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Abstract—Paper analyzes scenarios for expanding deployed
twisted pair access network with G.fast transfer systems and
shows that considerable gains can be achieved by employing
G.fast on pairs shorter than 250m. Finally, paper offers compar-
ison of maximum data rates for G.fast systems that are deployed
in the same binder with legacy xDSL systems.

Index Terms—VDSL2, G.fast, coexistence, attenuation, vector-
ing.

I. INTRODUCTION

Constant increase in required service bandwidth and cus-
tomer’s need for better, higher fidelity, services such as 4K
ultra high definition video, require ever increasing data rates in
access network. Providers offer services using wireless, cable,
optical or twisted pair based transfer systems. Twisted or quad
pair cables are almost ubiquitous and provide one of the easiest
ways to reach end users. Fiber is and always will be expensive
to deploy [1]. Issues like getting approval for setting up coaxial
or optical network infrastructure in residential areas are mostly
avoided, as almost every household already has a twisted
pair connected. On the contrary, twisted pair infrastructure is
often several decades old and offers poor transfer capabilities
in higher frequency ranges required for high speed network
service. This effect is mitigated in two main ways. First,
providers try to set transceivers as close to the customer as
possible. Therefore the FTTx concept, where x shows where
optical cable ends (building, curb, distribution point etc), is
used to effectively shorten the distance signal has to travel over
the twisted pair cable. Second method is usage of better signal
processing techniques such as vectoring that minimizes the
biggest problem at higher frequencies in twisted pair binders,
namely Far-end Crosstalk (FEXT). Along with commercially
available solutions, recent research shows promise of reaching
terabit/s data rates over copper infrastructure [2]. Such data
rates are more than even most demanding end user services
require. On the other hand, with the increasing number of IoT
devices and small cells requiring uninterrupted connectivity,
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terabit DSL could provide required low latencies and high
throughput [1].

This article is structured as follows: Section II explains
model used to represent a binder, crosstalk models and generic
vectorization method that was used to mitigate noise. Section
III presents geometrical, crosstalk and attenuation properties
of the binder that was used used for calculations. Section
IV covers experiment setup and results obtained by software
for DSL analysis that was developed in-house. Section V
summarizes all mayor points of the paper.

II. SYSTEM MODEL

Twisted pair binder model that is used for performing cal-
culations is perfectly synchronized Discrete Multitone (DMT)
system that be described using [3]:

yk = xkHk + zk , k ∈ {1, . . . , Nc} (1)

where xk is signal vector at the transmitter side (e.g. Central
Office (CO) for downstream calculations), yk is signal at
the receiver (e.g. received signal at the Customer Premises
Equipment (CPE) for downstream calculations), nk is additive
white Gaussian noise (AWGN) that commonly has value of
-140 dBm, Hk is binder transfer function on subchannel k.

Note that diagonal element of binder transfer function
contain direct channel transfer function, while off-diagonal
elements contain crosstalk transfer function.

Actual channel implementation was based on the presented
standard model (1) that was split-up into smaller parts. That
way additions necessary for calculating scenarios presented in
Section IV could be added.

First deviation from model (1) was separation of direct
channel and noise calculation into two modules. Premise for
this deviation is found in Shannon’s capacity formula that
separates signal at the receiver from noise at the receiver. Also,
if noise is calculated in the separate module, it is easier to
implement arbitrary vectoring method on it.

This paper analyzes mostly near-far scenarios where
crosstalk has to be calculated between pairs that have different
lengths and partially overlap, so the following FEXT noise
transfer function calculation method has to be used [4]:

|HXT,m,n(l, li, f)|2 = KXT,m,n · f2 · li · |HCH(l, f)|2 (2)

where KXT,m,n [Hz−2m−1] is the crosstalk transfer coef-
ficient between aggressor pair n and victim pair m, f [Hz] is
the disturber signal frequency, li [m] is the interaction length,
|HCH(l, f)|2 is direct transfer function of the channel (i.e.,



cable), and l [m] is the total distance from the CO, or Remote
Terminal (RT), to the CPE of the pair that generates noise
on the pair that is being disturbed. It is important to notice
that with near-far scenarios, crosstalk noise generated between
two pairs is very dependent on which pair is the aggressor
pair, and which pair is a victim pair. With such scenarios,
interaction length is the same in both cases, but signal has to
travel different length of the pair if pairs get reversed. Direct
consequence of this is that noise matrix on subchannel k at
the receiver side is not symmetric.

Using (2) noise generated on subchannel k by one aggressor
pair n (Nn

k ) is defined as: Nn
k = xnk ·|HXT,m,n(l, li, f)|2 where

xnk is signal power at the transmitter. Also it has to be stressed
that f has to be calculated from k using f = 4.3125 ·k [kHz].
In case G.fast is considered, same principle is applied to groups
of 12 subchannels.

G.fast uses Time Division Duplex (TDD) to separate down-
stream from upstream transmission. This means that for some
percentage of time (pup ∈ [0, 1]), data is sent in the upstream
direction. Rest of the time data is sent in downstream direction
(pdown = 1 − pup). For this reason, when calculating actual
data rate for G.fast systems, result obtained by (4) has to
be multiplied by pdown or pup for downstream or upstream
calculations, respectively.

Second reason for not using naive channel implementation
(1) is that noise on the receiver side has to be processed by
generic vectoring module. Depending on the provided input
parameters, noise can be partially or completely removed
within one vectored group. Generic vectoring is described in
detail in section II-B .

Third reason for alternate implementation is usage of Full-
Service Access Network (FSAN) crosstalk summing [7] for
summing noise from multiple disturbers (3).

Nk = σn +

#D∑
i=1

(
N

1/λ
n,k

)λ
, (3)

where λ = 0.6, σn is background noise (usually AWGN),
Nn,k is noise generated from pair n on k-th subchannel, #D
is total number of disturbers in the cable and Nk is total noise
generated on victim pair on subchannel k.

Reason for using FSAN is that regular matrix multiplication
performs naive noise summing and produces noise results that
are too high. FSAN method produces results that are closer to
what actual measurement show in the field and consequently
data rates calculated using this method are higher and more
accurate.

With noise calculation introduced, bitloading on subchannel
k and pair n is calculated using an extension of the Shannon’s
formula that limits bitloading to integers with maximum value
bmax:

bnk =

⌊
min

(
bmax, log2

(
1 +

xnk
Γ · Ñn

k

))⌋
(4)

where xnk is signal power at the transmitter side, Ñn
k is the sum

of background noise and crosstalk from all the DMT based
disturbers in the cable with vectoring, and Γ is the SNR-gap

[4]. Depending on the system, bmax is 15 for VDSL2 systems
[5], and 12 for G.fast systems [6]. Actual data rate is obtained
by multiplying system frame rate with bitloading sum over
all medley set subchannels. Frame rate for VDSL2 systems is
4000 while G.fast transmits 50000 symbols per second.

A. Modem synchronization

Shannon capacity formula can only be used to provide exact
data rate for the customer when system margin is known
(or other way around). In reality, customer is sold a service
with data rate in range that is legally binding to the provider.
Also, different services require channel robustness and error
tolerance within different ranges and that maps to minimum
and maximum allowed system margin.

There are four main components that are considered during
modem synchronization in implemented calculator: minimum
data rate Rmin, maximum data rate Rmax, target system
margin TARSNRM or γtar and maximum system margin
MAXSNRM or γmax. Synchronization procedure on n-th
system is implemented using Algorithm 1.

Algorithm 1 Modem synchronization procedure
procedure SYNCHRONIZE

if Rn,γmax
≈ Rmax then return (Rn,γmax

, γmax)

if Rn,γmax ≥ Rmax then return (Rn,γmax , γmax)

if Rn,γtar
< Rmin then return (−1,−1)

if Rn,γtar
∈ (Rmin, Rmax) then return (Rn,γtar

, γtar)

if Rn,γtar
> Rmax then

return (Rmax, TRUE MARGIN (Rmax))

procedure TRUE MARGIN(Rmax)
γm ← γmax
γt ← γtar
while Rcurr 6≈ Rmax do

γcurr ← γm+γt
2

Rcurr ← Rn,γcurr

if Rcurr ≥ Rmax then γm ← γcurr
if Rcurr < Rmax then γt ← γcurr

return γcurr

From the pseudo-code in Algorithm 1 it can be con-
cluded that synchronization first tries edge cases that apply
to very short pairs (high system margin and high data rate).
If minimum data rate with minimum system margin cannot
be achieved, then procedure returns (−1,−1) signaling that
system cannot synchronize. In case system margin is some-
where between γtar and γmax, data rate is preferred to system
robustness. This is the most common scenario in calculations.

B. Generic vectoring

Main purpose of the implemented system was to estimate
data rates in real systems that are deployed in the field. Such
scenarios often have equipment from multitude of vendors that
might have slightly different performance from the vectoring
standpoint. For this reason, to achieve greatest flexibility in
calculations, we implemented generic vectoring method, that is



not vendor or vectoring method specific. Only required param-
eter is the percentage of noise that gets canceled, pv ∈ [0, 1].

Bitloading formula in (4) uses absolute noise values under
log2 function. This means that operations on noise that are
based on linear scale will not yield significant results until
numbers with high number of decimal digits that are close to
1 are used. This might be impractical, so before applying vec-
toring, noise is converted to decibels. After noise is removed in
logarithmic scale, result is again converted to absolute values
and used in (4).

Final assumption for generic vectoring is that noise on the
destination cannot be lower than a thermal [8].

If all assumptions above stand, generic vectoring method
can be described with the following equation:

Ndb,k,vect = Ndb,k − (Ndb,k −NF ) ∗ Pv , (5)

where Ndb,k,vect is vectored noise in decibels on subchannel
k, Ndb,k is a matrix containing noise values on subchannel k
for all pairs on the receiver side, Pv is a matrix holding all
pv constants between all pair tuples and NF = −140 dBm is
thermal noise.

Actual implementation of the (5) is not as trivial, as instanti-
ation of the Pv has to take into account that multiple vectored
groups can be added to a binder, and that an arbitrary pair
can be assigned to a vectored group or that it might not be
vectored at all. All those requirements are handled through
different pV constants in the following way. If two pairs are
in the same vectored group, then pv > 0. If one pair is in
vectored group and another pair is not in the same vectored
group or if any of the two pairs are not vectored, then pv = 0.
Second problem rises from the fact that pair does not generate
noise on itself and that vectoring has not meaning for one pair.
On implementation side this means that diagonal elements of
the Ndb are negative infinity, that is multiplied by zeros on the
diagonal of Pv resulting in nan (not-a-number) values on the
diagonal that have to taken into account as zeros.

III. BINDER DESCRIPTION

This section presents binder construction and geometrical re-
lations between the pairs in performed calculations. Secondly,
insertion loss and FEXT models that were used in calculations
are rehashed from [9].

A. Cable geometry

Crosstalk noise varies greatly with distance between the
pairs in the binder. Pairs that are close to each other generate
more mutual crosstalk noise, then the pairs that are apart. To
describe distance between the pairs binder has to be split into
smaller units. Smallest unit in cable binder is a quad, which
consists of two twisted pairs. Next, unit according to size is a
basic group and consists of five quads (ten pairs). Each quad
has two neighboring quads and two quads that are on the other
side of the basic group, separated by neighboring quads. In
same way five basic groups form main group that consists
of fifty pairs. The largest unit in a binder is a super group
created using four or six main groups and consist of two or
three hundred pairs respectively. If a binder has two-hundred

pairs, then each main group has two neighboring main groups
and one distant main group. Each main group in three-hundred
pair cable has two neighboring main groups, two mid range
main groups, and one distant main group. With presented cable
structure in mind calculations were performed on binders with
50, 200 and 300 pairs. Therefore, the following relationships
between the pairs can be derived:
A1: pairs are in the same quad;
A2: pairs are in neighboring quads in the same basic group;
A3: pairs are in the same basic group, but separated by a quad;
B1: pairs are in neighboring basic groups in one main group;
B2: pairs are in the same main group, but separated by a basic

group;
C1: pairs are in neighboring main group in the same super

group;
C2: pairs are in the same super group, but separated by a main

group;
C3: pairs are in the same super group, but separated by two

main groups.
Constants for pair insertion loss and far-end crosstalk models

were inherited from [9], where exact cable measuring and
analysis method was presented.

B. Insertion loss model

Insertion loss model used is explained in [10] and can be
defined as:

A(f, l) = (k1 + k2
√
f + k3f) · l (6)

where k1, k2, and k3 are constants expressed per unit length
[km], and l [km] is the pair length.

The following insertion loss constants were used for calcula-
tions: k1 = 6.033 [dB/km], k2 = 1.682·10−2 [dB/Hz0.5km−1]
and k3 = 1.410 · 10−6 [dB/Hz km−1].

C. Far-end Crosstalk models

Crosstalk model for near-far scenarios (2) requires different
KXT coefficients for different worst case model and different
geometrical relations between pairs.

FEXT model coefficients from from [9] expanded with C1,
C2 and C3 are provided in table I:

Table I
FAR END CROSSTALK CONSTANTS DERIVED FROM AVAILABLE

MEASUREMENTS

Pair combination KXT,50% KXT,1%

A1 10−20.2345 10−18.4434

A2 10−20.4280 10−18.8854

A3 10−20.4275 10−18.7955

B1 10−21.1753 10−19.2839

B2 10−21.9331 10−20.3500

C1 10−22.1566 10−20.5835

C2 10−22.7651 10−21.2236

C3 10−23.3651 10−21.7236

D. Calculation of x-percent model

Some services provided by the telecom operators do not
have to target very high percentage of the customers. For



those scenarios it is useful to perform calculations that use
more lenient crosstalk models. For the conversion purposes
it is assumed that FEXT measurements follow log-normal
distribution. This assumption is not entirely correct, but allows
very simple model transformation using standard score [11].

Crosstalk model conversion requires mean and standard
deviation of crosstalk measurements. Standard deviation can
be calculated by using standard score. Using coefficients
presented in Table I converted in decibels, standard deviation
can be determined using:

σxt =
KXT,1%[dB] −KXT,50%[dB]

z1%
(7a)

=
KXT,1%[dB] −KXT,50%[dB]

2.33
(7b)

Average value of measurements is available from Table I
as KXT,50%[dB], so x-percent FEXT model can be calculated
using:

KXT,x%[dB] = KXT,50%[dB] + σxt · zx (8)

, where zx is x-percent standard score.

IV. ACCESS NETWORK PERFORMANCE CALCULATION
RESULTS

Three scenarios that were investigated can be shown in
Figure 1, where legacy VDSL2 systems usually originate from
CO or RT while G.fast systems originate from Fiber To The
distribution point (FTTdp).

1) Scenario 1: expansion of existing VDSL2 B8-21 network
with G.fast systems at FTTdp;

2) Scenario 2: expansion of existing VDSL2 B8-21 network
with G.fast systems at RT;

3) Scenario 3: G.fast coexistence with different xDSL sys-
tems.

Figure 1. Access network setup for performing calculations

All scenarios assume twisted pair models presented in
sections III-B and III-C. Also, for all calculations, downlink
to uplink ratio for G.fast system is 2:1. Calculations involving
FTTdp are performed up to 250 m as this is the maximum
distance Reverse Power Feeding (RPF) can support [12].

A. Scenario 1

Calculations in this scenario were done under the following
assumptions:

• RT–FTTdp length is 200 m;
• FTTdp - CPE varies from 50 m to 250 m;
• transfer system between RT and CPE is VDSL2 B8–21;
• transfer system between FTTdp and CPE is G.fast (up to

106 MHz and 212 MHz);

• cable filling ratio for systems originating at RT is 10%
or 20% while cable filling ratio for systems originating at
FTTdp is 40% or 80%;

• G.fast systems are fully vectored

Figure 2. Downstream data rate rate for G.fast originating at FTTdp

From the results it can be concluded that difference between
50% filled cable and 100% filled cable is not significant in
cases where full vectoring is used. For pairs shorter than
150 m G.fast which uses frequencies up to 212 MHz shows
considerable data rate improvement over G.fast that uses
frequency spectrum up to 106 MHz. Downstream data rates for
VDSL2 B8-21 systems reach low point with 37 Mbit/s which
is for example more than enough for Ultra High Definition
(UHD) quality video streaming at 250m [13].

B. Scenario 2

Calculations in this scenario were done under the following
assumptions:

• FTTdp–CPE length varies from 50 m to 500 m;
• binder contains 10% VDSL2 B8–21 systems and 40%

G.fast systems or 20% VDSL2 B8–21 systems and 80%
G.fast systems;

Figure 3. Downstream data rate rate for G.fast originating at RT



When both VDSL2 and G.fast systems originate at FTTdp,
G.fast yields higher data rates for shorter pairs. As the length
increases, VDSL2 systems begin to show better performance.
This result is due to two factors. At very high frequencies
attenuation for longer pairs starts to play significant role,
as vectoring does not help with constant thermal noise, and
lower transmit PSDs. Secondly, unlike VDSL2, G.fast can-
not use frequency spectrum below 2.2 MHz, which can be
used to transport more than 20Mbit/s (maximum capacity of
ADSL2+).

C. Scenario 3

Introduction of G.fast at the RT returns exactly the same
results as introduction of G.fast at FTTdp. This is expected, as
VDSL B8-21 cannot influence G.fast system, and vice versa,
because VDSL B8-21 uses frequencies up to 35MHz, while
G.fast is using frequencies from 41 MHz. Only thing that has to
be noted is that results that are shown in Scenario 1 for VDSL2
B8-21 system is offset by 200m to results from scenario 2
because the distance between RT and FTTdp is 200m.

To avoid Near-end Crosstalk (NEXT) when mixing G.fast
with legacy systems, it is important to separate frequency
ranges that are used by legacy systems and G.fast. Most of
the deployed VDSL2 systems use frequency ranges up to 17
MHz or 35 MHz. In case only ADSL2+ systems are present,
maximum used frequency is 2.2 MHz. For that reason, G.fast
can start using frequency ranges from 2.2 MHz, 21 MHz or 41
MHz. Figure 4 shows that three different starting frequencies
for G.fast systems that use frequency range up to 106 and
212 MHz. Changing highest transfer system frequency from
106 to 212 MHz has positive effect only on pairs shorter than
150 m. On the other hand, allowing systems to use as low
frequencies as possible yields significant gains (more than 100
Mbit/s) regardless of the pair length used.

Figure 4. Downstream data rate rate for G.fast systems with different
minimum usable frequency

V. CONCLUSION

This paper presents calculation of data rates for scenarios
that have to be investigated when introducing G.fast in access
network. Calculation results show that G.fast up to 212 MHz

offers considerable gains in maximum data rate on pairs that
are shorter than 100m. At 150m G.fast up to 106 and G.fast
up to 212 perform equally. Compared to VDSL2 B8-21,
performance gains can be expected until 250m, after which
G.fast exhibits the same or lower performance then VDSL2
B8-21. This is expected, as higher frequencies are attenuated
more, and no bits get loaded on high-frequency subchannels.
Second important finding is that by using extra 20 MHz at the
low end of G.fast spectrum, improvement of 150 Mbit/s on
pairs shorter than 150 m is observed. This can be translated
to six UHD videos in parallel [13].
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