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CROSSTALK CANCELLATION USING
SLIDING FILTERS

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

FIELD OF THE INVENTION

The invention relates to communication systems and in
particular to a method and apparatus for cross talk cancella-
tion.

RELATED ART

Modern communication systems achieve data communi-
cation between transceivers located at remote locations. To
increase data communication rates, communication system
cabling arrangements oiten include numerous conductors 1n
close proximity to transport a signal between remote loca-
tions. These systems may be referred to as multi-channel
communication systems. Furthermore, communication
devices are oiten constructed on circuit boards containing
numerous conductors, traces, or electrical devices. In all of
these instances, coupling between channels of a multi-chan-
nel communication system may occur, thereby introducing
interference into the other channels. This type of interference
1s generally referred to as crosstalk.

As 1s commonly understood, crosstalk may be character-
1zed as near end crosstalk (NEXT) and far end crosstalk
(FEXT), depending on the source of the crosstalk that 1s
introduced and the recipient or victim of the crosstalk. FIG. 1
illustrates an example transceiver system with FEXT cou-
pling. As shown a first set of transceivers 104 A-104D 1s part
of Station A 102, which 1s located at a first location. Station A
102 communicates over channels 108A-108D with a second
set of transceivers 112A-112D that are part of Station B 110
and which are located at a second location. FEXT type
crosstalk 1s shown 1n FIG. 1 by the coupling, 116 AB, 116 AC,
116AD, from lines 108B, 108C, 108D into the signal on
channel 108A. In this arrangement, channel 108 A 1s the vic-
tim channel. Thus, signals on each of the adjacent channels,
1.¢., the disturber signals on the disturber channels, often
couple 1nto the victim channel 108A and thereby interfere
with reception of the desired signal being transmitted on the
victim channel. For example, the signal on channel 108A wall
also include coupling from the signals transmitted onto Chan-
nels 108B-108D.

Similarly, the signal transmitted over the victim channel
108 A may couple onto the other channels 108B-108D. These
coupling signals are shown in FIG. 1 as coupling signals
120BA, 120CA, and 120DA. Hence, the processing and
decoding of the received signals transmitted over channels
108A-108D 1s made more difficult by the coupling that occurs
between channels.

While attempts have been made to overcome the effects of
coupling, none of these attempts adequately reduces the pres-
ence or effects of crosstalk. One such attempt 1s detailed 1n
U.S. Pat. No. 6,236,645 1ssued to Agazzi. The Agazzi refer-
ence teaches a cancellation system associated with each
receiver 1n a multi-recerver system. The cancellation system
disclosed in the Agazzi reference may be characterized as
utilizing tentative decisions to reduce the effects of coupling,
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onto a signal by making assumptions about the signal, such as
a symbol value, that was sent on another channel. The tenta-
tive decision may be described as a guess regarding a symbol
value that was sent on the channel.

The Agazzi reference does not, however, eliminate suili-
cient coupling to overcome all the drawbacks of the prior art,
and hence, even when adopting the teachings of the Agazzi
reference, coupling continues to intertere with 1solation of the
received signal. One particular drawback to the teachings of
the Agazzi reference 1s that the system of the Agazzi reference
continues to suffer from decision device error resulting from
crosstalk corruption of a signal because 1t makes tentative
decisions based on the analysis of a signal that includes an
unacceptable amount of noise or coupling. This 1s particularly
troublesome with systems that implement forward error cor-
rection (FEC) because with forward error correction, a high
rate of errors can be expected. These errors are corrected by
the FEC, but as a result of the high error rate, a slicer output 1s
often invalid, and as such, may not be utilized 1n feedback
arrangement.

Further, the filter proposed for use by the Agazzi reference
1s undesirably complex, since 1t must span the convolution of

the channel response with the coupling response. This unde-
sirably limits processing speeds.

Furthermore, prior art solutions often do not address many
aspects of coupling signal cancellation. Such aspects include
coupling that occurs and 1s out of phase or delayed in relation
to the victim signal.

The method and apparatus disclosed herein overcomes the
drawbacks of the prior art and enables more accurate signal
decoding and processing than previously possible. Moreover,
transmission at higher data rates with lower error rates, as
compared to the prior art, 1s also enabled.

SUMMARY

To overcome the drawbacks of the prior art and to provide
additional benefits, a crosstalk cancellation system 1s dis-
closed. This system may be configured for use 1n a multi-
channel communication system. In one example embodi-
ment, the system comprises a feediorward filter configured to
receive a victim signal and process the victim signal to create
a filtered victim signal. A delay 1s provided and configured to
introduce a time offset to the filtered victim signal to create a
delayed filtered victim signal. A multipath cross-connect sys-
tem 15 also part of this embodiment and 1s configured to
receive the delayed first filtered signal and generate a cancel-
lation signal for at least one other channel 1n the multi-chan-
nel.

The cross-connect system comprises a filter configured to
process the delayed filtered victim signal to create a cancel-
lation s1gnal and a delay configured to introduce a time offset
into the delayed filtered victim signal or the cancellation
signal. An output 1s configured to provide a time oflset can-
cellation signal to at least one junction associated with
another channel and a junction 1s configured to receive and
combine at least one time offset cancellation signal from
another channel with the delayed first filtered signal to reduce
crosstalk 1n the recerved signal

In one embodiment, the delays comprise variable delays. It
1s also contemplated that at least one of the paths in the
multipath cross-connect system contains a delay which 1s set
to zero time oflset. In one embodiment, the junction com-
prises a summing junction configured to subtract at least one
time oflset cancellation signal from the delayed first filtered
signal.
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The system of claim 1, wherein the multi-channel commu-
nication system comprises a 4 channel Ethernet environment
and each channel comprises a twisted pair of wires.

Also disclosed herein 1s a method for canceling crosstalk in
a multichannel communication system comprising receiving
a first signal on a first channel and a second signal on a second
channel and then filtering the first signal to create a {first
filtered s1gnal and filtering the second signal to create second
filtered signal. This method then delays the first filtered signal
to create a first delayed signal and delays the second filtered
signal to create a second delayed signal. The method also
filters the first delayed signal to create a first cancellation
signal and filters the second delayed signal to create a second
cancellation signal. Accordingly, combining the first cancel-
lation signal with the second delayed signal occurs to cancel
crosstalk 1n the second delayed signal and combining the
second cancellation signal with the first delayed signal occurs
to cancel crosstalk 1n the first delayed signal.

In one variation, the first signal 1s filtered with a FFE filter
and the second signal 1s filtered with a second FFE signal.
Using this method, the step of combining may be performed
by one or more junctions configured to subtract a cancellation
signal from a delayed signal. In addition, the multichannel
communication system may comprise four channels and each
channel may receive a cancellation signal from each of the
other channels. In one embodiment the step of delaying the
first filtered signal and delaying the first delayed signal or the
first cancellation signal time aligns the first cancellation sig-
nal with the second delayed signal.

Also disclosed 1s a system for crosstalk cancellation in a
multichannel communication system such that the system for
crosstalk cancellation maximizes the crosstalk cancellation
associated with each channel. In this embodiment, the system
comprises one or more in-line filters configured to filter a
received signal to create a filtered in-line signal and one or
more delays configured to time delay the filtered signal to
create a delayed in-line signal. This embodiment also com-
prises one or more cross-connect systems comprising one or
more filters, one or more outputs configured to carry a can-
cellation signal to a junction associated with another channel,
such that the cross-connect system 1s configured to process
the delayed 1n-line signal and generate a cancellation signal.
In this embodiment, one or more junctions are configured
receive one or more cancellation signals from one or more
other channels.

In one embodiment, the cross-connect system further com-
prises one or more cross-connect delays. The 1n-line filters
may comprise a FFE type filter. In one embodiment, at least
one of the one or more cross-connect delays 1s set to zero
delay. In addition, the 1n-line delay may be configured to have
at least as much delay as required for the cancellation of any
one of the one or more cross-connect delays to be maximized.

Also disclosed herein 1s a method for training a crosstalk
cancellation system, for each channel. In one embodiment,
the method comprises providing a crosstalk cancellation sys-
tem comprising one or more in-line filters, one or more in-line
delays, one or more cross-connect filters, one or more cross-
connect delays and a memory. Using this system, setting one
or more in-line delays and one or more cross-connect delays
to zero delay and training the one or more 1n-line filters. Also
training the one or more cross-connect filters to generate
cross-connect filter coellicients and then store the cross-con-
nect filter coellicients. Then retraining the one or more in-line
filters and storing of the resulting in-line filter coelfficients
with the cross-connect filter coetlicient as a filter coetlicient
set occurs. Thereafter, the method establishes offset 1n one or
more in-line delays and retraining the one or more in-line

10

15

20

25

30

35

40

45

50

55

60

65

4

filters and the one or more cross-talk filters with offset to
establish new coelficient set. These are stored and then the
method establishes additional offsets. For each additional
ollset retraining occurs on the one or more 1n-line filters and
the one or more cross-talk filters to create a filter coetficient
set associated with each offset, which i1s stored with the addi-
tional filter coefficients sets associated with each offset. The
method then analyzes the filter coellicient sets to determine
the offset which maximized cancellation for each of the cross-
talk paths. The method then 1dentifies the maximum cancel-
lation offset of these cancellation offsets calculated for each
cancellation filter. The method thereafter establishes one or

more in-line filters with a coellicient set which corresponds to
maximum cancellation offset and also establishes one or

more in-line delays with offset which corresponds to the
maximum cancellation offset found 1n the last step. The
method also establishes one or more cross-connect filters
with coellicient set which corresponds to maximum cancel-
lation offset, and establishes one or more cross-connect
delays with offset which corresponds to maximum cancella-
tion offset.

This method may further comprise analyzing the ofiset for
the one or more cross-connect delays to determine a cross-
connect delay with a maximum delay and establishing the one
or more in-line delays to have the same amount of delay as the
cross-connect delay with the maximum delay. Then the
method resets the cross-connect delay which had the maxi-
mum delay amount to zero and also adjusts the remaiming
cross-connect delays to maintain the same amount of delay at
the output by taking into account the newly established in-line
delay. The method establishes one or more cross-connect
filters with coet hat correspond to the maximum

1cient sets t
cancellation offset for each cross-connect filter. The one or
more in-line filters may comprise one or more in-line FFE
type filters. It 1s contemplated that this method may be per-
formed 1n a four channel communication system. It 1s con-
templated that during training one or more coetiicient set may
be stored 1in memory.

Stated another way, the net delay between the victim and
the interfering signal 1s equal to inline-delay minus cross-
connect delay. This net delay value 1s calculated for each
cross-connect filter, and then the maximum of these net delay
values across the cross-connect filters 1s found. This maxi-
mum net delay 1s then used to set the inline delay. The cross
connect delays are then set as described below.

During operation, the data from the repeated trainings with
different offsets may be analyzed, and the optimum delay for
cach cross connect filter 1s determined by finding the delay
associated with the contiguous group of coellicients, of the
filter length, with the most energy. The maximum delay
needed by any of the cross-connect filters determines the
delay that can be used by the inline filter. Then given that
inline delay, the crossconnect delays for each of the other
filters can be calculated. Subsequently every delay 1s set to 1ts
calculated value, and then adaptation 1s enabled (there 1s no
need to reload the coetlicients since the filter will adapt to the
optimum values). Other systems, methods, features and
advantages of the invention will be or will become apparent to
one with skill in the art upon examination of the following
figures and detailed description. It 1s mntended that all such
additional systems, methods, features and advantages be
included within this description, be within the scope of the
invention, and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The components in the figures are not necessarily to scale,
emphasis instead being placed upon illustrating the principles
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of the invention. In the figures, like reference numerals des-
ignate corresponding parts throughout the different views.

FI1G. 1 1llustrates a block diagram of a recetver/transmitter
pair.

FI1G. 2 1llustrates a block diagram of an example embodi-
ment of a two station communication system.

FIG. 3 illustrates a block diagram of an example embodi-
ment of a multi-channel point-to-point communication sys-
tem.

FIG. 4A 1llustrates a signal plot of a victim signal and
associated cancellation signal.

FIG. 4B 1illustrates a signal plot of a victim signal and
crosstalk signal with various filter windows from correspond-
ing delays.

FIG. S A llustrates a block diagram of an example embodi-
ment of a crosstalk cancellation system with cross-connect
filters.

FI1G. 5B illustrates a block diagram of an example embodi-
ment of a crosstalk cancellation system with cross-connect
filters and a sliding delay.

FI1G. 5C illustrates a block diagram of an example embodi-
ment of a crosstalk cancellation system with cross-connect
filters and a sliding delay in the cross-connect path.

FIG. SD illustrates a block diagram of an example embodi-
ment of a crosstalk cancellation system with cross-connect
filters and a sliding delay 1n each cross-connect path.

FIG. 6 illustrates an operational flow diagram of an
example method of training.

FIG. 7 illustrates an operational flow diagram of an
example method of operation.

DETAILED DESCRIPTION

In reference to FIG. 2, a block diagram of a recerver/
transmitter pair 1s shown. A channel 212 connects a first
transceiver 230 to a second transceiver 234. The {first trans-
ceiver 230 connects to the channel 212 via an interface 244.
The interface 244 1s configured to 1solate the incoming and
outgoing signals. The channel 212 may comprise more than
one conductor, and hence the interface 244 may periorm
1solation for each channel based on direction of data tlow. The
receive module 238 and transmit module 242 may comprise
any assembly of hardware, software, or both configured to
operate 1 accordance with the principles described herein.

The receive module 238 and transmit module 242 commu-
nicate with a processor 246. The processor 246 may include
or communicate with a memory 250. The processor operates
as described below 1n more detail and as would be understood
by one of ordinary skill in the art. The memory 250 may
comprise one or more ol the following types of memory:
RAM, ROM, hard disk drive, flash memory, or EPROM. The
processor 246 may be configured to perform one or more
calculations or signal analysis. In one embodiment, the pro-
cessor 246 1s configured to execute machine readable code
stored on the memory 250. The processor 246 may perform
additional signal processing tasks as described below.

The second transceiver 234 1s configured similarly to the
first transceiver 230. The second transceiver 234 comprises
an interface 252 connected to a recetver module 256 and a
transmitter module 260. The receiver module 256 and a trans-
mitter module 260 communicate with a processor 264, which
in turn connects to a memory 268. Operation occurs as
described below 1n more detail.

FI1G. 3 illustrates a block diagram of an exemplary multi-
channel point-to-point communication system. One exem-
plary application of such a multi-channel communication
system 1s a multi-gigabit transceiver utilizing any category or
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class of shielded or unshielded twisted pair (UTP) cable sup-
porting Ethernet protocols. As shown, it includes a physical
coding sublayer (PCS) 302, 304 shown as coupled together
overachannel 312A-312B. In one embodiment, each channel
comprises twisted pair conductors. Each of the channels 312
1s coupled between transceiver blocks 320 through a line
interface 306, and each channel 1s configured to commumnicate
information between transmitter/receiver circuits (transceiv-

ers) and the physical coding sublayer (PCS) blocks 302, 304.

Although shown with four channels for purposes of discus-
s10n, any number of channels and associated circuitry may be
provided. In one embodiment, the transceivers 320 are
capable of full-duplex bi-directional operation. In one
embodiment, the transcervers 320 operate at an elfective rate
of about 2.5 Gigabits per second.

FIG. 4A 1llustrates a signal plot of a victim channel with
associated cancellation signal. This exemplary plot 1s pro-
vided for purposes of discussion and 1s not intended to rep-
resent an actual victim signal or cancellation signal. In this
exemplary plot, the vertical axis 404 represents signal ampli-
tude and the horizontal axis 408 represents time.

The victim signal plot 412 represents a victim signal as 1t 1s
received at a recerver. In this example plot, the victim signal
plot 412 has been atfected in crosstalk interference signal 416
which disturbs the victim signal as shown.

To counter the effects of the crosstalk interference 416, a
cancellation signal 420 1s provided to be combined with the
victim signal 412 and the crosstalk signal 416. It 1s contem-
plated that the cancellation signal 420 1s generally opposite or
identical to the interference signal, such that 1f combined with
the victim signal, either through addition or subtraction, the
cancellation signal would cancel the interference from victim
signal.

As can be appreciated however, for the cancellation signal
420 to successiully cancel the interference signal, the cancel-
lation signal must be properly time aligned with the victim
signal. As a drawback to prior art method and systems, failure
to properly time align the cancellation signal would result in
less than optimal cancellation.

FIG. 4B 1llustrates a signal plot of a victim channel with
associated cancellation signal 1n different delay windows.
This exemplary plot 1s provided for purposes of discussion
and 1s not intended to represent an actual victim signal or
cancellation signal. In this exemplary plot, the vertical axis
404 represents signal amplitude and the horizontal axis 408
represents time. As compared to FIG. 4A, 1dentical reference

numbers are used to 1dentily 1dentical elements.
As compared to FIG. 4A, FIG. 4B illustrates delay win-

dows 430, 434, 438 as shown. These delays windows 430,
434, 438 represent time adjustable windows at which the
cancellation signal may be established, to achueve 1deal time
alignment of the cancellation signal 420 with the interference
contained in the victim channel. In this example embodiment,
the delay window 438 has zero delay, while delay window
434 1s set to L delay and delay window 430 1s set to 2L delay.
L 1s the length of the delay window. The amount of delay may
be set to any value, dependent on the magnitude and resolu-
tion of the delay elements utilized to implement the delay.
By shifting the delay, the time alignment between the can-
cellation signal and the interference 1n the victim signal 412
may be optimized to maximize cancellation. In this example
plot of FIG. 4B, an adjustable delay amount between win-
dows 430 and 434 would best align the cancellation signal
420 with the interference 416 in the victim signal 412. The
cancellation signal 420 may also be filtered as disclosed
herein, to tailor its properties to best achieve cancellation.
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FIG. 5A illustrates an exemplary block diagram of an
example embodiment of a crosstalk cancellation system with
cross-connect filters. This 1s a generalized block diagram and
as such, it 1s simplified to show the environment of use and
general functionality. One of ordinary skill 1n the art would 5
understand that additional elements would be provided to
enable operation. In this example embodiment, the system 1s
enabled 1n a four channel environment. In one embodiment,
cach channel comprises a twisted pair conductor but 1n other
embodiments, other types of channels may be utilized. 10

In this example embodiment, portions or a recerver 504 are
shown as including a precoder 508 and a digital analog con-
verter 512. In this embodiment, the precoding comprises
Tomlinson-Harashima type preceding, but it 1s contemplated
that any other type of precoding or pre-filtering may be uti- 15
lized. It 1s also contemplated that pre-coding may be omitted
in some embodiments. The output of the transmaitter 504
connects to the channel and 1s configured to transmit a signal
over the channel to the receiver 520. The channel 516 may
comprise any type communication path or medium. It 1s con- 20
templated that a driver or amplifier (not shown) or other
processing apparatus may reside in the transmitter 504.

The recerver 520 comprises an analog front end, which
may comprise a digital to analog converter 524 and other
components. In this embodiment, each leg of the recerver 520 25
also comprises a feed forward filter (FFE) 528 A-528D, which
in turn has an output which feeds mto a junction $32A-532D
and one or more filters 540 (I, where x signifies the desti-
nation channel and the y represents the origination channel).
The FFE 528 may comprise any type {ilter or equalizer 30
capable of performing as described herein. The FFE 528 may
comprise a digital filter. In other embodiments, the FFE 528
may be replaced with analog filters.

The filters 540, which are 1n the cross-connect path, may be
individually configured to maximize cancellation 1n the vic- 35
tim signal associated with the channel receiving the cancel-
lation signal. Thus, the response of each filter 540 may be
unique to the particular crosstalk coupling parameters
between the victim and offender signal. The filters 340 may
comprise any type filter or equalizer. In one embodiment, the 40
filters 540 comprise transversal FIR filters adapted by use of
the LMS algorithm.

The junctions 532A-532D may comprise a summing junc-
tion, a subtractor, or any other element configured to perform
as described herein. The filters 540 are configured to modily 45
the signal, which 1s eventually provided to a junction 532 to
create a cancellation signal tailored to cancel unwanted nter-
terence which couples into the corresponding other channel.
The filters 540 are referenced herein by reference number and
filter identifier, such as F 5 ,, which indicates that the filter 540 50
processes or creates a cancellation signal from channel A for
the victim signal on channel B. As can be seen, in this four
channel system, having channels A, B, C, and D, the channel
A output from the FFE 528A feeds into three filters 540,
namely, filters F5,, F,, and F,,,. Filter 540 F,, creates a 55
cancellation signal C ,, which 1s a cancellation signal from
channel A to channel B. Filter F ., creates a cancellation
signal C . Filter F , , creates a cancellation signal C,, .

This pattern repeats for each channel. In particular, for
channel B, the output of the FFE 528B feeds into the filters 60
540F ., F ., F 5. Each of these filters 540 creates a cancel-
lation signal. In particular, filter F ,; creates a cancellation
signal C ... Filter F - creates a cancellation signal C ;. Filter
F 5 creates a cancellation signal C,».

For Channel C, the output of the FFE 328C feeds into the 65
filters 340 F , ~, F 5., F 5. Each of these filters 540 creates a
cancellation signal. In particular, filter F , - creates a cancel-

8

lation signal C , . Filter F 5 ~ creates a cancellation signal C ..
Filter F,,. creates a cancellation signal C,..

For Channel D, the output of the FFE 528D feeds into the
filters 540 F , 5, F5 5, F ~5. Each of these filters 540 creates a
cancellation signal. In particular, filter F , 5 creates a cancel-
lation signal C ,,,. Filter F,,, creates a cancellation signal
C,p. Filter F ., creates a cancellation signal C ..

The output of each filter 540 1s fed into a junction 332 A-
532D associated with one of the other channels as set forth 1n
FIG. 5A. As way of example, the junction 532B receives a
cancellation signal C, , from channel A, C - from channel C,
and C;, from channel D. The other junctions 532A, 332C,
532D also receive cancellation signals as shown 1n FIG. 5A.

The output from each junction 532 comprises the victim
channel without the unwanted crosstalk interference, which
has been removed by the cancellation signals C. The output
from each junction 532 feeds into a slicer, namely slicer
550A, 5508, 550C, and 550D. The slicer 1s utilized to quan-
tize the received and processed signal to one of multiple
pre-determined values which then represent the recerved sig-
nal at the moment of slicer 550 operation. The slicer output
may be utilized for subsequent error correction processing. In
some embodiments, the slicer may be omaitted.

In operation, the cross-connect filters 340 are trained to
modily the output signal fromthe FFE 528 for each respective
channel such that the output of the filter 540 will cancel
crosstalk which couples into the other channels, often
referred to as the victim channels. By tailoring the response of
each filter 540 associated with each channel, the cancellation
signals C can be created and routed to the appropriate junc-
tions 532 for cancellation of unwanted crosstalk interference.

FIG. 5B 1illustrates a crosstalk cancellation system with
incorporated delays. As compared to FIG. 5A, 1dentical or

similar elements are labeled with 1identical referenced num-
bers. As compared to FIG. 5A, the embodiment of FIG. 5B

includes a fixed or adjustable delay 354 A-554D as shown.
These delays 554 are located 1n the primary signal path and
thereby delay the signal provided to the junction 332. The
delays 554 may be referred to as inline delays. It 1s contem-
plated that the amount of delay may be fixed, or 1n a preferred
embodiment, variable to account for different propagation
speeds of the signal through the channel for each signal (can
be due to the pairs being different lengths) or other delay
introduced when processing in the signal.

In operation, the amount of delay introduced by each delay
554 A-554D 1s selected to maximize the crosstalk cancella-
tion resulting from each cancellation signal. By delaying the
signals on one or more channels A-D as shown, the time
alignment between the cancellation signal and the victim
signal may be optimized. One exemplary method of training
and delay adjustment 1s described below in connection with
FIG. 7. All or a portion of this method may be applied to the
embodiment of FIG. 3B.

FIG. 5C illustrates an example embodiment of a crosstalk
cancellation system with a variable delay 1n the cross-connect
path. As compared to FIG. 5B, i1dentical or similar elements
are labeled with identical reference numbers. In FIG. 5C, a
delay element 560 1s located prior to the filters 540. In par-
ticular, a delay element 560A-560D 1s associated with and
located 1n a path between the output of the FFE 528 and the
filters F 540. In this embodiment the delay 560 does not delay
the signal on each channel traveling between the FFE 528 and
the junction 532.

In this configuration, the delay 560 only affects the signal
going to the filters F 540 but not the victim signal 1tself. This
provides the benefit of more accurate control over the cancel-
lation signals. It 1s also contemplated that the configuration of
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FIGS. 5C and 5B may be combined to provide a delay 554 1n
the primary path and a delay 560 the cross connect path. This
may further increase resolution of the delay provided to each
channel and to the cancellation signals generated by the filters
540.

In operation, the delay 560 may be set to optimize the delay
established 1n the each signal sent to each bank of cross
connect filters 540 for a particular channel. In one embodi-
ment, optimizing the delay comprises setting the amount of
delay, 11 any, to maximize crosstalk cancellation. Upon
receipt of a signal from the FFE 528, each delay 560 may
delay (time adjust) the incoming signal by an amount appro-
priate to generate cancellation signals which are 1deally time
aligned with the victim signal. Using a single delay 560 for
cach channel has the benefit of optimizing the amount of
delay for a group of filters associated with a particular channel
without affecting or delaying the victim signal on that par-
ticular channel. This design also minimizes the number of
utilized delays.

FIG. 5D illustrates an example embodiment of a crosstalk
cancellation system with variable delays. As compared to
FIGS. 5A-5C, 1dentical or similar elements are labeled with
identical reference numbers. In this embodiment, a delay 570
1s 1nserted into each cross-connect path as shown. The delay
554 1s again between the FFE 528 and the slicer 550, located
aiter the input to the FEXT cancellation filters.

The FFE 528 output 1s provided to the cross-connect path,
such as to delay 570. The delays 570 and 540 may comprise
variable delays. The delays 570 are referenced herein by
reference number and delay 1dentifier, such as D, ,, which
indicates that the delay 570 processes or creates a cancella-
tion signal from channel A for channel B.

As can be seen, 1n this four channel system, having chan-
nels A, B, C, and D, the channel A output from FFE 528A
teeds 1nto three cross-connect delays 570, namely, delay Dy, ,,
D, ,, and D, ,. Delay D, , creates a cancellation signal C, .
Delay D, creates a cancellation signal C.,. Delay D,
creates a cancellation signal C, ,.

This pattern repeats for each channel. In particular, for
channel B, the output of FFE 528B feeds into the cross-
connect delays 570 D ., D 5, D, ». Each of these delays 570
creates a cancellation signal. In particular, delay D , ; creates
a cancellation signal C 5. Delay D creates a cancellation
signal C 5. Delay D, creates a cancellation signal C ..

For Channel C, the output of the FFE 3528C feeds into the
cross-connect delays 570 D ., Dy, Dy~ Each of these
delays 570 creates a cancellation signal. In particular, delay
D, creates a cancellation signal C .. Delay D, ~ creates a
cancellation signal C, .. Delay D, . creates a cancellation
signal C,, .

For Channel D, the output of FFE 528D feeds into the
cross-connect delays 370 D ,,,, Dz, D Each of these
delays 570 creates a cancellation signal. In particular, delay
D ,,, creates a cancellation signal C ,,,. Delay D, creates a
cancellation signal C,,,. Delay D, creates a cancellation
signal C ..

The output of each delay 570 1s fed into an appropriate
junction 532A-532D associated with one of the other chan-
nels as set forth and discussed above. The junction follows the
delay 554 A-D. As way of example the input to junction 5328
recerves a cancellation signal C, , from channel A, C,, . from
channel C, and C,, from channel D. The other junctions 532
also receive cancellation signals as shown 1n FIG. 5.

The output from each junction 532 comprises the victim
channel signal without the unwanted crosstalk interference.
As a benefit to the embodiment of FIG. 5D, each cross-
connect path includes a delay 570 and a filter 540 to thereby
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tallor the mput to an optimized cancellation signal. The
amount of time adjustment introduced 1nto each cross-con-
nect path signal may be tailored to optimize time alignment
between the cancellation signal the victim signal. In addition,
the filter 540 1n the cross-connect path also tailors the cancel-
lation signal achieve maximum cancellation when combined
with the victim signal.

FIG. 6 illustrates an example method of training the
embodiment of FIG. 5D. One or more of the steps for training
may be implemented for the embodiments shown in FIG.
5A-5C or additional steps, not shown 1n FIG. 6 may be imple-
mented. In addition, this 1s but one possible method of train-
ing and as such, 1t 1s contemplated that one of ordinary skill in
the art may, after reading this disclosure, enable other meth-
ods of operation and training.

Referring now to FIG. 6A, at a step 604, the traiming pro-
cess 1s 1nitialized. It 1s contemplated that the training process
occurs prior to operation, but could also occur during opera-
tion. Next, at a step 608, all of the delays are set to zero and the
cross-connect filters are set to some reset value e.g. all zeroes,
although other values could be utilized.

At a step 612 the operation trains the FFE filters (and DFE
filters 11 enabled) to maximize SNR through ISI equalization
and noise whitening. This establishes the FFE filter coetli-
cients. Thereafter, at step 616 the training operation trains the
cross-connect {filters to maximize cross-talk cancellation.
Training of the cross-connect filters occurs with the cross-
connect delays 570 set to zero and the FFE coellicients set to
the values established at step 612. The line delays 354 are
initially set to their maximum value. The cross-connect filters
are trained to maximize cancellation of unwanted crosstalk.

With regard to the training of the FFE filter and the cross-
connect filters, any training method may be utilized. One such
example method of training comprises least mean square
(LMS) type training. It 1s also contemplated that any other
training routine or algorithm may be implemented to train the
filters to establish filter coetlicients.

At a step 620, the system stores the resulting coelfficients
for the cross-connect filters resulting from the prior training.

At a step 628 an ofiset 1s established in the 1n-line delay. As
defined herein, the in-line delay 1s the delay 534 located
between the FFE and the junction. Any amount of delay or
time offset may be established by the in-line delay. In one
embodiment, an amount of delay offset equal to the FEXT
cancellation filter length 1s established. In other embodiment,
a fraction of this amount 1s established. Then after a delay 1s
established, the operation re-trains one or more of the cross-
connect {ilters and the FFE filter with this time offset in place.
This occurs at a step 632. In one embodiment, all of the
cross-connect filers are re-trained. This training thus occurs
with the delay set to an offset amount.

Then, at a step 636, the system stores the new coellicients
for the cross-connect filters and the FFE filters. These values,
as with other values described herein may be stored in
memory. These new coellicient values for the filters are estab-
lished when the delay offset amount as set in step 628.

Next, at a decision step 640, a determination 1s made
whether additional delay offsets are available. It 1s contem-
plated that a delay window 1s established and within the delay
window multiple delay offsets may be established to progress
the delay oflset amount through this window until stored
coellicients cover the tull cancellation window. IT at decision
step there are additional offsets available, then the operation
returns to step 628 wherein an additional offset 1s established.
Accordingly the operation progresses through steps 628, 632
and 636 as discussed above until training occurs at all of the
possible delay offsets. For each delay offset, the correspond-
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ing generated coelficients are stored 1n memory and associ-

ated with the offset amount in use when such coetticients
were established.

Alternatively, if at step 640 a determination 1s made that
there are no additional offsets, then the operation advances to

step 644, which 1s shown on FIG. 6B. At step 644, the opera-

tion analyzes the stored coelficients and associated oflset
amount (time delay) to determine the data set which maxi-
mizes cancellation. As defined herein, each associated pair of
coellicient values and offset amount is referred to as a data set.
The data set which maximizes cancellation 1s defined as that
which achieves the maximum slicer SNR or 1t 1s determined

by the amount of cancellation or energy contained in the

coellicients of the FEXT filters.

At a step 648, the operation configures the in-line filter and
delay with the data set, 1.e. coelficient values and offset
amount, as 1dentified in step 644, which maximizes cancel-
lation. Then, at step 652, the process 1s repeated for each filter
and delay combination on each of the channels.

At a step 656, the training process then analyzes the delay
offsets for the cross-connect delays to determine, for each
channel, which delay requires the maximum delay offset
between victim and disturber pairs. For example, based on the
prior steps, each of the delays will likely be set to an offset
value which maximizes cancellation for that cross-connect
path. In this example embodiment associated with FIG. 5D
there are four channels, and each channel has three cross-
connect paths, which connect to the other three channels. Of
the three cross-connect paths, each of which has a delay, the
operation determines the delay with the maximum offset and
identifies the amount of this delay. This 1s referred to as the
maximuim cross-connect delay amount.

At step 660, the operation sets the 1n-line delay value to the
delay amount 1dentified in step 656, which 1s the maximum
cross-connect delay amount, associated with that channel.
This occurs for each channel such that the in-line delay 1s set
to an amount equal to the maximum delay i1dentified 1n a
cross-connect delay associated with that channel. At a step
664, the cross-connect delay which was previously 1dentified
as having the maximum delay for the group of cross-connect
filters associated with a channel 1s set to zero. This can be
understood to occur because the 1n-line delay 1s been set to
this maximum oifset amount, so to maintain the same delay in
the cross-connect line, the prewously maximum oifset cross-
connect delay 1s set to zero.

Thereafter, at a step 668, the operation adjust the other
cross-connect delays based on the new in-line delay amount
and the cross-connect delay which was set to zero offset at
step 664. The adjustment of step 668 occurs to account for the
delay established 1n the in-line delay, such that after estab-
lishing the 1n-line delay ofiset, the other cross-connect delays
are set to an offset amount which results in an identical
amount of delay from their resulting outputs as established 1n
step 656.

By way of example, 1n reference to FIG. 5D 11 the maxi-
mum cross-connect delay was -5 for cross-connect delay
D, 3 4, and the other two cross-connect delays were -3 (delay

D, ,) and -1 (delay D, ,), then the 1in-line delay 1s set to =5
and delay D , would be set to zero. To establish delay D, at
zero, 5 time offsets were added. Accordingly S offsets would
also be added to delay D, and delay D, ,, establishing the
delay offsets at 2 and 4 respectively.

At this stage, all of the delays are established and the filter
coellicients are also established. At step 672, training 1s com-
plete and operation of this aspect of the communication sys-
tem may commence.
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It should be further noted that a decision feedback equal-
izer (DFE) may be part of the embodiment shown 1n FIG. 5
and the DFE’s may be trained to create Tomlinson-Harashima
precoder coelficients. In particular, in one embodiment the
FEXT cancellers are trained both when the DFE 1s active, and
after 1ts coellicients have been moved to the Tomlinson-Ha-
rashima precoder and the DFE i1s disabled. In the DFE-en-
abled mode this adds another filter to the system diagram,
teeding back from the slicer output, with the output subtract-
ing from the slicer input. In the 10GBase-T system the FEXT
1s first trained with the DFE enabled. Then the DFE coefli-
cients are transierred to the precoder on the other side of the
link and the DFE 1s disabled. Then the FFE and FEXT filters
are retrained as discussed herein.

FIG. 7 illustrates an operational flow diagram of an
example method of operational of the system of F1G. 5D. This
1s but one possible method of operation and 1t 1s contemplated
that 1n other embodiments other methods of operation may be
ecnabled. At a step 704 the multi-channel communication
system receives a signal or the multiple signals and performs
analog front end (AFE) type processing. AFE type processing
1s known 1n the art and as such 1s not discussed 1n details
herein. After reception, the operation advances to step 708
wherein the system {ilters the received signal(s) with an FFE
type filter to create a filtered signal.

At step 712, the operation outputs the filtered signal to the
multiple paths of the cross connect system. At a step 716, the
cross connect system delays the filtered signal 1n each cross-
connect path to create delayed cross connect signals. At a step
720, the cross connect system filters the delayed cross con-
nect signal 1n each cross connect path to create cancellation
signals. It 1s contemplated that the operation of filtering and
delaying 1n steps 716 and 720 can be reversed such that
filtering occurs before the delay operation. At a step 724, the
operation time aligns the recerve signal and provides this time
aligned signal to a junction. The processes of time aligning
may be performed by a delay, such as a vaniable delay. The
delay operation of step 716 may also be considered as time
aligning signals.

At a step 728 the junction recerves the cancellation signals
from each of the other channels 1n the multi-channel commu-
nication system and, at a step 732, combines this cancellation
signal with time aligned received signals at the junction. The
combination, which may comprise addition, subtraction, or
both, cancels the unwanted crosstalk from the received signal.
At step 736 the signal 1s output from the junction.

While various embodiments of the invention have been
described, 1t will be apparent to those of ordinary skill 1n the
art that many more embodiments and implementations are
possible that are within the scope of this invention. In addi-
tion, the wvarious features, elements, and embodiments
described herein may be claimed or combined in any combi-
nation or arrangement.

What 1s claimed 1s:

1. A method for traiming a crosstalk cancellation system
that comprises one or more in-line filters, one or more in-line
delays, one or more cross-connect filters, and one or more
cross-connect delays, the method comprising, Tor each chan-
nel [the method comprising]:

[providing a crosstalk cancellation system comprising one
or more 1n-line filters, one or more in-line delays, one or
more cross-connect filters, one or more cross-connect
delays and a memory;]

setting one or more 1n-line delays and one or more cross-
connect delays to zero delay;

training the one or more in-line filters;
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training the one or more cross-connect filters to generate
cross-connect filter coeflicients:;

[store] storing the cross-connect filter coetficients:

[continue] continuing to adapt the one or more in-line
filters and store resulting in-line filter coellicients with
the cross-connect filter coellicient as filter coeflicient
sets;

establishing an offset 1n one or more in-line delays;

retraining the one or more 1n-line filters and the one or more
cross-talk filters with the established oifset to establish
new coeflicient set;

storing the new coellicient set;

establishing additional offsets and for each additional off-
set:

retraining the one or more in-line filters and the one or more
cross-talk filters to create a filter coetlicient set associ-
ated with each offset;

storing the additional filter coe

each offset;

[analyze] aralyzing the filter coefficient sets to determine
which offset maximizes cancellation to thereby identify
a maximum cancellation offset;

[establish] establishing one or more in-line filters with
coellicient set which corresponds to maximum cancel-
lation offset:

[establish] establishing one or more in-line delays with
olfset which corresponds to maximum cancellation ofl-
set for victim-interferer pair that needs the largest delay
to maximize 1ts cancellation:

[establish] establishing one or more cross-connect filters
with a coelficient set which corresponds to maximum
cancellation offset; and

[establish] establishing one or more cross-connect delays
with offset which corresponds to maximum cancellation
olfset.

2. The method of claim 1, further comprising;

analyzing the offset for the one or more cross-connect
delays to determine a cross-connect delay that repre-
sents the relative delay needed between victim and inter-
ferer pair to maximize cancellation;

establishing the one or more in-line delays to have a delay
amount which maximizes cancellation; and

cients sets associated with

adjust cross-connect delays to maintain same amount of

delay at output by taking 1into account newly establish
in-line delay amount.
3. The method of claim 1, wherein the one or more 1n-line

filters comprises one or more in-line feed forward equalizer

type filters.
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4. The method of claim 1, wherein the method 1s performed 50

in a four channel communication system.

5. The method of claim 1, wherein during training one or
more coelficient set 1s stored in a memory of the crosstalk

cancellation system.
6. A crosstalk cancellation system comprising:

a plurality of receivers corresponding to a plurality of

respective communication channels, wherein each
receiver in the plurality of receivers includes

an in-line filter,

an in-line delay, and

a cross-connect system that includes, for each other

receiver in the plurality of veceivers, (i) a cross-con-

nect filter in a path coupled to the other receiver and

(ii) a cross-connect delay in the path coupled to the
other receiver; and

a processor configured to, for each rveceiver in the plurality

of receivers, establish settings for (i) the in-line filter, (ii)
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the in-line delay, (iii) each of the cross-connect filters,

and (iv) each of the cross-connect delays, at least in part

by

iteratively training, with a different one of a plurality of
in-line delay values being applied to the in-line delay
during each iteration, (i) the in-line filter and (ii) at
least one of the cross-connect filters to genervate a
plurality of sets of filter coefficients,

identifving (i) a first in-line delay value of the plurality of
in-line delay values, and (ii) a first set of filter coeffi-
cients, of the plurality of sets of filter coefficients, that
maximize crosstalk cancellation,

setting the in-line filter based at least in part on the first
set of filter coefficients, and

setting the in-line delay based at least in part on the first
in-line delay value.

7. The crosstalk cancellation system of claim 6, wherein the
processor is configured to establish the settings further by:

determining a plurality of cross-connect delay values at

least in part by determining, for each other rveceiver in
the plurality of receivers, a cross-connect delay value
that maximizes cancellation with respect to the other
receiver; and

identifving a maximum cross-connect delay value of the

plurality of cross-connect delay values,

wherein setting the in-line delay is based at least in part on

(i) the first in-line delay value and (ii) the maximum
cross-connect delay value.

8. The crosstalk cancellation system of claim 6, wherein the
in-line filter is a feed-forward equalizer (FFE) filter.

9. The crosstalk cancellation system of claim 16, wherein
the processor is configured to establish the settings further
by:

prior to iteratively training the in-line filter and the at least

one of the cross-connect filters, setting the in-line delay
and each of the crvoss-connect delays to zero delay.

10. The crosstalk cancellation system of claim 6, wherein
the processor is configured to iteratively train the in-line filter
at least by iteratively training the in-line filter to maximize a
signal-to-noise ratio.

11. The crosstalk cancellation system of claim 6, wherein
the processor is configured to iteratively train the at least one
of the cross-connect filters at least by iteratively training the
at least one of the cross-connect filters to maximize crosstalk
cancellation.

12. The crosstalk cancellation system of claim 6, further
comprising a memory, wherein the processor is configured to
establish the settings further by:

storing a plurality of data sets in the memory, wherein each

of the plurality of data sets includes (i) a respective
in-line delay value of the plurality of in-line delay values
and (ii) a respective set of filter coefficients, of the plu-
rality of sets of filter coefficients, that corresponds to the
respective in-line delay value of the plurality of in-line
delay values.

13. The crosstalk cancellation system of claim 22, wherein
the processor is configured to identify the first in-line delay
value and the first set of filter coefficients at least by deter-
mining which data set, of the plurality of data sets, maximizes
crosstalk cancellation.

14. The crosstalk cancellation system of claim 6, wherein
the processor is configured to itevatively train the in-line filter
and the at least one of the cross-connect filters at least by
utilizing least mean square (LMS) training.

15. A method for training a crosstalk cancellation system,
wherein the crosstalk cancellation system comprises a plu-
rality of receivers corresponding to a plurality of respective
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communication channels, wherein each receiver in the plu-
rality of receivers includes (i) an in-line filter, (ii) an in-line
delay, and (iii) a cross-connect system that includes, for each
other receiver in the plurality of receivers, a cross-connect
filter in a path coupled to the other veceiver and a cross-
connect delay in the path coupled to the other receiver, the

method comprising, for each rveceiver in the plurality of

recelvers.
establishing settings for (i) the in-line filter, (ii) the in-line
delay, (iii) each of the cross-connect filters, and (iv) each
of the cross-connect delays, wherein establishing the
settings includes

iteratively training, with a different one of a plurality of

in-line delay values being applied to the in-line delay
during each iteration, (i) the in-line filter and (ii) at
least one of the cross-connect filters to generate a
plurality of sets of filter coefficients,

identifving (i) a first in-line delay value of the plurality of

in-line delay values, and (ii) a first set of filter coeffi-
cients, of the plurality of sets of filter coefficients, that
maximize crosstalk cancellation,

setting the in-line filter based at least in part on the first
set of filter coefficients; and

setting the in-line delay based at least in part on the first
in-line delay value.

16. The method of claim 15, wherein establishing the set-
tings further includes.:

determining a plurality of cross-connect delay values at

least in part by determining, for each other rveceiver in
the plurality of receivers, a cross-connect delay value
that maximizes cancellation with respect to the other
receiver; and

identifving a maximum cross-connect delay value of the

plurality of cross-connect delay values,

whevrein setting the in-line delay is based at least in part on

(i) the first in-line delay value and (ii) the maximum
cross-connect delay value.

17. The method of claim 15, wherein establishing the set-
tings further includes.:

prior to iteratively training the in-line filter and the at least

one of the cross-connect filters, setting the in-line delay
and each of the cross-connect delays to zero delay.

18. The method of claim 15, wherein iteratively training the
in-line filter includes iteratively training the in-line filter to
maximize a signal-to-noise ratio.

19. The method of claim 15, wherein iteratively training the
at least one of the cross-connect filters includes iteratively
training the at least one of the crvoss-connect filters to maxi-
mize crosstalk cancellation.

20. The method of claim 15, wherein iteratively training the
in-line filter and the at least one of the crvoss-connect filters
includes utilizing least mean squarve (LMS) training.
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21. A tangible, non-transitory computer-readable medium
storing instructions that, when executed by a processor in a
crosstalk cancellation system that comprises a plurality of
receivers corresponding to a plurality of vespective commui-
nication channels, whervein each receiver in the plurality of
receivers includes (i) an in-line filter, (ii) an in-line delay, and
(iii) a cross-connect system that includes, for each other
receiver in the plurality of receivers, a cross-connect filter in
a path coupled to the other veceiver and a cross-connect delay
in the path coupled to the other receiver, cause the processor
to, for each receiver in the plurality of receivers:

establish settings for (i) the in-line filter, (ii) the in-line

delay, (iii) each of the cross-connect filters, and (iv) each

of the cross-comnnect delays, wherein the instructions

cause the processor to establish the settings at least by

identifving (i) a first in-line delay value of the plurality of
in-line delay values, and (ii) a first set of filter coeffi-
cients, of the plurality of sets of filter coefficients, that
maximize crosstalk cancellation,

setting the in-line filter based at least in part on the first
set of filter coefficients, and

setting the in-line delay based at least in part on the first
in-line delay value.

22. The tangible, non-transitory computer-readable
medium of claim 21, wherein the instructions further cause
the processor to establish the settings by:

determining a plurality of cross-connect delay values at

least in part by determining, for each other veceiver in
the plurality of receivers, a cross-connect delay value
that maximizes cancellation with respect to the other
receiver; and

identifying a maximum cross-connect delay value of the

plurality of cross-connect delay values,

wherein the instructions cause the processor setting the

in-line delay is based at least in part on (i) the first
in-line delay value and (ii) the maximum cross-connect
delay value.

23. The tangible, non-transitory computer-readable
medium of claim 21, wherein the instructions further cause
the processor to establish the settings by:

prior to iteratively training the in-line filter and the at least

one of the cross-connect filters, setting the in-line delay
and each of the cross-connect delays to zevo delay.

24. The tangible, non-transitory computer-readable
medium of claim 21, wherein the instructions cause the pro-
cessor to iteratively train the in-line filter at least by training
the in-line filter to maximize a signal-to-noise ratio.

25. The tangible, non-transitory computer-readable
medium of claim 21, wherein the instructions cause the pro-
cessor to iteratively train the at least one of the cross-connect

U filters at least by iteratively training the at least one of the

cross-connect filters to maximize crosstalk cancellation.
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