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1. Progressing G.fast — how did it originate?
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- show feasibility
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1. Progressing G.fast — how will it continue?

CELTIC CELTIC

MUSE 4GBB Consortium HFCC/G.fast 4 BB/
.:--c/

2006 | 2007 2008”2 2013| 2014| 2015
DSL seminar ¢ ¢ EVEPVWhePE \
brogdband
2009| 2010| 2011| 2012| 2013| 2014| 2015 %fbrum )

San Francisco meeting

P
% i

2013| 2014 | 2015 l.|&

Phase 2 - vectoring?
Phase 3 - integration?

start of G.fast | Phase 1

for life

=
- EU ND

ERICSSON

BTQ&

4GBB (up to 1 Gb/s)

(c) TNO Meter closet
“;«—v_ﬂ?_ﬁgf
everywherg
6 Progressing G.fast - dr. Rob F.M. van den Brink - TNO / 4GBB consortium DSL Seminar, June 4-6, 2012, The Netherlands



m innqvation
for life s a——

1. Progressing G.fast — on what topics?

e.g. by developing knowledge on cable modelling & simulations

Chapter 1 — Progressing G.fast

Chapter 2 — Progress on cable transmission modeling
Chapter 3 — Progress on crosstalk modeling

Chapter 4 — Progress on performance studies
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1. Progressing G.fast — on what topics?

e.g. by developing knowledge on cable modelling & simulations

 Chapter 1 — Progressing G.fast
 Chapter 2 — Progress on cable transmission modeling
 Chapter 3 — Progress on crosstalk modeling

Chapter 4 — Progress on performance studies

Bitrate targets for G.fast, as agreed within ITU

note: different service rate definitions are under discussion

* agreed: at least 10Mb/s when deployed on loops with exceptional length and noise

* agreed: 150 Mb/s @ 250m

* agreed: 200 Mb/s @ 200m

* agreed: 500 Mb/s @ 100m (typically a FTTB deployment) & 2x500 Mb/s with bonding

* agreed: 500 Mb/s @ 50m when above 17.7MHz, and not too bad noise 4 BB

* agreed: up to 1Gb/s on shorter loops (protocol should not prevent 1Gb/s) :,Ju_?_.-,jé/__{

everywherg
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2. Progress on cable transmission modeling

Zxdx R(jw) = real?zs(jw)g
- - ] G,(jw) = reallY,(jw)
]y I L(jw) = imag(Z.(jw))/
J(iw) = imag(Z,(jw))/w
“oc ) C(jw) = imag@jw)ﬂ/w
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2. Progress on cable transmission modeling

Zx dx
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= real(Z,(jw)
= real{Y,(jw)
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2. Progress on cable transmission modeling

15
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Zadk | R(jw) = fealizs(jW)g
—{1 LI  —-— Gp(JW) = red Yp(JW)
Yox dx
’ > Lo(jw) = imag%zsuw)}/w
X C,(jw) = imag(Y,(jw))/w
ies resistance: Rs (per unit length) 1K series inductance: Ls (per unit length)
[ohr‘n/n‘w] [n H‘/m]‘
I:? < 800 S
1] /

Legacy approach (see VDSL2 standard)

Model Rs, Ls, Cp, Gp independently, using 4 functions of “w”

(BT Model (1996): 13 parameters, KPN Model (1997), etc)
modification needed to make impulse response causal

1k

(c) Tn

problem: this troubles time-domain simulations

shunt c

—

[pF/m]

Improved approach (TNO model, 2009/2011):

Model (Rs+jw.Ls) and (Gp+jw.Cp), using 2 functions of “jw”

(7+1 parameters)

you get causality almost for “free” (if done in a clever way)
| L |11l

H ‘ L]

L —T

1k

(c) TNO 2011 [freq] . (c) TNO 2011 |1 [freq]

10k 100k M 10M 100M 1k 10k 100k M 10M 100M
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2. Progress on cable transmission modeling

Zxdx Ri(jw) = real{Z(jw)
—— 1 —1 Gy(jw) = real(Y,(jw)
I-J|] Ypx I-J|] : . :

<« 5 > Ls(jw) = imaglZs(jw))/w

Cpo(jw) = imaglY,(jw))/w
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2. Progress on cable transmission modeling - expressions for impedance Zs

ZEo | Ry(jw)
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Zxdx R;(jw)
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p
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Approach: take observations as parameters

L3¥ ) Rs(); W31 qs parameters
Lo =Ly + (Rso /WS)/ 0s substitution ®
Qz (JW) glue (shaping function)

Qz is restricted by certain analytical properties

real(Z.(jw)
real (Y, (jw)

imag(Z.(jw))/w
imaglY, (jw))/w

1K series inductance: Ls (per unit length)
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2. Progress on cable transmission modeling - expressions for impedance Zs
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2. Progress on cable transmission modeling - expressions for impedance Zs

Zxdx R;(jw)
-3 1 1 G, (jw)
p
I_JI] Yox dx I.JI] _
<« 5 > Ls(Jw)
Cp(jw)
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Approach: take observations as parameters

Ls¥ ’ RSO’WS’ CIs

Lo =Ly + (Rso /WS)/ 0s substitution

Qz (IW)

parameters

®

glue (shaping function)

Qz is restricted by certain analytical properties

The simplest form of Qz is already very good

= real %zs(jmg
= reallY,(jw)
= imag(Z,(jw))/w
= imag\Y,(jw))/w
1K series inductance: Ls (per unit length)
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2. Progress on cable transmission modeling - expressions for admittance Yp
Zadk | R(jw) = fealizs(jW)g
—|—1 LI LI Gp(JW) = real Yp(JW)
v (jw) (jw)/
L.(jw) = imag jw))/w
X C,(jw) = imag(Y,(jw))/w
100 shunt capacitance: Cp (per unit length) 200 shunt conductance: Gp (per unit length)
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2. Progress on cable transmission modeling - expressions for admittance Yp

Zxdx _ Rs(J_W) = real %Zs(lw)g
-1 LI LI Gp(JW) = reda Yp(JW)
Yox dx
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2. Progress on cable transmission modeling - expressions for admittance Yp

Zxdx _ Rs(J_W) = real %Zs(lw)g
-1 LI LI Gp(JW) = reda Yp(JW)
Yox dx _ _ _
<« 5 > Ls(jw) = imag{Zs(Jw))/w
X C,(jw) = imaglY,(jw))/w
100 shunt capacitance: Cp (per unit length) 200 shunt conductance: Gp (per unit length)
[pF/‘m]‘ [mh<‘)/m‘]
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Ly G wW ‘h: :)
F L =tan(f ) » constant loss angle| |~
% I w>C p (w) T ‘E::\\\
| 10u Ly —
AL L ﬁ ‘\::::\\
o Wk 1 Il
‘ 5u
20 ‘ \‘
0 () TNO 2011 [freq] o (c) TJ\/Il Wﬁy_ﬁ_rf’/// [freq]
1k 10k 100k M 10M 100M 1k 10k 100k M 10M 100M
G,®0
Approach: take observations as parameters
z f
Coo, f, W arameters e agjw U
pO; ’ d p o _ . - JW 7
| R Yw) = wc,,” ey
Qy (jw) glue (shaping function) 8 &Wq g

Qy is restricted by certain analytical properties
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2. Progress on cable transmission modeling - expressions for admittance Yp

Zxdx _ Rs(J_W) = real %Zs(lw)g
{1 LI LI Gp(JW) = red Yp(JW)
Yo o . . .
<« 5 > Ls(jw) = imag{Zs(Jw))/w
Cpo(jw) = imaglY,(jw))/w
100 shunt capacitance: Cp (per unit length) 200 shunt conductance: Gp (per unit length)
[pF/‘m]‘ [mh<‘)/m‘]
80 ‘ <f~. ) ‘ ’-\
ad G W ‘h: :)
F L =tan(f ) =frequency dependent lossangle|||
60 i w>C p (W) “‘E:\\\
| 10u ] e
’. S A gl L ﬁ .\::::\‘ L
o Wk 1 Il
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Approach: take observations as parameters

f
Cpo, fy QeoW arameters é .
p0 cWd p : : , wod : .

® Yp(iw) = jw>Cpg g&g}v—d% (1= Gc) + W>Cpo~ Qe

Qy (jw) glue (shaping function)

Refinement from Ericsson+LTH #

contributed to last ITU meeting en::;uﬂ

Relevant when dielectric loss becomes significant

Qy is restricted by certain analytical properties
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2. Progress on cable transmission modellng expressions for admittance Yp
Measured and modeled loss tangent for 1.00 meter EKKX2x2x05

Z 0.05 ; T T — |
— A Measured :
————— TNO modelfit | ||:{:
< 004+ 7 .—.—-_':N.e.m..f.r:nodel.ﬁt -1 Al
IC)
s:pij;;apacitance: Cp (peru ?E- 0.03
C)
80 ~ L) IR
C D I GD
. = 0.02
. [ L
e R — E \\::\‘\»;5
40 — C T T
| PO 0.01
(c) TNO 2011 : ij/// [frea]
1K 10k 0 ! L : : EEEE : L i B M 10M 100M
10° 10° 10 10°
Approach: ta Frequency [Hz]
f
C f, Qc,W t é iy OU
p0: T Qc,Wq  parameters ® _ ) i agjw U, ) )
. Yo(Jw) = jw>C Y 1- + |jw>C
Qy (jw) glue (shaping function) p(IW) =] RN gngWd % (d-G)* ) po e
< restricted by corta ical ; Refinement from Ericsson+LTH ..p"'
Qy is restricted by certain analytical properties contributed to last ITU meeting H,",:ﬁm

Relevant when dielectric loss becomes significant
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2. Progress on cable transmission modellng expressions for admittance Yp
Measured and modeled loss tangent for 1.00 meter EKKX2x2x05

Z 0.05 ; T T — |
—L S Measured :
————— TNO model fit |
< 004~ .—.—-_-:N.e.vf.r.r:nodel.ﬁt é------
IC)
shunt capacitance: Cp (peru U
[pF/m] 2 0.03
L)
80 SRS N L
C D I GbD
. = 0.02
. [ L
o A = Ll .y
40 — T~
C =
| PO 0.01
20 ‘
(c) TNO 2011 : W_;ff// [freq]
1k 10k 0 i L i i L it ; I M 10M " loom
10° 10° 10 10°
Approach: ta Frequency [Hz]
f
C f Oc, W t é . e
p0: T Qc,Wq  parameters ® _ _ ajw ol | _ i
. Yo (jw) = jw>C g~ &Qy&—1 1- + |jw>C
Qy (jw) glue (shaping function) p(J )=1 8 d % (- Gc) + ] p0 Yo

Qy is restricted by certain analytical properties

The simplest form of Qy is already very good

Yp(jw) = jw>Cpg” gl

-2k /p

'wo

“(1- )+ jwCpo” qc

Relevant when dielectric loss becomes significant
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2. Progress on cable transmission modeling - results

. abs(S21), len=61.15m, model=[ASYMP.sqrt], WirePair=(1-5|2-6)
CAT5e cabling 0 B]-100m ]

“‘ M

Measured S21
Measured S12 N
-10 modelled v alue

-15

-20

-25

D

(c) TNO 2011 [freq]

61m -30

1k 10k 100k M 10M 100M 1G

) Relative error in S21: dB(S21./S21m), model=[ASYMP.sqrt], WirePair=(1-5|2-6)

(d B‘]

0.15

0.1

0.05

(c) TNO 2011 [freq]

1k 10k 100k M 10M 106M 1G

22 Progressing G.fast - dr. Rob F.M. van den Brink - TNO / 4GBB consortium DSL Seminar, June 4-6, 2012, The Netherlands



innovation

-————m for life s a——

2. Progress on cable transmission modeling - results

‘ Characteristic impedance Z0, model=[ASYMP.sqrt], WirePair=(1-5|2-6)

CAT5e cabling

61m

[ohm]
extracted value (ignored)
800 extracted value (used)
modelled v alue
600 )
400
200
R _ R M
(c) TNO 2011 [freq]
0 L R
1k 10k 100k M 10M 100M

Characteristic impedance Z0, model=[ASYMP.sqrt], WirePair=(1-5|2-6)

[degree]
|
/’/ﬁf
-20
40 4,/ extracted value (ignored)
] extracted value (used)
K modelled value
-60 N
-80 [
‘ (c) TNO 2011 [freq]
1k 10k 100k M 10M 100M 1G
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2. Progress on cable transmission modeling - results

PVC insulated drop cable

Dielectric losses become
significant;

Use of proposed refinement
from Ericsson and LTH offer
valuable improvements

24m

Insertio

25

20}

15

dB

nLoss vs frequ

= === New model fit

Measured
TNO model fit

10 .............. Ll el e T i e

ency for 24.1 meter EKKX2x2x05 cable

T T T T S

10° 10°

Frequency {Hz)

ace8

everywherg
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2. Progress on cable transmission modeling - results

New approach

has gained acceptance in ITU

4 -BB

e = o =

everywherg
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3. Progress on crosstalk modeling - EL-FEXT, legacy approach

—> Signal

m — Noise (FEXT)

T T Tl

Noise (FEXT) 1
EL - FEXT = . — ooEE——
Signal SIN ratio
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3. Progress on crosstalk modeling - EL-FEXT, legacy approach

Wire-pair EL-FEXT crosstalk (diff mode, CKT1:ETSI model) - (KPN, 100m, in-quad #2)
20 T T T T T 717 T T T T T 717 T 1 T T T 177 T 1 1 1 T 17 T T

[dB]

20 i
40 |- i

60 | : \ |

-100 PRIV .

(c) TNO 2011 freq:[MHz]

-120
-2 -1 0 1 2 3
10 10 10 10 10 10

—> Signal

m — Noise (FEXT)

T T Tl

Noise (FEXT) 1
EL - FEXT = . — ooEE——
Signal SIN ratio
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3. Progress on crosstalk modeling - EL-FEXT, legacy approach

Wire-pair EL-FEXT crosstalk (diff mode, CKT1:ETSI model) - (KPN, 100m, in-quad #2)

20 [dB]‘ |
0 ETSI, '
ol Near worst |
case level T L
40 - e B ) ~ il
60 |- / I;ﬁ:! , AN o il
%0 B ,%”‘Hfj ﬁ;?/”/ 1
100 jfr“'““:f;“’) T -
;H (c) TNO;Oll freq:[MHz]
-120-2 | HHM-l HHHo HHH1 HHH2 | “““‘3
10 10 10 10 10 10
Legacy model: (FSAN)
EL-FEXT is linear proportional
with the frequency. Performance studies for
G.fast will be too optimistic
Too low for higher frequencies when this is ignored
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3. Progress on crosstalk modeling - EL-FEXT with dual slope

Wire-pair EL-FEXT crosstalk (diff mode) - (KPN, 100m, in-quad #2)
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3. Progress on crosstalk modeling - EL-FEXT with dual slope
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3. Progress on crosstalk modeling - EL-FEXT with dual slope

Wire-pair EL-FEXT crosstalk (diff mode) - (TelCable/30q, 378m, in-quad, gw1l|brl)
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3. Progress on crosstalk modeling - EL-FEXT with dual slope

Wire-pair EL-FEXT crosstalk (diff mode) - (Unshielded "Gamma", 50m)
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3. Progress on crosstalk modeling - EL-FEXT via 2"d-order transfer

How to model this?

a Dual slope = 2" order transfer function

0 Wire-pair EL-FEXT crosstalk (diff mode) - (TelCable/30q, 378m, in-quad, gw1l|brl)
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3. Progress on crosstalk modeling - EL-FEXT via 2"9-order transfer

E v g, wWw,

Q
(;) W, 1] szz g =

HeL- pexT (JW) =
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3. Progress on crosstalk modeling - EL-FEXT via 2"9-order transfer

HeL- pexT (JW) = 9

Models dual-slope
effect sometimes
very well, ...

.. and also the phase
(in quad cables)
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3. Progress on crosstalk modeling - EL-FEXT via 2"9-order transfer

New approach

IS gaining acceptance in ITU
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4. Progress on performance studies — approach

GOAL: Predict attainable bitrates

within a given scenario
(Important in system design phase)

Traditional approach: Frequency domain calculations

> HoOw:

— Calculate SNR from cable models and noise assumptions
(from frequency domain calculations)

— Run bit loading algorithm with the SNR
— Remove overhead of Cyclic Extension (prefix + suffix) and coding.

> Advantages
- Simple
— Adequate for channels dominated with additive white Gaussian

noise (AWGN) o

=

ERICSSON

37 Progressing G.fast - dr. Rob F.M. van den Brink - TNO / 4GBB consortium DSL Seminar, June 4-6, 2012, The Netherlands



innqvation
I Iu for life s —

4. Progress on performance studies — approach

GOAL: Predict attainable bitrates

within a given scenario
(Important in system design phase)

Advanced approach: Time domain calculations

> Why: G.fast channel can be more ISl limited, especially with short
cyclic prefix,
* High tone spacing -> short symbol period

* Long dispersion due to bridge taps
« CP may not cover the whole channel dispersion.

> HOw: Take inter-symbol interference (ISl) into consideration for
estimating Signal to Noise and Interference Ratio estimation (SINR)

— Calculate that via impulse response of (improved) cable model
« Estimate SINR from a time domain simulation from training symbols
Implementation of symbol timing detection (or frame detection) and
Frequency domain equalizer (FEQ) are needed. ﬁ
 Upsampling is needed to reduce windowing effects of Inverse Discrete Fourier -
Transform (IDFT) when generating impulse noise ERICSSON
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4. Progress on performance studies — approach

SNR comparison: time vs. frequency domain approach

\ \
Time-domain: AWG 24, 100 m, CP=0.8 ns | |
Frequency-domain: AWG 24, 100 m

Time-domain: AWG 24, 200 m, CP=0.8 ns ||
----------------------------- Frequency-domain: AWG 24, 200 m
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4. Progress on performance studies — initial studies

Initial studies: Selected loop topologies

Topology 1 | DP éig%gn Term.
0 Zs =100 ohm
£l Zt = 100 ohm
Topology 2 | DP =20 o8 Term|
Topology 3 | DP e Term|
O O (] O (o]
o Elo glo o o
EQ
3 NF wF 2F 2
<205m 45 m
Topology 4 | DP AWG 26 “0om Om Om Om AWG 26 Term,
References: #
* Loop topology: “G.fast: Wiring topologies and reference loops”, (ITU 11GS3-100) -
« CAD55 model: BT, “G.Fast: Cable Models ”, (ITU 11RV-026) ERICSSON

* AWG 26 model: ANSI TP1 (ANSI T1.417-2003)
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4. Progress on performance studies — initial studies

Initial studies: Simulation assumptions

Channel bandwidth: 200 MHz
Channel is filtered with 53-tap FIR filter to reduce ringing
from windowing effects of IDFT.

Tone spacing: 48.84 KHz

Data Bandwidth: 3.5-100 MHz

Number of tones: 2048
Tone 0 is DC. Tones below 3.5 MHz are not loaded.
FFT size: 8192. FFT oversampling is used for fitting
channel bandwidth.

Signal PSD: -76 dBm/Hz
AWGN noise: -140 dBm/Hz
Coding: RS + Trellis

RS: N/R = 255/16.
Trellis: 0.5 bit/tone overhead.
Total coding gain = 5 dB.

SNR gap: 9.75 dB

SNR margin: 6 dB

Bit loading: 1-12 bits

Cyclic Extension: 0.4 ps, 0.8 us, 1.2 us, 1.6 us, 2.0 us, 2.4 us

(Prefix+Suffix) #

Loop length (DP to terminal): 50 m, 100 m, 150 m, 200 m —
ERICSS0N
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Initial studies

- . . <250 m
Initial studies: Bitrate results fopotoort | o7 caoss |
EI2
0|0
Topology 2 DP éﬁg%é" (1:?AB]ES Termn.
—0—CP=04us
| ——CP=08us|!
——CP=12yus|| ——CP=12us|
——CP=16ps|| ——CP=16pus||
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z CP=24us|:
= 700
2
8 600
Q
]
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200 i i i | | ]
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Loop length (m) Loop length (m) =
>
- Topology 1&2: Optimal CP = 0.8 ps, CP overhead = 3.76% ERICSSON

« Up to about 100 Mbps decrease due to a 5-meter bridge tap.
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Initial studies

[ . . opolo =250m rm.
Initial studies: Bitrate results | ™*¥® [~ AWGE o @ gl
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>
» Topology 3: optimal CP = 0.4 or 0.8 us, CP overhead = 1.88% or 3.76%. -

Topology 4: optimal CP = 2 us, CP overhead = 8.9%.
More than 300 Mbps rate loss can be seen due to multiple bridge taps of star topology.
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5. Conclusions
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5. Conclusions

G.fast standardization is progressing very well

o Concept of Hybrid FttH via G.fast Initiated by 4GBB consortium

e global industry is now active in ITU to develop G.fast

 Aimed ITU deadline (dec 2012: consent on G.fast) is just a first phase
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5. Conclusions

G.fast standardization is progressing very well

o Concept of Hybrid FttH via G.fast Initiated by 4GBB consortium

e global industry is now active in ITU to develop G.fast

 Aimed ITU deadline (dec 2012: consent on G.fast) is just a first phase

Improved models for performance simulations under development
 New cable model gives causality “for free”

* Dual slope FEXT model is very promising

 ITU is adopting these models for performance studies
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5. Conclusions

G.fast standardization is progressing very well

o Concept of Hybrid FttH via G.fast Initiated by 4GBB consortium

e global industry is now active in ITU to develop G.fast

 Aimed ITU deadline (dec 2012: consent on G.fast) is just a first phase

Improved models for performance simulations under development
 New cable model gives causality “for free”

* Dual slope FEXT model is very promising

 ITU is adopting these models for performance studies

Initial performance studies are demonstrating the potentials for G.fast
« Bitrates above 800 Mb/s over 100m cable
« Even bridge taps can be handled, albeit with performance loss
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5. Conclusions

G.fast standardization is progressing very well

o Concept of Hybrid FttH via G.fast Initiated by 4GBB consortium

e global industry is now active in ITU to develop G.fast

 Aimed ITU deadline (dec 2012: consent on G.fast) is just a first phase

Improved models for performance simulations under development
 New cable model gives causality “for free”

* Dual slope FEXT model is very promising

 ITU is adopting these models for performance studies

Initial performance studies are demonstrating the potentials for G.fast
« Bitrates above 800 Mb/s over 100m cable
« Even bridge taps can be handled, albeit with performance loss

Cable models have been developed for hundreds of MHz,
so use them to describe your cable plant

48 Progressing G.fast - dr. Rob F.M. van den Brink - TNO / 4GBB consortium DSL Seminar, June 4-6, 2012, The Netherlands



m innqvation
N for life s ——

49 Progressing G.fast - dr. Rob F.M. van den Brink - TNO / 4GBB consortium DSL Seminar, June 4-6, 2012, The Netherlands



