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Abstract

This report explains how the common mode can be exploitedderao increase the capacity of xDSL systems in a binder
MIMO channel. Indeed, N copper pairs can use either difféméor/and common modes to transmit N or (2N-1) signals. g t
receiver side, the common mode can be used to mitigate R&haittansmit additional data signal. However, some careldho
be taken with egress. A channel model is proposed includifigreintial and common mode channels, balanced functionshie
leakage between common and differential modes, NEXT andTFEath in common and differential modes. For coordinated or
uncoordinated transmitters and receivers, results shavuking the common mode provide better results in terms phaty
and/or performance than traditional differential mode.

Index Terms

Differential mode, common mode, phantom mode, egress, VVIMMO

I. INTRODUCTION

The growing demand for high speed services like video on deinpeer-to-peer sharing and High Definition TeleVision
(HDTV) call for new paradigms increasing the capacity and fherformance. For instance, Very-high data-rate Digital
Subscriber Line (VDSL) transmit data in a 12 or 30 MHz bandtvidompared to the former 1 MHz for Asymetric DSL
(ADSL) [1]. However, the magnitude of the channel transfartction decreases with frequency while crosstalk (NEXT an
FEXT) can increase depending on the length of the line andrésiency [2]. Therefore, new transmitters and receiversds
to be developped for these binder Multiple Input Multiplet@ut (MIMO) channels. For coordinated transmitters anenears,
the optimal solution is based on the Singular Value Decoiitipas(SVD) of the MIMO channel [3], [4]. With coordination
only at the receiver or the transmitter side, the optimalisoh was found to be the Decision Feedback Canceller (DFEjrty
paper coding (Harashima precoder based on DFE on multitatsference) [5]. So far, the optimal solution for uncooted
transmitters and receivers uses Dynamic Spectrum Managg@&M) [6], [7], [8], [9], [10], [11], [12], [13]. Increasig the
frequency band is not the only way to increase the capaciypamformance. Recently, the exploitation of the common enod
was used to mitigate Radio Frequency Interference (RFiadig[14], [15] or crosstalk signals [16], [17] for a singlaip The
later article showed that the common mode channel has lessuation than the differential mode channel. It was alsvem
that the use of the common mode leads to an higher capacitgnsythan the differential mode [18], [19], [20], [21], [22].
Moreover, [23], [24] demonstrated that for a binder MIMO phal, both wires of a pair can be used to transmit information
Indeed, with N pairs and by setting one wire as the ground, jitassible to transmit (2N-1) signals. In this article, wepmse
to use both differential and common modes to transmit (2Nidals in a binder MIMO channel of N pairs in a symmetric
way to exploit the properties of the common mode channel. # nbannel model is proposed since the common mode is
excited, and leaks from the common to the differential modtha transmitting end with the Longitudinal Conversion £os
(LCL) and at the far end with the Longitudinal Conversionister Loss (LCTL). The leakage from differential to common
mode is called Transverse Loss Conversion (TCL) at the tnitting end and Transverse Conversion Transfer Loss (TCTL)
at the receiving end [25]. Then performance results arengiigng the different SVD, DFE or DSM algorithms with diffete
cases of coordination or uncoordination between transrsithnd receivers. The issue of transmit Power Spectrumiens
(PSD) and egress is also adressed.

1. CHANNEL MODEL
A. Differential-Mode
The channel model for 24 American Wire Gauge (AWG) twistedpa the differential-mode is given by the two-port
model with resistanc&(f), inductanceL(f), conductances(f) and capacitanc€(f) as shown in Figure 1 wher& (f) is

the transmitted signal and (/) is the received signal. The chanrél f) is computed as the ratio betwe&f(f) and X (f).
The RLCG components are computed as follows for a 24 AWG [17]:

R(f) = (174.55888" 4 0.053073481 f2)1/4Q2 /km (1)
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Fig. 1. Line theory R, L, C, G representation for an increraésectiondz of a telephone line

G(f) = 234.87476 £33 £ S /km ©)

C(f) =50nF/km 4)

These parameters lead to the propagation matti®) and the characteristic impedangg(f) which are computed as:

1) = VIR + 2 LD G + 2m7 O™ ©
_ (B + 21 L(F)
“D =G ramire)” ©

The values ofZ,(f) vary between 1002 and 110%2. Therefore the load impedandg, (f) is set toZ; =100 (2, giving
the following formula for the differential-mode channelpgmding on the length of the line (d in meters) [26]:

— ZL
H) = GGt a1Zs + ZoFysinh (7 (D) ")

B. Common-Mode

The common mode channel is computed using the differemade channel with different parameteRgf), L(f), C(f),
G(f). Indeed, the observations from [17] and previous articlesned that differential-mode and common-mode parameters

are related using the following formulas:

Re(f) = 0.55R(f) (8)
Le(f) = 4AL(f) 9)

Ge(f) =2G(f) (10)
Ce(f) = 0.95C(f) (11)

However, as the characteristic impedance in the commonenades between 21Q and 240(2, the load impedance in the
common-mode is set to 21Q. Figure 2 shows the attenuation of the Differential-Modé/)and the Common-Mode (CM)
with frequencies up to 30 MHz. This results shows that the GMnnel is less attenuated than the DM channel due to its
lower resistance which is twice as less than the DM. The ¥olig Figures 3 show the attenuation of the DM and the CM
channels respectively according to the length of the cat)levdrying form 0 to 1 kilometer. Obviously, the attenuatofithe
DM and the CM channels decrease with frequency and the lesfgtie cable. One can notice that for 1 km cable at 30 MHz,
the difference between the DM channel attenuation and thec@a&hnel attenuation is 80 dB.
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Fig. 2. Comparison between Differential-Mode (DM) and CoomrMode (CM) Attenuations with frequency
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Fig. 3. Differential-Mode (DM) (left side) and Common-Mod€M) (right side) Attenuations with frequency and the léngf the cable

C. Mixing Differential-Mode and Common-Mode channel by the balance function

The DM and CM channels are not decorrelated. Indeed, whertageois transmitted in the DM, some of it goes in the
CM and conversely. For the literature using the CM for indeghce cancellation [17], the most important balance fands
the function that goes from the DM to the CM at the receivindg en Transverse Conversion Transfer Loss (TCTL) because
of the lower attenuation in the CM compared to the DM. Howethes literature does not transmit data in the CM. When data
is transmitted both in the DM and the CM, the Longitudinal @ansion Transfer Loss (LCTL) from the CM to the DM at the
receiving end, the Longitudinal Conversion Loss (LCL) frehe CM to the DM at the transmitting end and the Transverse
Conversion Loss (TCL) from the DM to the CM at the transmgtend should be considered.

The equivalent channel will consider all these differenfabae functions when transmitting data in the CM and the DM.
The DM channel is determined by the variable The CM channel is determined by the variahle The inverse of the TCTL
balance function is determined by the variahlg_. The inverse of the LCTL balance function is determined kg hriable
h’,,. The inverse of the TCL balance function is determined bywieableh!,.. The inverse of the LCL balance function
is determined by the variablg,,.

The equivalent channel representation is given by Figurehdrevall the balanced functions which make leakage from one
mode to the other are shown. At the transmitter side, thealgaldoes not depend on DM and CM channel characteristics. At
the receiver side, the leakage from CM to DM and DM to CM is alependent on the DM and CM channel characteristics
since this leakage can occur everywhere along the line. Gh&/@&ent channel can be determined by the multiplicatib8 o
matrices



CTTHALON T TBALoN T AWEN
| |
LD Ll Ll | A\
Td ' | k_l—/ E I DM Channel hd o ’ \+J E @ Yd
I I
| ! ! l I
| ! ! I
E head hase| | E |hc2d| |h220 |
| ! ! I
K | f AN
T E (+) ; { CM Channel h.. | E ) | \—'T_/ Ye
| ! ! |
] 1 aweN

Fig. 4. Equivalent channel representation of a mixed DM aii édannel with leakage from one mode to the other at the tritesnand the receiver side

50~
_ g 0
g :
H 5 S0
£ s
© [
5 £ -100
Z
-150
1 N
30
20 -
Length (km) Frequency (MHz)7 Length (km) 00 Frequency (Mhz)
Fig. 5. Mixed DM and CM channel$fl} (left side) andH 2 (right side)
g O < '
5 2 204
2 -50 g
5 £ 40
£ 100 <
30
-150
1 %0 0.5
20 5 Length (km) ;
Length (km) 00 Frequency (Mhz) Frequency (MHz)

Fig. 6. Mixed DM and CM channels}2 (left side)andH 22 (right side)



_ 1 hZQd ha 0 1 hZQd
Heq B |:h’22c 1 :| |:O hc:| |:h220 1 (12)

This leads to the following matrix :

_ [ ha+hbgchehlog  hisgha + heliag
Heq o [hdhdgcT + h22chc hi2dhdh220 + he (13)
H!' H?
Ho= [ 1] 14)
eq eq

In order to test this mixed CM and DM channel, the inverse ef TICTL balance function for Category 3 pairs was chosen
for h7,.. Moreover, we set/,, . = h’,, = hl,. = h!,,. The TCTL balance function is equal to:

V105 0< f<150kHz

B(f) = (15)

1.5
10 (Lgoo) f > 150kH>

The following Figures 5, 6 show the attenuation of the edeivachannel of mixed DM and CM transmission channels
Hll, H2, HZ!, HZ respectively according to the length of the cable (d) vagyfiom O to 1 kilometer and frequency from

0 to 30 MHz.

D. Egress tradeoff between Differential-Mode and Common-Mode

The references [27], [28] give the acceptable level of egies differential-mode xDSL transmission. The voltage thzes
into the common mode using a differential-mode transmissso
VPSDW Zy,

Vige = Yoot ot (16)

where PSD, is assumed flat over the bandwidth W, is the load impedance of the line in differential-mode dmds the
balance function between DM and CM.

Psd DM and CM (dBm/Hz)

2 80 60 Balance (dB)

”
Voltage Egress (10 Volts)

Fig. 7. Acceptable PSD in DM and CM for the maximum voltage & @V of egress

The limit of the voltage of common mode is 0.2 mV in HAM bandsefefore, when using the common-mode for
transmission, some care should be taken with the PSD in tmenom-modeP .S D... The voltage induced by the common-mode
PSD is:

V., = /PSDWZ¢ (17)

where Z¢ is the load impedance in the common-mode. The total voltaghé common-mode is:

Ver = Vaae + Ve (18)



Figure 7 shows the acceptable levels that should be put o€khend on the DM not to overtake the particular treshold
of 0.2 mV for egress in HAM bands of 10 kHz with; = 100 Ohms andZ§ = 210 Ohms. As can be seen on the figure,
the PSD for the common-mode transmission should be low cordpa the differential mode. However, in non-HAM bands,
it is possible to have more than 0.2 mV for egress, and knowhag spectral masks for VDSL can be up to -40 dBm/Hz, a
trade-off between PSD in the DM and PSD in the CM should beidered.

I1l. CAPACITY
In VDSL technology, the theoretical capacity is given by S8ehannon’s equation:

Ne
P 2

C—;logz(urmm (19)
with N, the number of subcarrierg, the Signal to Noise Ratio (SNR) andthe loss factor depending on the target Bit Error
Rate (BER), the margin and the coding gain. Assuming a Powect&l Density of the signal of -60 dBm/Hz and an AWGN
noise of -140 dBm/Hz, a target BER ®6~7 giving a -9.8 dB efficiency according to the specifications/&fSL, a margin of
-6 dB and a coding gain of 3.8 dB, this gives a SNR of 80 dB ancsa factor of 12 dB. Figure 8 (left side) shows the data
rate for a VDSL differential-mode transmission from 0 to 3H¥with 4 kHz subcarriers and a load impedance of 1D0
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Fig. 8. Optimal Data Rate of a VDSL differential-mode (lefie) and common-mode (right side) transmission 0-30 MHHWWED -60 dBm/Hz (DM) and
-110 dBm/Hz (CM)

For a VDSL common-mode transmission some care should be takb egress particularly in HAM bands. Therefore the
PSD is set to -110 dBm/Hz with an AWGN noise of -140 dBm/Hzjrggva SNR of 30 dB with the same factor loss of 12 dB.
Figure 8 (right side) shows the data rate for a VDSL commomenwansmission from 0 to 30 MHz with 4 kHz subcarriers
and a load impedance of 210

For a mixed transmission in VDSL between differential-maoel common-mode, the balanced function should be taken
into account by the equivalent channel matrix:

H. - ha + htdzchchZM hizdhd + hehgag
“a hdh:bc + hfﬁchc hf:zdhdhbc + he

In order to test this mixed CM and DM channel, the inverse ef TICTL balance function for Category 3 pairs was chosen
for hl},.. Moreover, we set’,, = hl,, = h%,. = hl,,. The TCTL balance function is equal to:

(20)

V105 0< f<150kHz
BUI=Y e (@)1'5 f > 150kH> .
The channel capacity for this mixed transmission becomes:
Ne
C = loga|det(Iz + %HgHeq)] (22)

i=1
with © = diag(pq, pc).



Figure 9 shows the data rate for a VDSL differential-mod@draission from 0 to 30 MHz with 4 kHz subcarriers and a
load impedance of 10Q for differential-mode and 210 for common-mode. Here,; = 80dB and p. = 30dB. The curve
“DM+CM uncorrelated” represent the addition of the diffetial-mode and the common-mode as if there was no leakage fro
one mode to the other. Therefofé] H., = diag(|hal*, |h.|*). The curve “DM+CM correlated” represents the differential
mode and common-mode transmission which are related bydlante function. One can observe that for a particular small
length of line, the correlated system provides higher datasrthan the addition of both modes.
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Fig. 9. Optimal Data Rate of a VDSL mixing differential-modad common-mode transmission 0-30 MHz wits D,=-60 dBm/Hz andPSD. =-110
dBm/Hz

IV. CROSSTALKNEXT AND FEXT LIMITATIONS

T/ Ry To/ Ry

Fig. 10. Graphical representation of FEXT and NEXT in a mpéir system

A representation of Near End Crosstalk (NEXT) and Far Ends&talk (FEXT) for a multi-pair system is given in Figure
10. In a multi-pair system, it is necessary to have good #téamal tools to predict the effect of NEXT and the FEXT [29],
[30], [31], [32]. The 1% worst case model for NEXT and FEXT hmetdifferential mode give the following equations for N
disturbers in a 50 twisted-pair bundle [17]:

. N 0.6
PSD(]jVEXT(f) _ PSDgzsturbeT(f) (E) 10—13f1.5 (23)
) N 0.6
PSDgEXT(f) _ PSDdDzstu'r‘ber(f)|hd(f)|2 (E) 9.10720df2 (24)

Figure 11 shows the loop attenuation of a 1 km cable in thewifftial-mode, as well as NEXT and FEXT in the differential-
mode according to the previous equations. One can see 8&tEXT is more powerful than FEXT but can be avoided using
FDD or TDD transmission. For a 1 km cable, we can see that FEO{lows the contribution of the loop attenuation more
than the square of the frequency.

Figures 12 show the NEXT and FEXT of a differential-mode aghfrequency and line length between 0 and 1 km. One
can see that NEXT is constant against line length but FEXTargimg depending on the length of the cable. Indeed, fortshor
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Fig. 11. Loop Attenuation, NEXT and FEXT for 1 km cable in dintial-mode

loop lengths, FEXT is increasing with frequency followingetf? contribution, but as the loop length increases, FEXT is
following the |hy(f)|? contribution and therefore is decreasing with frequency.
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Fig. 12. NEXT (left side) and FEXT (right side) as a functiohline length and frequency in differential-mode

For common-mode transmission, there is no model availabléoa differential-mode transmission. Since NEXT doesn'’t
depend on line length and channel attenuation, the NEXT mneon-mode is comparable to the NEXT in differential-mode.
However, FEXT does depend on line length and channel attemJand since the channel attenuation in common-mode is
stronger than channel attenuation in differential-motle, EEXT will be stronger in common-mode than in differentizbde
at the receiver. Since there is no model available for NEXd@ BEXT in the CM, we take the equations of NEXT and FEXT
in the DM with the CM propagation channel. This leads to :

] N 0.6
PSD(]:VEXT(][) _ PSDchsturber(f) <E) 10713'][1.5 (25)
0.6
PSDEFNT(f) = PSDE (1) () 910 ap? (26)

Figure 13 shows the loop attenuation of a 1 km cable in the comamode, as well as NEXT and FEXT in the common-mode
according to the previous equations. Figures 14 show the N&Xd FEXT of a common-mode against frequency and line
length between 0 and 1 km. The NEXT equation is the same asfferahtial-mode. For FEXT, we notice that the attenutatio
is less prononced than FEXT in the differential-mode dueht dontribution of the common-mode channel. However, as for



differential-mode, for short loop lengths, FEXT is incramgwith frequency following thef? contribution, but as the loop
length increases, FEXT is following thé.(f)|? contribution and therefore is decreasing with frequency.
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Fig. 13. Loop Attenuation, NEXT and FEXT for a 1 km cable in antnon-mode transmission
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Fig. 14. NEXT (left side) and FEXT (right side) as a functiohlioe length and frequency in common-mode

V. CAPACITY WITH CROSSTALK FORDM AND CM TRANSMISSION
For a DM transmission with FEXT, the capacity formula becerfer the DM of userk:

P5D BEAP) 27)
(e (B2 + o8)

with o5 the PSD of the noise. The capacity formula for the CM transiois of userk is:

N¢
C= Zlogg(l + T
i=1

Ne
C=3 loga(1+ ——22Dc ey (28)
i=1 D, n |he|? + o)

Figure 15 show the data rate performance of separated DMs{#) and CM (right side) witi?PSD; = —60 dBm/Hz and
PSD. = —110 dBm/Hz and a PSD for the noise equal to -140 dBm/Hz. One carthsg¢dor short loops in the DM and the
CM, the data rate decreases compared to the system withoUE.RZhen the length of the line increases, there is no need to
cope with FEXT disturbers by particular algorithms.

The capacity of mixed DM and CM transmission with FEXT is givay:
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Fig. 15. Capacity performance in presence of FEXT distwlifer the DM (left side) and the CM (right side) transmission

N,
: S)
C = log[det(I, + ngHeq)] (29)
1=1
with © = diag( PSDy PSD, ).

. >tk Ihy 2 tok)’ (O |h& 2 +ok) .
Figure 16 shows the data rate performance of mixed DM and Ctl ®6D,; = —60 dBm/Hz andPSD. = —110 dBm/Hz

and a PSD for the noise equal to -140 dBm/Hz. As for previougdig the exploitation of FEXT provide a gain with data rate
for short loops. The interesting thing about this figure iatttvhen using a mixed mode between CM and DM with FEXT the
data rate is almost 4 times higher for 1 km loop than the aalditif uncorrelated DM and CM.
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Fig. 16. Capacity performance in presence of FEXT distwlfer the mixed DM and CM transmission

VI. NEXT AND FEXT LEAKAGE

In the previous section, we have considered a separated NEYTFEXT for the CM and the DM. However, there is some
leakage of the FEXT and NEXT from the DM to the CM and conversil the previous literature, the leakge from the DM
to the CM was only considered because no data was transmittélde CM. This literature considered the Balance function :

V105 0< f<150kHz
B(f) = 1.5 30
) 107 (12400 f > 150kHz 0

The NEXT and FEXT leakage from the differential-mode to tleensnon-mode was formulated in [16] as:
PSDIPXT(f) = PSDY YT (f)B(f) (31)
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PSDEXT(f) = PSDIPXT(f)B(f)el et (32)

One year later, the same author gave two new formulas forghkapge from the differential-mode to Common-mode NEXT
and FEXT [17]:

1
PSDNEXT(f)y = PSDYFPXT( f)gain ———on— (33)
[B(f)|he| ()]
wheregain is adjusted to have the same overall NEXT output level as fieréntial mode.
PSDFEXT(f) = PSDIEXT()lhe(£)|B(f)e/ e 100 (34)

In [20], Magesacher did some measurements of the leaked CXT Fiad found that leaked CM FEXT is at least as strong as
the DM FEXT, depending on the frequency range, up to 10 dBhgeo In the proposed model, we consider the leakage from
the CM to the DM like the channel propoagation. Because offibh® or FDD transmission, we focus on FEXT. Contrary to
the channel model, the leakage from the DM to the CM and froenGM to the DM appear on the line, therefore there is no
leakage at the transmitter side and leads to the followingimbetween FEXT voltages on the CM and the DM:

L higg

In order to test this mixed CM and DM FEXT, the inverse of theTL(alance function for Category 3 pai3(f) was
chosen forh),, .. Moreover, we set’,. = hl,,. Therefore, our model leads to the following equations fEXH:

PSDEENT () = PSDENT (1) + P50 — (36)
PSDERNT () = PSDENT (1) + P08 — (37)

Figure 17 shows the capacity in presence of mixed CM and DM FBX well as mixed CM and DM transmission. With
TDD or FDD transmission to get rid of NEXT, this performaneelikely the performance that could be observed in a real
environment since leakage in both CM and DM for signal andgstadk have been taken into account. The result prove that
there is a lot to gain using crosstalk cancellation, esfiigdiathe mixed CM and DM scenario.
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Fig. 17. Capacity performance in presence of mixed CM and OBXT disturbers for the mixed DM and CM transmission

Indeed, the next Figures 18 show the channel attenuatien-BXT and the FEXT with leakage for an uncorrelated DM-
CM system using &SDy; = —60 dBm/Hz andPSD,. = —110 dBm/Hz and 1 km cable. It can be seen that the leakage
from CM to DM is problematic for the differential-mode signaince the power of the resultant FEXT is higher than the
channel attenuation for high frequencies. Therefore, 8mimption of Column Wise Diagonal Dominance (CWDD) or Row
Wise Diagonal Dominance (RWDD) no longer exist for high freqcies in the differential mode. For the common-mode, the
leakage from the CM to the DM is less problematic since the gyowf the resultant FEXT is not higher than the channel
attenuation in CM, but we can note that there will be lowerfgrenance for low frequencies due to the leakage of DM.

The next Figures 19 show the channel attenuation, the FEXITtten FEXT with leakage for a mixed DM-CM system using
aPSD,; = —60 dBm/Hz andPSD,. = —110 dBm/Hz and 1 km cable. As can be seen, the difference of PSheket the
common-mode and the differential mode is problematic fer toammon-mode transmission, the leakage of the signal from
the DM to the CM leads to a higher power than the transmissiothé CM channel. However, for the FEXT the CWDD or
RWDD still exist thanks to the leakage from the CM to the DM loé¢ tthannel attenuation.
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and PSD. = —110 dBm/Hz for a 1 km cable (right side)
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Fig. 19. Channel attenuation, CM Channel leakage and FEXM @M leakage of the differential-mode transmission wit D; = —60 dBm/Hz and
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VII. M AXIMUM CAPACITY WITH EGRESS LIMITATIONS

Because the DM and CM channels are known at the transmitterasid the receiver side, there is no issue of co-location
between DM and CM as it is the case for multi-user coordimatio order to achieve the maximum capacity, the powers on
the DM and the CM must be chosen by the capacity formula foh sabcarrier:

©
C = logs|det(Iy + FHgHeq)] (38)
C)
C = loga|det(Iy + fA)] (39)
with © = diag(p4, p.) and A = diag(A\4, Ac). To achieve the greatest possible capacity we must have:
+
PSDy = (u - i) (40)
Ad
Jr
(o2
PSD. = (/L - )\_> (41)

Where is the water level. Furthermorne should be chosen such that:
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Ver = Vaae + Ve (42)

does not exceed 0.2 mV for the egress in HAM bands with:

—
Vi, = VPO “3)

and

V.= \/PSD.WZ¢ (44)

VIII. CONCLUSION

In this report we gave the differential-mode and common-enokannel model based on the two-port model. The results
show that the CM channel is less attenuated than the DM chadoeever, when data is transmitted trhough DM and CM
channel simultaneously, no model is available in the litea Therefore, we developed a mixed DM-CM channel modstta
on the different balance functions at the transmitting dmal ieceiving end. Taking a known balance function, the diffe
channel contributions were given. One major issue wherstréiting both in the DM and the CM is the egress. Knowing that
the worst-case is 0.2 mV in HAM bands, the acceptable PSDanCll and the DM were given depending on the balance
function. The results show that in HAM bands, the accept&8® in the CM should not exceed -110 dBm/Hz. Then, the
maximum capacity for DM and CM transmission were given ad a&the mixed DM-CM transmission. The results show that
the mixed DM-CM transmission gives better results that thm sf separated DM and CM transmission because of the chosen
balance function and the channel attenuation. This is malok to the weak channel attenuation of the common-mode and
the weak balance function at high frequencies which are cadolehe DM channel, giving a weaker channel attenuation for
the resulting DM channel. The capacity assumes channel lkdge at the receiver of the mixed DM-CM channel, which is
true because any pair is colocated at the transmitter ancettedver. Higher capacities can be obtained using the viidieg
scheme. When considering crosstalk NEXT and FEXT, tHg tvorst-case model was chosen for the DM. Since there is no
model available for the CM, we chose to apply the DM equatimnthe CM with the CM channel. NEXT can be removed
using TDD or FDD transmission. FEXT can be removed using rittyos like water-filling when there is colocation at the
transmitter side and the receiver side, DFE or DFE precodihgn there is colocation at only one side. However, a simple
linear ZF has proven to provide 9% of the maximal capacity even when there is no colocationdegtztransmitter and
receivers. This is because of the RWDD or the CWDD of the DM FEMatrix. In this report we gave the average capacity
per user of a bundle of 50 pairs with FEXT for the CM and the DNpagatly without using any algorithms. Because of
crosstalk, the capacity decreases but less in the CM thabkhealue to the low PSD in the CM (-110 dBm/Hz). Then the
capacity with FEXT in the mixed DM-CM transmission was givdie capacity with FEXT reaches the capacity without
FEXT for long line length. However, uncorrelated FEXT werged between the CM and the DM. As we know that power
in the CM or the DM goes into the alternate mode by the balaooetion, the same phenomenum can be applied to FEXT.
The leakage from the CM to the DM increases the FEXT level ef @M in high frequencies. The leakage from the DM to
the CM increases the FEXT level of the CM in low frequenciele Tinal results give similar results for uncorrelated DM
and CM transmission with FEXT and mixed DM-CM transmissiothWwEXT. However, the optimal capacity is higher in the
mixed DM-CM transmission. When looking at the FEXT level qmared to the channel attenuation, the FEXT level in the
DM and in the CM is lower than the channel attenuation. Thaamsehat RWDD and CWDD is still applicable. However,
there is no CWDD or RWDD between CM and DM channel matrix. balebecause of low PSD in the CM the DM channel
leakage is much higher than the channel attenuation, mgadhat it is neccesary to cope with the DM channel leakage. As
CM and DM is obviously colocated at the transmitting end am& freceiving end, a water-fillling scheme can be applied to
the DM-CM channel matrix and CWDD or RWDD can be consideretivben pairs. Therefore, no colocation between pairs
is needed and a simple linear ZF can be applied at the tratiesrsitle or the receiver side to reach @0of the capacity like
the DM transmission alone.
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