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Study and optimisation of the common mode
exploitation for xDSL application
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Abstract

This report explains how the common mode can be exploited in order to increase the capacity of xDSL systems in a binder
MIMO channel. Indeed, N copper pairs can use either differential or/and common modes to transmit N or (2N-1) signals. At the
receiver side, the common mode can be used to mitigate RFI or/and transmit additional data signal. However, some care should
be taken with egress. A channel model is proposed including differential and common mode channels, balanced functions for the
leakage between common and differential modes, NEXT and FEXT both in common and differential modes. For coordinated or
uncoordinated transmitters and receivers, results show that using the common mode provide better results in terms of capacity
and/or performance than traditional differential mode.

Index Terms
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I. I NTRODUCTION

The growing demand for high speed services like video on demand, peer-to-peer sharing and High Definition TeleVision
(HDTV) call for new paradigms increasing the capacity and the performance. For instance, Very-high data-rate Digital
Subscriber Line (VDSL) transmit data in a 12 or 30 MHz bandwidth compared to the former 1 MHz for Asymetric DSL
(ADSL) [1]. However, the magnitude of the channel transfertfunction decreases with frequency while crosstalk (NEXT and
FEXT) can increase depending on the length of the line and thefrequency [2]. Therefore, new transmitters and receivers needs
to be developped for these binder Multiple Input Multiple Output (MIMO) channels. For coordinated transmitters and receivers,
the optimal solution is based on the Singular Value Decomposition (SVD) of the MIMO channel [3], [4]. With coordination
only at the receiver or the transmitter side, the optimal solution was found to be the Decision Feedback Canceller (DFE) or dirty
paper coding (Harashima precoder based on DFE on multi-userinterference) [5]. So far, the optimal solution for uncoordinated
transmitters and receivers uses Dynamic Spectrum Management (DSM) [6], [7], [8], [9], [10], [11], [12], [13]. Increasing the
frequency band is not the only way to increase the capacity and performance. Recently, the exploitation of the common mode
was used to mitigate Radio Frequency Interference (RFI) signals [14], [15] or crosstalk signals [16], [17] for a single pair. The
later article showed that the common mode channel has less attenuation than the differential mode channel. It was also proven
that the use of the common mode leads to an higher capacity system than the differential mode [18], [19], [20], [21], [22].
Moreover, [23], [24] demonstrated that for a binder MIMO channel, both wires of a pair can be used to transmit information.
Indeed, with N pairs and by setting one wire as the ground, it is possible to transmit (2N-1) signals. In this article, we propose
to use both differential and common modes to transmit (2N-1)signals in a binder MIMO channel of N pairs in a symmetric
way to exploit the properties of the common mode channel. A new channel model is proposed since the common mode is
excited, and leaks from the common to the differential mode at the transmitting end with the Longitudinal Conversion Loss
(LCL) and at the far end with the Longitudinal Conversion Transfer Loss (LCTL). The leakage from differential to common
mode is called Transverse Loss Conversion (TCL) at the transmitting end and Transverse Conversion Transfer Loss (TCTL)
at the receiving end [25]. Then performance results are given using the different SVD, DFE or DSM algorithms with different
cases of coordination or uncoordination between transmitters and receivers. The issue of transmit Power Spectrum Density
(PSD) and egress is also adressed.

II. CHANNEL MODEL

A. Differential-Mode

The channel model for 24 American Wire Gauge (AWG) twisted pairs in the differential-mode is given by the two-port
model with resistanceR(f), inductanceL(f), conductanceG(f) and capacitanceC(f) as shown in Figure 1 whereX(f) is
the transmitted signal andY (f) is the received signal. The channelH(f) is computed as the ratio betweenY (f) andX(f).
The RLCG components are computed as follows for a 24 AWG [17]:

R(f) = (174.558884 + 0.053073481f2)1/4Ω/km (1)

L(f) =
617.29539 + 478.97099

(

f
553760

)1.1529766

1 +
(

f
553760

)1.1529766 µH/km (2)
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Fig. 1. Line theory R, L, C, G representation for an incremental sectiondx of a telephone line

G(f) = 234.87476f1.38fS/km (3)

C(f) = 50nF/km (4)

These parameters lead to the propagation matrixγ(f) and the characteristic impedanceZ0(f) which are computed as:

γ(f) =
√

(R(f) + 2πjfL(f))(G(f) + 2πjfC(f))m−1 (5)

Z0(f) =
(R(f) + 2πjfL(f))

(G(f) + 2πjfC(f))
Ω (6)

The values ofZ0(f) vary between 100Ω and 110Ω. Therefore the load impedanceZL(f) is set toZL =100 Ω, giving
the following formula for the differential-mode channel depending on the length of the line (d in meters) [26]:

H(f) =
ZL

cosh(γ(f)d)ZL + Z0(f)sinh(γ(f)d)
(7)

B. Common-Mode

The common mode channel is computed using the differential-mode channel with different parametersR(f), L(f), C(f),
G(f). Indeed, the observations from [17] and previous articles showed that differential-mode and common-mode parameters
are related using the following formulas:

Rc(f) = 0.55R(f) (8)

Lc(f) = 4.4L(f) (9)

Gc(f) = 2G(f) (10)

Cc(f) = 0.95C(f) (11)

However, as the characteristic impedance in the common-mode varies between 210Ω and 240Ω, the load impedance in the
common-mode is set to 210Ω. Figure 2 shows the attenuation of the Differential-Mode (DM) and the Common-Mode (CM)
with frequencies up to 30 MHz. This results shows that the CM channel is less attenuated than the DM channel due to its
lower resistance which is twice as less than the DM. The following Figures 3 show the attenuation of the DM and the CM
channels respectively according to the length of the cable (d) varying form 0 to 1 kilometer. Obviously, the attenuationof the
DM and the CM channels decrease with frequency and the lengthof the cable. One can notice that for 1 km cable at 30 MHz,
the difference between the DM channel attenuation and the CMchannel attenuation is 80 dB.
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Fig. 2. Comparison between Differential-Mode (DM) and Common-Mode (CM) Attenuations with frequency

Fig. 3. Differential-Mode (DM) (left side) and Common-Mode(CM) (right side) Attenuations with frequency and the length of the cable

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

The DM and CM channels are not decorrelated. Indeed, when a voltage is transmitted in the DM, some of it goes in the
CM and conversely. For the literature using the CM for interference cancellation [17], the most important balance function is
the function that goes from the DM to the CM at the receiving end or Transverse Conversion Transfer Loss (TCTL) because
of the lower attenuation in the CM compared to the DM. However, this literature does not transmit data in the CM. When data
is transmitted both in the DM and the CM, the Longitudinal Conversion Transfer Loss (LCTL) from the CM to the DM at the
receiving end, the Longitudinal Conversion Loss (LCL) fromthe CM to the DM at the transmitting end and the Transverse
Conversion Loss (TCL) from the DM to the CM at the transmitting end should be considered.

The equivalent channel will consider all these different balance functions when transmitting data in the CM and the DM.
The DM channel is determined by the variablehd. The CM channel is determined by the variablehc. The inverse of the TCTL
balance function is determined by the variablehr

d2c. The inverse of the LCTL balance function is determined by the variable
hr

c2d. The inverse of the TCL balance function is determined by thevariableht
d2c. The inverse of the LCL balance function

is determined by the variableht
c2d.

The equivalent channel representation is given by Figure 4 where all the balanced functions which make leakage from one
mode to the other are shown. At the transmitter side, the leakage does not depend on DM and CM channel characteristics. At
the receiver side, the leakage from CM to DM and DM to CM is alsodependent on the DM and CM channel characteristics
since this leakage can occur everywhere along the line. The equivalent channel can be determined by the multiplication of 3
matrices



4

xc

xd +

ht
c2d

+

ht
d2c

DM Channel hd

CM Channel hc

+

hr
c2d

+

hr
d2c

+

+

AWGN

AWGN

yd

yc

BALUN BALUN

Fig. 4. Equivalent channel representation of a mixed DM and CM channel with leakage from one mode to the other at the transmitter and the receiver side

Fig. 5. Mixed DM and CM channelsH11
eq (left side) andH12

eq (right side)

Fig. 6. Mixed DM and CM channelsH12
eq (left side)andH22

eq (right side)
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Heq =

[

1 hr
c2d

hr
d2c 1

] [

hd 0
0 hc

] [

1 ht
c2d

ht
d2c 1

]

(12)

This leads to the following matrix :

Heq =

[

hd + ht
d2chch

r
c2d ht

c2dhd + hch
r
c2d

hdhd2cr + ht
d2chc ht

c2dhdh
r
d2c + hc

]

(13)

Heq =

[

H11
eq H12

eq

H21
eq H22

eq

]

(14)

In order to test this mixed CM and DM channel, the inverse of the TCTL balance function for Category 3 pairs was chosen
for hr

d2c. Moreover, we sethr
d2c = hr

c2d = ht
d2c = ht

c2d. The TCTL balance function is equal to:

B(f) =







√
105 0 ≤ f ≤ 150kHz

√

105
(

15000
f

)1.5

f > 150kHz
(15)

The following Figures 5, 6 show the attenuation of the equivalent channel of mixed DM and CM transmission channels
H11

eq , H12
eq , H21

eq , H22
eq respectively according to the length of the cable (d) varying from 0 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 egress in a differential-mode xDSL transmission. The voltage that goes
into the common mode using a differential-mode transmission is:

Vd2c =

√
PSDdWZL

B
(16)

wherePSDd is assumed flat over the bandwidth W,ZL is the load impedance of the line in differential-mode andB is the
balance function between DM and CM.
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Fig. 7. Acceptable PSD in DM and CM for the maximum voltage of 0.2 mV of egress

The limit of the voltage of common mode is 0.2 mV in HAM bands. Therefore, when using the common-mode for
transmission, some care should be taken with the PSD in the common-modePSDc. The voltage induced by the common-mode
PSD is:

Vc =
√

PSDcWZc
L (17)

whereZc
L is the load impedance in the common-mode. The total voltage in the common-mode is:

VCM = Vd2c + Vc (18)
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Figure 7 shows the acceptable levels that should be put on theCM and on the DM not to overtake the particular treshold
of 0.2 mV for egress in HAM bands of 10 kHz withZL = 100 Ohms andZc

L = 210 Ohms. As can be seen on the figure,
the PSD for the common-mode transmission should be low compared to the differential mode. However, in non-HAM bands,
it is possible to have more than 0.2 mV for egress, and knowingthat 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 be considered.

III. CAPACITY

In VDSL technology, the theoretical capacity is given by theSchannon’s equation:

C =

Nc
∑

i=1

log2(1 +
ρ

Γ
|hi|2) (19)

with Nc the number of subcarriers,ρ the Signal to Noise Ratio (SNR) andΓ the loss factor depending on the target Bit Error
Rate (BER), the margin and the coding gain. Assuming a Power Spectral Density of the signal of -60 dBm/Hz and an AWGN
noise of -140 dBm/Hz, a target BER of10−7 giving a -9.8 dB efficiency according to the specifications ofVDSL, a margin of
-6 dB and a coding gain of 3.8 dB, this gives a SNR of 80 dB and a loss factor of 12 dB. Figure 8 (left side) shows the data
rate for a VDSL differential-mode transmission from 0 to 30 MHz with 4 kHz subcarriers and a load impedance of 100Ω.
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Fig. 8. Optimal Data Rate of a VDSL differential-mode (left side) and common-mode (right side) transmission 0-30 MHz with PSD -60 dBm/Hz (DM) and
-110 dBm/Hz (CM)

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

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

Heq =

[

hd + ht
d2chch

r
c2d ht

c2dhd + hch
r
c2d

hdh
r
d2c + ht

d2chc ht
c2dhdh

r
d2c + hc

]

(20)

In order to test this mixed CM and DM channel, the inverse of the TCTL balance function for Category 3 pairs was chosen
for hr

d2c. Moreover, we sethr
d2c = hr

c2d = ht
d2c = ht

c2d. The TCTL balance function is equal to:

B(f) =







√
105 0 ≤ f ≤ 150kHz

√

105
(

15000
f

)1.5

f > 150kHz
(21)

The channel capacity for this mixed transmission becomes:

C =

Nc
∑

i=1

log2[det(I2 +
Θ

Γ
HH

eqHeq)] (22)

with Θ = diag(ρd, ρc).
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Figure 9 shows the data rate for a VDSL differential-mode transmission from 0 to 30 MHz with 4 kHz subcarriers and a
load impedance of 100Ω for differential-mode and 210Ω for common-mode. Hereρd = 80dB andρc = 30dB. The curve
“DM+CM uncorrelated” represent the addition of the differential-mode and the common-mode as if there was no leakage from
one mode to the other. ThereforeHH

eqHeq = diag(|hd|2, |hc|2). The curve “DM+CM correlated” represents the differential-
mode and common-mode transmission which are related by the balance function. One can observe that for a particular small
length of line, the correlated system provides higher data rates than the addition of both modes.

0 0.5 1 1.5 2 2.5 3 3.5
0 

200

400

600

800

1000

Line Length (km)

V
D

S
L 

(0
−

30
 M

H
z)

 D
at

a 
R

at
e 

(M
bp

s)

DM+CM uncorrelated
DM+CM correlated

Fig. 9. Optimal Data Rate of a VDSL mixing differential-modeand common-mode transmission 0-30 MHz withPSDd=-60 dBm/Hz andPSDc =-110
dBm/Hz

IV. CROSSTALK NEXT AND FEXT LIMITATIONS

Tx/Rx

Tx/Rx
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NEXT NEXTFEXT

Fig. 10. Graphical representation of FEXT and NEXT in a multi-pair system

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

PSDNEXT
d (f) = PSDDisturber

d (f)

(

N

49

)0.6

10−13f1.5 (23)

PSDFEXT
d (f) = PSDDisturber

d (f)|hd(f)|2
(

N

49

)0.6

9.10−20df2 (24)

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

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

loop lengths, FEXT is increasing with frequency following the f2 contribution, but as the loop length increases, FEXT is
following the |hd(f)|2 contribution and therefore is decreasing with frequency.

Fig. 12. NEXT (left side) and FEXT (right side) as a function of line length and frequency in differential-mode

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

PSDNEXT
c (f) = PSDDisturber

c (f)

(

N

49

)0.6

10−13f1.5 (25)

PSDFEXT
c (f) = PSDDisturber

c (f)|hc(f)|2
(

N

49

)0.6

9.10−20df2 (26)

Figure 13 shows the loop attenuation of a 1 km cable in the common-mode, as well as NEXT and FEXT in the common-mode
according to the previous equations. Figures 14 show the NEXT and FEXT of a common-mode against frequency and line
length between 0 and 1 km. The NEXT equation is the same as for differential-mode. For FEXT, we notice that the attenutation
is less prononced than FEXT in the differential-mode due to the contribution of the common-mode channel. However, as for
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differential-mode, for short loop lengths, FEXT is increasing with frequency following thef2 contribution, but as the loop
length increases, FEXT is following the|hc(f)|2 contribution and therefore is decreasing with frequency.
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Fig. 13. Loop Attenuation, NEXT and FEXT for a 1 km cable in a common-mode transmission

Fig. 14. NEXT (left side) and FEXT (right side) as a function of line length and frequency in common-mode

V. CAPACITY WITH CROSSTALK FORDM AND CM TRANSMISSION

For a DM transmission with FEXT, the capacity formula becomes for the DM of userk:

C =

Nc
∑

i=1

log2(1 +
PSDd

Γ(
∑

n6=k |h
n,i
d |2 + σk)

|hk,i
d |2) (27)

with σk the PSD of the noise. The capacity formula for the CM transmission of userk is:

C =

Nc
∑

i=1

log2(1 +
PSDc

Γ(
∑

n6=k |h
n,i
c |2 + σk)

|hk,i
c |2) (28)

Figure 15 show the data rate performance of separated DM (left side) and CM (right side) withPSDd = −60 dBm/Hz and
PSDc = −110 dBm/Hz and a PSD for the noise equal to -140 dBm/Hz. One can seethat for short loops in the DM and the
CM, the data rate decreases compared to the system without FEXT. When 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 given by:
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Fig. 15. Capacity performance in presence of FEXT disturbers for the DM (left side) and the CM (right side) transmission

C =

Nc
∑

i=1

log2[det(I2 +
Θ

Γ
HH

eqHeq)] (29)

with Θ = diag( PSDd

(
P

n 6=k |hn,i

d
|2+σk)

, PSDc

(
P

n 6=k |hn,i
c |2+σk)

).

Figure 16 shows the data rate performance of mixed DM and CM with PSDd = −60 dBm/Hz andPSDc = −110 dBm/Hz
and a PSD for the noise equal to -140 dBm/Hz. As for previous figures the exploitation of FEXT provide a gain with data rate
for short loops. The interesting thing about this figure is that when using a mixed mode between CM and DM with FEXT the
data rate is almost 4 times higher for 1 km loop than the addition of uncorrelated DM and CM.
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Fig. 16. Capacity performance in presence of FEXT disturbers for the mixed DM and CM transmission

VI. NEXT AND FEXT LEAKAGE

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

B(f) =







√
105 0 ≤ f ≤ 150kHz

√

105
(

15000
f

)1.5

f > 150kHz
(30)

The NEXT and FEXT leakage from the differential-mode to the common-mode was formulated in [16] as:

PSDNEXT
c (f) = PSDNEXT

d (f)B(f) (31)
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PSDFEXT
c (f) = PSDFEXT

d (f)B(f)ej(⌊hc−⌊hd) (32)

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

PSDNEXT
c (f) = PSDNEXT

d (f)gain
1

√

|B(f)|hc|(f)|
(33)

wheregain is adjusted to have the same overall NEXT output level as in differential mode.

PSDFEXT
c (f) = PSDFEXT

d (f)|hc(f)|B(f)ej(⌊hc−⌊hd) (34)

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

[

1 hr
c2d

hr
d2c 1

]

(35)

In order to test this mixed CM and DM FEXT, the inverse of the TCTL balance function for Category 3 pairsB(f) was
chosen forhr

d2c. Moreover, we sethr
d2c = hr

c2d. Therefore, our model leads to the following equations for FEXT:

PSDFEXT
DM (f) = PSDFEXT

d (f) +
PSDFEXT

c

B(f)
(36)

PSDFEXT
CM (f) = PSDFEXT

c (f) +
PSDFEXT

d

B(f)
(37)

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

Indeed, the next Figures 18 show the channel attenuation, the FEXT and the FEXT with leakage for an uncorrelated DM-
CM system using aPSDd = −60 dBm/Hz andPSDc = −110 dBm/Hz and 1 km cable. It can be seen that the leakage
from CM to DM is problematic for the differential-mode signal, since the power of the resultant FEXT is higher than the
channel attenuation for high frequencies. Therefore, the assumption of Column Wise Diagonal Dominance (CWDD) or Row
Wise Diagonal Dominance (RWDD) no longer exist for high frequencies in the differential mode. For the common-mode, the
leakage from the CM to the DM is less problematic since the power of the resultant FEXT is not higher than the channel
attenuation in CM, but we can note that there will be lower performance for low frequencies due to the leakage of DM.

The next Figures 19 show the channel attenuation, the FEXT and the FEXT with leakage for a mixed DM-CM system using
a PSDd = −60 dBm/Hz andPSDc = −110 dBm/Hz and 1 km cable. As can be seen, the difference of PSD between the
common-mode and the differential mode is problematic for the common-mode transmission, the leakage of the signal from
the DM to the CM leads to a higher power than the transmission in the CM channel. However, for the FEXT the CWDD or
RWDD still exist thanks to the leakage from the CM to the DM of the channel attenuation.
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Fig. 18. Channel attenuation, FEXT and FEXT with leakage of the differential-mode transmission withPSDd = −60 dBm/Hz andPSDc = −110

dBm/Hz for a 1 km cable (left side) and Channel attenuation, FEXT and FEXT with leakage of the common-mode transmission with PSDd = −60 dBm/Hz
andPSDc = −110 dBm/Hz for a 1 km cable (right side)
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Fig. 19. Channel attenuation, CM Channel leakage and FEXT with CM leakage of the differential-mode transmission withPSDd = −60 dBm/Hz and
PSDc = −110 dBm/Hz for a 1 km cable (left side) Channel attenuation, DM Channel leakage and FEXT with DM leakage of the common-mode transmission
with PSDd = −60 dBm/Hz andPSDc = −110 dBm/Hz for a 1 km cable (right side)

VII. M AXIMUM CAPACITY WITH EGRESS LIMITATIONS

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

C = log2[det(I2 +
Θ

Γ
HH

eqHeq)] (38)

C = log2[det(I2 +
Θ

Γ
Λ)] (39)

with Θ = diag(ρd, ρc) andΛ = diag(λd, λc). To achieve the greatest possible capacity we must have:

PSDd =

(

µ − σ

λd

)+

(40)

PSDc =

(

µ − σ

λc

)+

(41)

Whereµ is the water level. Furthermoreµ should be chosen such that:
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VCM = Vd2c + Vc (42)

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

Vd2c =

√
PSDdWZL

B
(43)

and
Vc =

√

PSDcWZc
L (44)

VIII. C ONCLUSION

In this report we gave the differential-mode and common-mode channel model based on the two-port model. The results
show that the CM channel is less attenuated than the DM channel. However, when data is transmitted trhough DM and CM
channel simultaneously, no model is available in the literature. Therefore, we developed a mixed DM-CM channel model based
on the different balance functions at the transmitting and the receiving end. Taking a known balance function, the different
channel contributions were given. One major issue when transmitting both in the DM and the CM is the egress. Knowing that
the worst-case is 0.2 mV in HAM bands, the acceptable PSD in the CM and the DM were given depending on the balance
function. The results show that in HAM bands, the acceptablePSD in the CM should not exceed -110 dBm/Hz. Then, the
maximum capacity for DM and CM transmission were given as well as the mixed DM-CM transmission. The results show that
the mixed DM-CM transmission gives better results that the sum of separated DM and CM transmission because of the chosen
balance function and the channel attenuation. This is mainly due to the weak channel attenuation of the common-mode and
the weak balance function at high frequencies which are added to the DM channel, giving a weaker channel attenuation for
the resulting DM channel. The capacity assumes channel knowledge at the receiver of the mixed DM-CM channel, which is
true because any pair is colocated at the transmitter and thereceiver. Higher capacities can be obtained using the water-filling
scheme. When considering crosstalk NEXT and FEXT, the 1% worst-case model was chosen for the DM. Since there is no
model available for the CM, we chose to apply the DM equationsto the CM with the CM channel. NEXT can be removed
using TDD or FDD transmission. FEXT can be removed using algorithms like water-filling when there is colocation at the
transmitter side and the receiver side, DFE or DFE precodingwhen there is colocation at only one side. However, a simple
linear ZF has proven to provide 90% of the maximal capacity even when there is no colocation betzeen transmitter and
receivers. This is because of the RWDD or the CWDD of the DM FEXT matrix. In this report we gave the average capacity
per user of a bundle of 50 pairs with FEXT for the CM and the DM separatly without using any algorithms. Because of
crosstalk, the capacity decreases but less in the CM than theDM due to the low PSD in the CM (-110 dBm/Hz). Then the
capacity with FEXT in the mixed DM-CM transmission was given. The capacity with FEXT reaches the capacity without
FEXT for long line length. However, uncorrelated FEXT were used between the CM and the DM. As we know that power
in the CM or the DM goes into the alternate mode by the balance function, the same phenomenum can be applied to FEXT.
The leakage from the CM to the DM increases the FEXT level of the DM in high frequencies. The leakage from the DM to
the CM increases the FEXT level of the CM in low frequencies. The final results give similar results for uncorrelated DM
and CM transmission with FEXT and mixed DM-CM transmission with FEXT. However, the optimal capacity is higher in the
mixed DM-CM transmission. When looking at the FEXT level compared to the channel attenuation, the FEXT level in the
DM and in the CM is lower than the channel attenuation. That means that RWDD and CWDD is still applicable. However,
there is no CWDD or RWDD between CM and DM channel matrix. Indeed, because of low PSD in the CM the DM channel
leakage is much higher than the channel attenuation, meaning that it is neccesary to cope with the DM channel leakage. As
CM and DM is obviously colocated at the transmitting end and the receiving end, a water-fillling scheme can be applied to
the DM-CM channel matrix and CWDD or RWDD can be considered between pairs. Therefore, no colocation between pairs
is needed and a simple linear ZF can be applied at the transmitter side or the receiver side to reach 90% of the capacity like
the DM transmission alone.
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