the transmission speed of
DSL strongly depends on the frequency band as well as on the length of the metallic line
section [12]. There are also several negative phenomena, which negatively influence the
resulting transmission capacity, especially crosstalk (far-end crosstalk, FEXT, near-end
crosstalk, NEXT) plays the major role in multi-quad and multi-pair metallic cables [13]. In
order to predict, analyse and model these transmission parameters of metallic lines and
metallic cables, extensive measurements and modelling is necessary. By developing accurate
models, which can predict transmission parameters of typical existing lines, the optimization
of transmission parameters, such as modulation formats, crosstalk reduction technigues,
transmitter and receiver signal parameters, can be performed in order to increase the overall

performance of the networks [12].

This paper contains the results of experimentations and measurements of several types of
metallic cables often used and deployed in access network segments. The measurements were
performed in a frequency band up to 1.2 GHz and both components of a propagation constant
0(f), an attenuation constant [](f) and a phase constant [J(f), were measured. Next, several
existing models were used to determine their accuracy of modelling these transmission
characteristics up to 1.2 GHz. Finally, the resulting parameters were used to estimate the

transmission performance of future XG.fast conception with frequency band up to 424 MHz.
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These estimated results of XG.fast performance for different types of metallic cables and
lengths of lines together with the conclusion are presented in the last section of this article.

2.Related Works

Today, there are several different types of models used to estimate the transmission
characteristics of metallic lines [14]. However, most of them were defined for MHz
frequency band and their accuracy up to 1 GHz should be investigated. Moreover, it is
necessary to perform the measurements of various types of typical metallic cables up to 1

GHez first, as these measurements and experiments are missing.

2.1 Existing Transmission Line Models

A group of British Telecom models was created to approximate the primary line
coefficients, R(f), L(f), C(f) and G(f) of various types of metallic lines and cables [15]. The
full version uses 13 parameters in summary specified for each type of metallic line
individually. Nevertheless, the BT models were originally derived and created for DSL
applications up to 100 MHz and although they are often used for higher frequency bands,
their accuracy for hundreds of MHz or up to 1 GHz applications is questionable.

The ITU-T presented a novel transmission line model together with new G.fast generation
of transmission lines within the ITU-T G.9701 recommendation [16], [17]. This model is
used as a reference model suited for the purpose of G.fast simulations and estimations. The
G.fast model is based on modelling of longitudinal impedance Zs(jw) and shunt admittance
Yr(jw) and it includes various high-frequency effects, such as the skin effect, proximity
effect, etc. However, the model requires 9 specific parameters for each type of metallic cable
and together with its complexity, this makes the application of the model in practice difficult.

Today, the Chen’s model together with a group of KM models (KM1, KM2 and KM3) are
the most frequently used models for approximations of metallic lines [14]. Chen in [18]

proposed a simple model for approximations of the attenuation constant «(f) as (1):
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a(f)=k [t +k -f [dBkmHz], (1)
where ki and k are specific parameters for each metallic line (cable). The accuracy of the
model was also validated in [14], in which the causality of Chen’s model was corrected and
the resulting model was referred as KM1. The phase constant, A(f), is in the KM1 model

approximated as (2):
ﬂ(f):kl-\/?—gkz feIn(f)+k,-f [radkmHz], (2)
T

in which k¢ and ko parameters are the same ones, as already used in (1), and ks is newly
specified for each metallic line. Further improvements by applying the Hilbert transform into
KM1 model by Acatauassu et al. led into introducing KM2 and KM3 models in [14], both
containing more k-parameters and providing better accuracy. The KM2 model is in [14]
specified as (3):
a(f)=k -[f+k,-f+k, [dBkm;Hz],

. (3
A1) =k [T =2k, f-In(F)+k-f [radkmHz]
T
One extra term with a ks parameter was added for modeling of an attenuation constant «(f),
while the model for A(f) is completely the same as in KM1 model. Finally, the KM3 model

presented again in [26] is expressed as (4):

(1) =k AT +k, - {4k -~k [dB/kmHz],

Jr

. (4)
ﬂ(f):kl-\/?—ikz-f-In(f)+k3-f—k5-% [rad/km;Hz]

Another term with a ks parameter was added, therefore the KM3 model contains 5 k-
parameters in summary. According to the results presented in [14], the proposed KM1, KM2,
KM3 models are suitable for frequencies of hundreds of MHz.

A completely different approach and modelling is used in Inverse Hyperbolic Sine Model,
Arsinh model, presented by Lafata in [19]. By extensive mathematical derivation and various
experimentation with real metallic cable, Lafata discovered that both components of a

propagation constant, »(f), an attenuation constant «(f) as well as a phase constant f(f), can be

22
ISSN: 2582-3167 (online) @


http://irojournals.com/irosws/

J. Sustain. Wireless Syst.

Vol.01/ No. 01

Pages: 19-30

http://irojournals.com/irosws/

DOI: https://doi.org/10.36548/jsws.2019.1.002

approximated using inverse hyperbolic sine function. Afterwards, using Taylor series expansion and
several assumptions and substitutions, the Arsinh model was proposed as (5), (6):
a(f)=k arsinh(k,- > +k - ") [dBkm], (5)
p(f)=k -f—arsinh(k,-f) [rad/km]. (6)
Evidently, the Arsinh model uses 5 k-parameters, the same number of k-parameters as used in
the KM3 model, however, its accuracy according to the results presented in [19] is slightly better.

3. Experimental Results

This section contains the results of performed experimental measurements and
modelling of several typical types of metallic cables. Next, these results were adopted and
used for estimation of Gigabit DSL application in order to analyse the transmission potential
of future DSL systems operating in a frequency band of hundreds of MHz.

3.1 Measurements and Modelling of Metallic Cables up to 1.2 GHz

First, extensive measurements of several different types of typical metallic access
cables were performed. In order to analyse their transmission performance for future Gigabit
DSL applications, these cables were measured in a frequency band up to 1.2 GHz. The
purpose of these measurements was to examine the accuracy of existing metallic lines models
described in the previous section in order to identify the most accurate and suitable model for further
estimations. While all these models in section 2.1 were tested in a frequency band of hundreds of
MHz, their accuracy up to 1.2 GHz should be investigated first.

In order to cover as many different types of metallic cables as possible, the
measurements were performed for following samples of metallic cables: typical structured
indoor cabling systems — UTP cat. 5e (21.5 meters), UTP cat. 6 (55.7 meters), SYKFY
4x2x0.5 (25.4 meters) and UCEKFY 4x2x0.5 (105 meters). All measurements were
performed using calibrated Rohde&Schwarz vector network analyser together with North
Hill High Frequency Balun NH16447 up to 1.2 GHz, the measurement error was calculated
and properly calibrated throughout the entire measurements [19]. All metallic cables were

measured in a frequency band between 5 and 1200 MHz in order to compare all models at
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future Gigabit DSL frequencies. All attenuation and phase constants obtained either by
measurements or through all models were recalculated for the standardized length | = 1
meter.

The first comparison was performed for UTP cat. 5e cable. Since this type of metallic
cable contains 4 twisted pairs, the measurements were performed for all of them, however,
the following Fig. 1 contains the attenuation constant «(f) and Fig. 2 the phase constant A(f)
for only one selected twisted pair. Both figures contain the comparison between measured
result as well as KM1, KM3 and Arsinh model.

measured attenuation
K1

KM3

Arsinh model

0 200 400 600 800 1000 1200
f[MHz)

Fig. 1. Measurement and modelling of attenuation constant «(f) of UTP cat. 5e cable.
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Fig. 2. Measurement and modelling of phase constant 4(f) of UTP cat. 5e cable.
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Evidently, the UTP cat. 5e cable was able to operate in the frequency band up to 1.2 GHz and

the cable is suitable for Gigabit DSL applications. In order to compare the accuracy of all models, the

squared error sum Ex through the entire frequency band was calculated for both attenuation constant

off) as well as phase constant A(f) according to [19] as (7):

E, =2 (X, (1)-x())"

f

()

In (7), the summary squared error Ex is calculated for modeled characteristic ((f),

A(F)) as the sum of squared differences between modeled characteristic values Xwu(f) and real

measured values X(f) at each frequency step f.

Tab. 1. Summary squared errors calculated for both off), A(f) constants of each model for

UTP cat. 5e cable.

Summary squared KM1 model KM3 model Arsinh model
error Ex
off) [dB/1m] 1.68474 1.68404 1.62750
A(f) [rad/1m] 381.42537 381.65179 99.42537
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It is evident that the Arsinh model provides the most accurate approximation of both
transmission characteristics. Generally, all three models are suitable for frequency band up to
1.2 GHz.

The same experimentation and modeling was performed for SYKFY 4x2x0.5 cable as
well. The result of measurement of attenuation constant «(f) as well as phase constant A(f) in

a frequency band 1.2 GHz for SYKFY cable is illustrated in Fig. 3 and Fig. 4.

4 r
35T
3t
257
E
@ 2
=
1.5+
1t
SYKFY-red pair
SYKFY-brown pair
05T SYKFY-blue pair
SYKFY-green pair
0 i ! i i ! i
0 200 400 600 BOD 1000 1200

f [MHz]
Fig. 3. Measured characteristic of attenuation constant o(f) of SYKFY cable.
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Fig. 4. Measured characteristic of phase constant 4(f) of SYKFY cable.

It is obvious that the SYKFY cable is not suitable for frequencies above approx. 450
MHz, as the character of its attenuation constant «(f) as well as phase constant /(f)
differentiate. Evidently, the signals propagating throughout the pairs emits their energy
among all surrounding pairs, therefore the crosstalk becomes dominant propagation
limitation. Due to that, all the following processing of SYKFY cable type is performed only
up to 450 MHz. Similarly to SYKFY, the same problem can be observed in case of UCEKFY
cable. The frequency characteristics of UCEKFY cable were therefore limited only up to 120
MHz, while the transmission parameters of UCEKFY cable above this frequency band are
not suitable for Gigabit DSL application. The results of summary squared error for SYKFY,
UCEKFY and UTP cat. 6 cable are presented in Table 2.

Tab. 2. Summary squared errors calculated for both «(f), A(f) constants of each model

for UTP cat. 5e cable.
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Summary squared KM1 model KM3 model Arsinh model
error Ex
UTP cat. 6 cable
off) [dB/1m] 4.85074 4.85040 4.89255
() [rad/1m] 152.03886 152.49982 8.44084
SYKFY cable
off) [dB/1m] 9.57910 9.57828 9.54887
() [rad/1m] 250.78287 252.04988 252.04988
UCEKEF Y cable
off) [dB/1m] 0.15644 0.15610 0.12924
A(f) [rad/1m] 13.54425 15.82561 5.78733

According to the results in Tab. 2, the Arsinh model performs usually the most
accurate estimations of all metallic cables, however, in some cases, the KM3 is better.

Generally, the differences between the results of all three models are not significant.

3.2 Modelling of XG.fast Performance

In this section, the results of XG.fast performance are presented. The estimations are
performed for all 4 types of metallic cables and their transmission characteristics presented in
previous section. According to the ITU-T documents and presentations [16], [17], the sub-
channel spacing of XG.fast DMT carriers is currently being considered as fc = 51.75 kHz
[10], the starting frequency considered for XG.fast system is 2 MHz, while the upper
frequency used in the simulations was 120 MHz for UCEKFY cable and 424 MHz for the
rest of the cables, given as the number of XG.fast subchannels n = 8192 and the subchannel
spacing 51.75 kHz [10]. No band notching was considered except the first 40 subchannels
were masked (0 bit allocation) in accordance to the ITU-T documents [16], [17]. The power
spectral density PSD transmission mask in all performed simulations is a constant value of
S(n) = -65 dBm/Hz up to 30 MHz, -73 dBm/Hz at 30 MHz and linearly decreasing towards -
79 dBm/Hz at 424 MHz. The typical power spectral density of AWGN noise (Additive White
Gaussian Noise) is ¢® = -140 dBm/Hz [19]. The Shannon gap capacity used for calculations
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is /7= 10.75 dB, which is a typical value for today’s DSL and upcoming XG.fast systems
[19]. Due to the high amount of sub-carriers and limits of AD and DA converters, the
maximum bits loaded per QAM constellation in XG.fast was selected as bmax = 12 bits [10].
All following XG.fast performance evaluations are based on standard formula for calculating
DSL summary data rate P for a channel, which can be expressed according to [19] as (8):
P=fcg{min[logz[HW}%M [ops]. (8)

Where |Hi(n)]? is the power transfer function of a channel, which can be obtained from
measured attenuation characteristics. The summation is performed for all n frequency
channels. The resulting performance of XG.fast was calculated as a function of length of a
cable | for all 4 types of metallic cables. The result is presented in Fig. 5.

5000

3000

1500
1000 \
500
0
0 20 40 60 80 100 120

loop length [m]

— UTP6 — UTP5 = SYKFY 450MHz = UCEKFY 120MHz

Fig. 5. The estimated summary transmission speed for all 4 types of cables and length I.

It is evident that the best performance provides the UTP cat. 6 cable, the estimated
transmission speed for UTP cat. 5e is only slightly lower. Both SYKFY and UCEKFY cables

are not suitable for Gigabit DSL applications, as their performance is significantly lower.
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This is mainly due to their frequency limitations and transmission problems at higher

frequencies.

4.Conclusions

In this article, we performed experimentation, measurement and estimations of
transmission parameters of 4 different types of metallic cables used in access networks. We
measured the attenuation factor «(f) as well as phase factor g(f) of UTP cat. 5e, UTP cat. 6,
SYKFY and UCEKFY cables in a frequency band up to 1.2 GHz in order to analyse the
transmission parameters of these cables for their potential application for modern Gigabit
DSL systems. We also compared the accuracy of 3 different models, KM1, KM3 and Arsinh
model. Generally, all models provided similar results and are suitable for frequencies up to
1.2 GHz for all 4 types of metallic cables. The Arsinh model provided slightly more accurate
results, especially for modelling of phase constant A(f). Next, we used the measured and
modelled transmission characteristics of all 4 metallic cables to estimate the transmission
performance of modern Gigabit DSL, XG.fast lines. According to these estimations, the
XG.fast line can reach gigabits transmission speed based on the length of a metallic loop and
the type of a metallic cable. The transmission performance for both UTP cables were

significantly better compared to SYKFY and CEKFY cables, as expected.
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