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(57) ABSTRACT 

A method and apparatus for reducing crosstalk in a multi 
channel communication System is disclosed. In one embodi 
ment, outgoing Signals in a multi-channel environment are 
manipulated into a transform domain, Such as the frequency 
domain. Thereafter, the Signals may be combined and modi 
fied based on a weighting variable to create a cancellation 
Signal. Combined processing greatly reduces System com 
plexity and increaseS processing Speed. After processing in 
the transform domain, the cancellation signal undergoes 
further processing to return the cancellation Signal into the 
time domain. The cancellation signal may then be combined 
with received signals to cancel croSStalk or echo. A method 
and apparatus for crosstalk cancellation in the analog 
domain and digital domain are also disclosed. Cancellation 
at least partially in the analog domain reduces the dynamic 
range requirements for digital to analog converters within 
the front-end processing System of a receiver and thereby 
reduces clipping and increases operating Speed. 
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MIXED DOMAIN CANCELLATION 

1. FIELD OF THE INVENTION 

0001. The invention relates to electronic communications 
and, in particular, to a method and apparatus for interference 
cancellation in multi-channel environment. 

2. RELATED ART 

0002 Electronic communication systems are a popular 
method to exchange information between remote locations. 
These Systems are commonly referred to as data communi 
cation Systems and are often arranged into networks. Any 
type of data may be transmitted over these communication 
Systems. These networks may span the World, or be confined 
to a campus, building, or a Single workroom. The computer 
network allows computers linked to the network to commu 
nicate. 

0.003 AS is commonly understood, there is a continuing 
need to increase the data communication rate. Certain com 
munication Systems are equipped with multiple channels 
between Stations, and each Station communicates using 
multiple channels. As a result, the total aggregate throughput 
is greatly increased as compared to Systems that utilize a 
Single channel. A particularly noteworthy example is in 
current 1000BASE-T and future multiple gigabit Ethernet, 
where all four twisted copper pairs of the Category 5 
unshielded twisted pair (UTP) cable are used for transmis 
Sion of data. 

0004. While multi-channel communication links speed 
data transfer, Such Systems Suffer from drawbacks. One Such 
drawback is that multi-channel communication linkS Suffer 
from coupling. In particular, a portion of the Signal trans 
mitted on one channel will couple into an adjacent channel 
in the multi-channel System. This phenomenon is often 
referred to as near-end crosstalk (NEXT). Additionally, 
during full duplex operation, a signal transmitted on a 
particular channel will partially couple back into the recep 
tion on the same channel. This is referred to as echo. 

0005. In an ideal communication link, each channel of a 
multi-channel link would be completely decoupled from the 
other channels. Thus, each received signal would consist of 
the desired far end (FE) signal and a Small amount of 
random noise. However, an ideal environment rarely exists, 
and hence the interference of NEXT and echo invades the 
Signal that is received. Thus, the received signal is largely a 
combination of the far end signal and unwanted NEXT and 
echo components. This undesirably limits the detection of 
the far end Signal Such that Some form of active interference 
cancellation must be implemented. 

0006 Interference cancellation is not, however, without 
drawbacks. Interference cancellation is complex, and imple 
mentation of interference cancellation in an electronic Sys 
tem requires a large degree of processing capability which 
for an integrated circuit has implications on area and power 
requirements. 

0007. In this regard, the prior art interference cancellation 
processing consumes an undesirably large amount of elec 
trical power and generates an undesirable amount of heat. 
These factors lead to increase cost of ownership for products 
that incorporate prior art interference cancellation Systems. 
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0008. The complexity of this cancellation processing is 
compounded by the fact that at each Station there are 
multiple receivers each receiving a far end Signal, an echo 
and an interference Signal from each of the other channels. 
Thus, in a multi-channel communication System having four 
channels, up to Sixteen interference Signals may need to be 
actively cancelled. 

0009. The most widely recognized technique for inter 
ference cancellation is an adaptive canceller, which is illus 
trated in FIG. 1, as part of a transceiver. A data Source input 
100 connects to an adaptive canceller 108 and a transmitter 
112. The output of the transmitter 112 connects to the 
channel 116A. A receiver 120 of the transceiver also con 
nects to a channel 116B. The term channel should be 
understood to mean one or more conductors of Signal paths. 
The output of the receiver 120 feeds into a Summing junction 
124. The subtractor 124 subtracts the output of the adaptive 
canceller 108 from the received signal. The output of the 
subtractor 124 is provided as the input 128 to the other 
aspects of the receiver processing. 

0010. The coupling of interference from one transmitter 
into another receiver is represented as a linear transfer 
function H(s). Using the transmitted signal as a reference, 
the adaptive canceller 108, A(s), is trained such that A(s) 
approximately equals H(s). The output of the subtractor 124 
then consists of the desired far end Signal plus a residual 
interference term. Although desired to minimize the residual 
interference term, this goal may not be fully realized due to 
limitations in the required complexity of the adaptive can 
celler 108. Typically, the adaptive canceller 108, A(s), is 
realized in the discrete time domain So that the adaptive 
canceller 108 is implemented as a digital filter A(z). In this 
case, the transmitter 112 and receiver 120 blocks would 
consist of Suitable mix-Signal blocks needed to interface 
digital Signals with the analog channel. Generally, the higher 
the order of this digital filter the greater the cancellation 
(Smaller the residual). But, a high order filter undesirably 
incurs greater computational requirements. For the typical 
case where the digital filter used to derive A(Z) is a tap delay 
line or FIR filter, the complexity is directly proportional to 
the number of taps, M. 

0011 Extending this structure to the multiple channel 
case, there would need to be N digital filters, where N is 
the number of channels. Thus, in a System operating under 
the current or future Ethernet Standard and utilizing four 
channels, 16 digital filters would be required. In applications 
where the number of filter taps is large, the multiple channel 
extension of the typical canceller Structure results in a 
formidable complexity requirement. For example, when 
extending the data rate and the length of the channels, the 
number of taps on an individual digital filter could rise to 
over four hundred taps. Combined with a high Sampling rate 
and a multiple channel application, this many taps results in 
a huge requirement on the number of operations per Second 
needed for realization. AS can be appreciated, this prior art 
method and apparatus for echo cancellation and crosstalk 
mitigation are thus unsuitable for high-data-rate, multi 
channel applications. 

0012. Accordingly, an improved method and apparatus 
for interference cancellation in a multi-channel communi 
cation System is needed. The method and apparatus 
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described herein provides interference cancellation in a 
multi-channel communication System and overcomes the 
drawbacks of the prior art. 

SUMMARY 

0013 The method and apparatus described herein may be 
utilized as part of or in conjunction with a communication 
System to reduce or eliminate croSStalk, coupling, or echo 
that may occur in a multi-channel configuration. In a multi 
channel configuration, the processing may be consolidated 
to reduce complexity and increase Speed and efficiency. In 
one embodiment, the processing occurs in a transform 
domain, Such as the frequency domain, and as a result, 
efficiencies may be gained by combining cancellation Sig 
nals prior to complex processing. This reduces the compu 
tational demands on the System. 
0.014) A method and apparatus is disclosed for mixed 
Signal cancellation wherein a portion of the crosstalk, cou 
pling, or echo is canceled in the analog domain and a portion 
of the crosstalk, coupling, or echo is canceled in the digital 
domain. Mixed signal cancellation provides the benefit of 
reducing the amount or level of cancellation that must be 
performed in the digital domain, which in turn reduces the 
required number of bits in the analog-to-digital converter. 
Absent Some level of cancellation in the analog domain, 
clipping or other form of distortion of the received signal 
may occur. At high data rates it may not be feasible to realize 
high speed, high resolution ADC operation. 
0.015. In one embodiment, a method for reducing inter 
ference in an incoming Signal received at a transceiver of a 
multi-channel communication device is disclosed. In this 
embodiment, the method receives, in a Serial format, a signal 
to be transmitted over a channel. The System converts the 
Signal to a parallel format and performs overlap processing 
on the Signal and a Fourier transform on the Signal to create 
a transform domain signal. Thereafter, the System multiplies 
the transform domain signal by one or more weighting 
variables to create a weighted transform domain Signal. 
Next, the System performs an inverse Fourier transform on 
the weighted transform domain Signal to create a cancella 
tion signal. On this cancellation Signal the System performs 
overlap processing and thereafter converts the cancellation 
Signal to a Serial format. The System then combines the 
cancellation signal with the incoming Signal to reduce 
interference in the incoming Signal. 
0016. There are numerous variations to this method of 
operation. In one embodiment, a cancellation Signal is 
generated for each channel of the multi-channel communi 
cation System. In one embodiment, the method further 
comprises adding multiple cancellation signals. Such that the 
Step of combining combines a cancellation signal from each 
channel with the incoming Signal. 
0.017. In another exemplary method of operation, a 
method for canceling interference in a received signal is 
provided. In this method, the System receives one or more 
outgoing Signals and converts these Signals to a transform 
domain to create one or more transform domain Signals. 
Next, the operation processes the one or more transform 
domain signals and one or more weighting variables to 
generate one or more cancellation Signals in the transform 
domain. In one embodiment, the transform domain com 
prises the frequency domain. Next, the System converts the 
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one or more transform domain cancellation Signals out of the 
transform domain to obtain one or more cancellation signals 
and combines the one or more cancellation Signals with one 
or more received signals to cancel interference. 

0018. In various embodiments, the processing may com 
prise multiplying the transform domain Signal with the 
weighting variable. Further, the multiplying may comprise 
an element by element multiply operation. In this method of 
operation, the process of receiving one or more outgoing 
Signals may comprise receiving four outgoing Signals and 
the process of combining the cancellation signal with a 
received signal may comprise combining four cancellation 
Signals with a received signal. Hence, there may exist four 
received signals and each of the four received signals is 
combined with four cancellation signals. It is contemplated 
that the converting operation may comprise performing a 
Fast Fourier Transform on the outgoing Signal. 

0019. In another embodiment, a cancellation system is 
disclosed for reducing croSStalk in a received signal in a 
multi-channel communication device. This System com 
prises an input for receiving an outgoing Signal at a first 
transceiver. This input is connected to a transform unit 
which is configured to manipulate the output to a transform 
domain Such as the frequency domain. One or more multi 
pliers are configured to multiply the transform domain 
output with one or more weighting variables to create a 
cancellation signal in the transform domain. An inverse 
transform unit is configured to perform an inverse transform 
on the cancellation signal in the transform domain and a 
Subtractor is provided and configured to Subtract the can 
cellation Signal from a received signal. 
0020. In variations on this system the multipliers may 
comprise a processor. The System may further include or 
comprise one or more Summing junctions configured to add 
the output of two or more multipliers to generate a combined 
cancellation signal and output the combined cancellation 
Signal to the inverse transform unit. In one embodiment, the 
System further comprises an overlap processing module 
configured to perform overlap processing on the outgoing 
Signal. In one particular embodiment, the System is enabled 
in a multi-channel communication device having four com 
munication channels and the cancellation signal comprises 
four combined cancellation signals. Each of the four can 
cellation Signals may comprise a cancellation Signal from 
each of the four channels. One embodiment of the adaptation 
System includes an adaptation System configured to adap 
tively generate weighting variables. In one configuration, the 
adaptation System comprises a transform unit configured to 
convert an error Signal to the transform domain and an 
adaptation module configured to process the error Signal in 
the transform domain to generate the weighting variables. 

0021. In another embodiment, a cancellation system for 
canceling unwanted coupling in a multi-channel transceiver 
is disclosed. This embodiment comprises one or more inputs 
configured to provide an outgoing Signal to the cancellation 
System. The System has one or more transform units con 
figured to convert an outgoing Signal to a transform domain 
and one or more multipliers configured to receive an out 
going Signal in the transform domain and multiply an 
outgoing Signal with a weighting variable to create one or 
more cancellation Signals in the transform domain. Also part 
of this embodiment is one or more devices configured to 
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combine two or more cancellation Signals in the transform 
domain to create one or more combined cancellation signals 
in the transform domain and one or more inverse transform 
units configured to receive the one or more combined 
cancellation signals and reverse the processing of the one or 
more transform units. 

0022. It is contemplated that the one or more transform 
units and the one or more inverse transform units may 
perform overlap processing and transform processing. The 
System may further comprise two or more devices config 
ured to combine the one or more cancellation signals in the 
transform domain. In one embodiment, the transform units 
perform any type of Fourier transform and the inverse 
transform units perform any form of inverse Fourier trans 
form. Similarly, the weighting variables may be generated 
by an adaptation System and the adaptation System may be 
shared between two or more channels. 

0023. Also disclosed is a method for generating a can 
cellation Signal for use in a cancellation System. This method 
compriseS receiving at a cancellation System one or more 
Signals, wherein the one or more Signals relate to one or 
more outgoing Signals on one or more of the channels in the 
multi-channel communication System. The method then 
processes the one or more Signals to convert each of the one 
or more signals into a transform domain and provides the 
one or more signals in the transform domain to one or more 
multipliers associated with the channel. Thereafter, the 
method multiplies the one or more signals in the transform 
domain by one or more weighting variables and combines 
the outputs of the one or more multipliers to create a 
transform domain cancellation Signal. Finally, processing 
may occur on the cancellation signal in the transform 
domain to take the cancellation Signal out of the transform 
domain to create a cancellation signal. 
0024. In various embodiments, the channel comprises a 
two conductor Signal path. In one embodiment, the trans 
form domain comprises the frequency domain. The method 
may also involve generating the one or more weighting 
variables based on a feedback error Signal resulting from a 
combination of the cancellation Signal with a received 
Signal. 
0.025 Also disclosed herein is a system for generating a 
weighting variable for use by a transform domain processing 
module in an interference cancellation System. This embodi 
ment comprises a first input configured to receive a feedback 
Signal and a Second input configured to receive a data Signal. 
Connected to the inputS is a transform unit configured to 
receive either or both of the feedback signal and the data 
Signal and transform either or both of the feedback Signal 
and the data Signal into a transform domain. An adaptation 
module is configured to process the feedback signal and the 
data Signal to generate one or more weighting variables. 
0026. In this system, the transform domain processing 
module may comprise one or more multipliers and the 
transform unit may be configured to perform a Fourier 
transform. In one embodiment, the transform domain is a 
domain in which multiplication between a data Signal and 
one or more weighting variable is generally equivalent to 
convolution. In a multi-channel environment, the System 
may be shared by two or more channels and the System may 
further perform time multiplexing of weighting variables. 
0027. Also disclosed herein is an interference cancella 
tion System configured to perform cancellation utilizing 

Oct. 28, 2004 

Signals that are either analog domain Signals or digital 
domain Signals, or both. In one embodiment, this System 
comprises a first input configured to receive an incoming 
Signal and a Second input configured to receive a cancella 
tion signal. The System provides the cancellation signal to a 
mixed signal processing System. The System also comprises 
an analog domain cancellation System. The analog domain 
cancellation System comprises a signal Separation unit which 
is configured to Separate the cancellation signal into first 
portion and a Second portion. A digital to analog converter 
is included and configured to convert the first portion of the 
cancellation signal into the analog domain. A first Subtractor 
is configured to Subtract the analog cancellation signal from 
the incoming Signal to create a modified incoming Signal. 
Also part of the System is an analog to digital converter 
configured to convert the modified incoming Signal to the 
digital domain and a Second Subtractor configured to Sub 
tract the Second portion of the cancellation signal from the 
modified incoming Signal in the digital domain. 

0028. In various embodiments, the value of the first 
portion of the cancellation Signal is larger than the value of 
the Second portion of the cancellation signal. In one embodi 
ment, the analog domain cancellation System cancels inter 
ference in the analog domain to reduce the dynamic range 
requirements of the analog to digital converter. It is also 
contemplated that the cancellation signal is a cancellation 
Signal configured to cancel interference from other signals 
on two or more channels that coupled into the receive signal. 
In one embodiment, this System further comprises a Switch 
ing apparatus configured to Selectively enable cancellation 
in the analog domain. 

0029. Also disclosed herein is a mixed signal cancellation 
System configured to cancel interference that couples onto a 
received signal in a multi-channel communication System. 
In one embodiment, this System comprises a digital domain 
cancellation System configured to generate a first digital 
domain cancellation signal. Also part of this System is a 
mixed domain cancellation System configured to process the 
first digital domain cancellation signal and generate an 
analog domain cancellation Signal and a Second digital 
domain cancellation signal. A Switching apparatus is pro 
Vided and configured to Selectively combine, with the 
received signal, either the first digital domain cancellation 
Signal or both the Second digital domain cancellation Signal 
and the analog domain cancellation signal. 

0030. In one embodiment, the digital domain cancellation 
System performs processing in a transform domain to gen 
erate the first digital domain cancellation signal. In one 
embodiment, the Switching apparatus comprises a multi 
plexer. Canceling a portion of the interference in the analog 
domain reduce dynamic range requirements of a receiver's 
analog to digital converter. It is also contemplated that the 
multi-channel communication System may comprise a four 
channel communication System and each channel may com 
prises two conductors. 

0031. In addition to a system being disclosed, also dis 
closed is a method for canceling unwanted coupling in the 
analog domain in a received signal to reduce the require 
ments of a receivers front-end processing. In one embodi 
ment, this method comprises receiving a cancellation Signal 
in the digital domain from a multi-channel cancellation 
Signal generator and processing the cancellation Signal to 
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isolate one or more most significant bits and one or more 
least significant bits. Thereafter, this method converts the 
one or more most significant bits from the digital domain to 
the analog domain to create an analog domain cancellation 
Signal. Next, this method Subtracts the analog domain can 
cellation signal from the received Signal to create a modified 
received signal and then converts the modified received 
Signal to the digital domain. Then the method Subtracts the 
one or more least significant bits from the modified received 
Signal in the digital domain. 

0032. In one variation of this method, the multi-channel 
cancellation signal generator performs processing in the 
transform domain to generate the cancellation Signal. 
Reducing the requirements of a receivers front-end pro 
cessing comprises reducing the required dynamic range of 
an analog to digital converter in the receiver. In one embodi 
ment, the one or more most significant bits comprise the 
analog cancellation Signal and one or more least Significant 
bits comprises the digital cancellation signal. It is further 
contemplated that this method may also comprise monitor 
ing the magnitude of the received Signal and controlling a 
Switching apparatus to Selectively Subtract the one or more 
most significant bits from the received signal. 

0033. In another embodiment, a method for canceling 
unwanted coupling in a signal received over a communica 
tion channel is disclosed. This method comprises generating 
a cancellation signal and providing the cancellation Signal to 
a mixed signal cancellation System. Thereafter, this method 
Separates the cancellation signal into a first portion and a 
Second portion and Subtracts the first portion, in an analog 
format, from the received signal and Subtracts the Second 
portion, in a digital format, from the received signal. It is 
contemplated that Subtracting the first portion and the Sec 
ond portion comprises canceling unwanted coupling in the 
received signal. 

0034. In a variation of this method, the first portion 
comprises one or more of the most significant bits of the 
cancellation Signal and Subtracting the first portion further 
comprises converting the first portion to an analog format. It 
is also contemplated that the method may further comprise 
Selectively enabling cancellation in the analog domain by 
comparing the magnitude of the cancellation Signal to a 
threshold value Such that if the magnitude of the cancellation 
Signal exceeds a threshold value and then enabling cancel 
lation in the analog domain. As a benefit of this method, it 
is less likely that the capability of the receiver will not be 
exceeded when processing a received signal having a mag 
nitude at or below the threshold value. 

0035) In addition, in one embodiment the method is 
further configured to generate a cancellation Signal by 
performing processing in a transform domain to manipulate 
outgoing Signals on the two or more channels to generate a 
cancellation signal that cancels unwanted coupling from the 
two or more channels. In one embodiment, the method may 
Subtract the Second portion, in a digital format, from the 
received Signal and may digitally filter the Second portion 
prior to Subtracting. The mixed domain cancellation System 
may further comprise a residual canceller. In addition, the 
residual canceller may comprise a digital filter that is 
configured to modify the Second digital domain cancellation 
Signal to account for delay or time dispersion in the analog 
domain cancellation Signal. This method may further com 
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prise performing digital filtering on the one or more least 
Significant bits to account for creating the modified received 
Signal and converting the modified received signal to the 
digital domain. Likewise, the method may also comprise 
performing residual cancellation utilizing a digital filter on 
the Second portion prior to Subtracting the Second portion 
from the received signal. 

0036). 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 is intended 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 

0037. The components in the figures are not necessarily 
to Scale, emphasis instead being placed upon illustrating the 
principles of the invention. In the figures, like reference 
numerals designate corresponding parts throughout the dif 
ferent views. 

0038 FIG. 1 illustrates a block diagram of a prior art 
canceller System. 

0039 FIG. 2 illustrates a block diagram of an example 
embodiment of a multi-channel transceiver. 

0040 FIG. 3 illustrates a block diagram of an example 
embodiment of the invention. 

0041 FIG. 4 illustrates a block diagram of an exemplary 
embodiment of the adaptive cancellation System. 

0042 FIG. 5 illustrates a block diagram of the parallel 
line Structure of the multiplier and its associated devices. 

0043 FIG. 6 illustrates a block diagram of an example 
embodiment of the consolidated transmit Side processing 
System in a multi-channel environment. 

0044 FIG. 7 illustrates a block diagram of an embodi 
ment of a consolidated receiver Side processing System in a 
multi-channel environment. 

004.5 FIG. 8 illustrates a block diagram of an example 
embodiment of a consolidated cancellation System. 

0046 FIG. 9 illustrates a block diagram of an exemplary 
embodiment having distributed adaptive processing. 

0047 FIGS. 10A and 10B illustrate block diagrams of 
example embodiments having an error Signal Source Selec 
tor. 

0048 FIG. 1 illustrates a block diagram of an example 
embodiment of an adaptive canceller having both analog 
domain cancellation and digital domain cancellation capa 
bility. 

0049 FIG. 12 illustrates a block diagram of an example 
embodiment of an adaptation processing System having a 
variable delay. 

0050 FIGS. 13A and 13B illustrate an operational block 
diagram of an example method of operation of one embodi 
ment of the invention. 
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0051 FIG. 14 illustrates an operational flow diagram of 
an example method of weighting variable generation and 
distributed processing. 

0.052 FIGS. 15A and 15B illustrate an operation flow 
diagram of an example method of operation of mixed signal 
cancellation. 

DETAILED DESCRIPTION 

0053 FIG. 2 illustrates the sources of interference into 
receiver 1 of station A. As shown, a first transceiver 200 is 
configured to communicate with a Second transceiver 204. 
The first transceiver is associated with station A while the 
Second transceiver is associated with Station B. It is con 
templated that the transceivers 200, 204 are incorporated 
within communication devices configured to communicate 
utilizing a multi-channel communication link. For purposes 
of understanding, the transceivers may connect to mapper/ 
demapper modules 208, 212 as shown. Although shown as 
having four communication channels, it is contemplated that 
the method and apparatus discussed below may be expanded 
to any number of channels. In addition, the term channel 
should be understood to mean any medium capable of 
carrying a signal or data, Such as but not limited to, any 
Category twisted pair (UTP) cabling either shielded or 
unshielded (e.g., 5, 5e, 6, 7... etc.), wireless channels, fiber 
optic channels or cables, free-space optic channels, voice 
grade twisted pair conductors, coaxial cables, or other 
channels or conductors that are currently or that may 
become available in the future. In addition, it is contem 
plated that the principles disclosed and claimed herein may 
also be utilized with any type of channel, including those 
listed above, when grouped into multi-conductor channels. 
For example, it is contemplated that Standard telephone lines 
or any other type conductor or transmission medium may be 
grouped into bundles to create a multi-conductor channel. 
The processing of Signals transmitted over Such channels 
may be performed in accordance with the teachings con 
tained herein. 

0054) A channel 216 connects the first transceiver 200 
and the second transceiver 204. Each transceiver 200, 204 
may comprise a hybrid 220, 224, a transmitter 228, 232, and 
a receiver 236,240. A signal FE AB is transmitted from the 
second transceiver 204 (station B) to the first transceiver 200 
(station A) over channel 1. The term 'signal FE AB should 
be understood to mean the far end Signal, with respect to 
Station A, being transmitted to Station A from Station B. It is 
desired to isolate and process at the first transceiver 200 only 
the FE AB signal that was transmitted. 
0055 Also shown in FIG. 2 are the echo and near-end 
crosstalk (NEXT) components that are undesirably coupled 
into the first channel 216 and are received by the receiver 
236. Namely, echo component echo 11A is the echo inter 
ference coupled onto channel 1 from channel 1. The term 
echo 11A should be interpreted to mean the echo compo 
nents that couple onto the first channel from the first channel 
of station A. Component Next 12A is the interference 
coupled onto channel 1 from channel 2 on the Signal that is 
received at Station A. This pattern repeats as shown for each 
of the other channels. Hence, Next 13A and Next 14A are 
the interference Sources coupled onto channel 1 from chan 
nels 3 and 4 respectively. As a result of the coupling, the 
signal received at the first transceiver 200 consists of the 
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desired far end Signal, FE AB, and the four interfering 
Signals, i.e., the three NEXT signals and the echo. This 
pattern repeats for each of the channels. It is desired to 
remove the respective NEXT and echo signals on each of the 
received signals in each of the receivers at both Station A and 
station B. 

0056. In many situations, the communication system 
performance is interference limited Such that the presence of 
interference, Such as echo and crosstalk, limits communica 
tion rates. The interference often creates data errors during 
the processing of a received signal which limits transmission 
rates. If the interference is left in the Signal, the data can 
often not be recovered or detected. Hence, the interference 
may be a limiting factor. 
0057. It is further contemplated that the transmit rate for 
the Systems described herein may be at any frequency. AS is 
understood, processing and transmission at high frequencies 
may create additional complexities that may be Solved by 
the teachings contained herein. It is contemplated that the 
principles disclosed and claimed herein may be utilized with 
Systems operating at any frequency from very low frequen 
cies up to and including multiple giga-bit processing or 
transmit rates. 

0058 FIG. 3 illustrates a block diagram of an example 
embodiment of one embodiment of the invention. In this 
example embodiment, the undesirably long analog or digital 
filters of the prior art are replaced with Systems that trans 
form the transmitted signal to a transform domain in which 
processing may occur. As a result, the complexity of echo 
and crosstalk reduction is greatly reduced. The term trans 
form domain is defined to mean an alternative domain that 
is different from the original domain. 
0059) One example embodiment of a system configured 
to perform transform domain processing is a System con 
figured to perform the processing in the frequency domain, 
which is shown in FIG. 3. It is contemplated that numerous 
Systems of this nature may reside in a multi-channel com 
munication device to reduce or eliminate echo and crosstalk 
that couples across channels. A first transceiver 300 is shown 
for purposes of discussion. A data Source line 302 from a 
data Source (not shown) connects to a transmitter 304 and an 
adaptive canceller module 320. The transmitter 304 com 
prises one or more devices configured to transmit the data 
from the data Source over the channel to a Second transceiver 
at a remote location. 

0060. As part of the transmission, it is contemplated that 
at least a portion of echo and croSStalk will couple onto an 
input 310 to the first transceiver 300. This is represented in 
FIG.3 for purposes of discussion as an input coupling effect 
314, having a transfer function H(s), which is combined into 
the received signal on input 310. Thus, the Signal on input 
310 comprises a far end Signal (FE signal) and a signal due 
to the coupling, H(s), from channel 306 in the multi-channel 
communication System. If other channels were present, 
additional coupling Signals would also be present on the 
received signal. It is desired to remove the component due 
to the coupling H(s) from the received FE signal. The signal 
received on input 310 connects to a receiver 322, which 
performs Standard processing on the Signal. The output of 
the receiver 322 feeds into a Subtractor 338. 

0061 An adaptive canceller system 320 is configured as 
part of the first transceiver. In the embodiment of FIG. 3, the 
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line 302 to the adaptive canceller system 320 connects to a 
transform module 324. In one embodiment, the line 302 is 
configured to receive an outgoing Signal from a data Source. 
The outgoing Signal is eventually or concurrently provided 
to the transmitter 304 for transmission over the channel 306. 
The transform module 324 comprises a configuration of 
hardware, Software, or both configured to processes a signal 
into a transform domain. The transform domain and the 
transform module 324 are discussed below in more detail. 
The output of the transform module 324 feeds into an 
adaptation module 326 and a scaling module 328. In one 
embodiment, the adaptation module 326 comprises a con 
figuration of hardware, Software or both configured to oper 
ate in and perform the functions described herein. The 
adaptation module 326 performs processing to dynamically 
generate weighting variables based on an estimate of the 
transfer function of the crosstalk coupling effect. The Scaling 
module 328 comprises software, hardware or a combination 
of both configured to perform Scaling on the transform 
Signal responsive to the weighting variables. In another 
embodiment, the Scaling module 328 may comprise a mul 
tiplier. The output of the scaling module 328 connects to an 
inverse transform module 334, which in turn has an output 
connected to the Subtractor 338. The inverse transform 
module 334 comprises hardware, Software, or a combination 
of both configured to reverse the transform operation. In one 
embodiment, this comprises returning the input to the 
inverse transform module 334 to the same domain as which 
the outgoing Signal was in prior to transform processing by 
the transform module. In one embodiment, this comprises an 
inverse Fourier transform operation. 
0062) The subtractor 338 subtracts the output of the 
adaptive canceller system 320 from the received signal to 
thereby isolate the desired FE signal. The output of the 
subtractor 338, which comprises the FE signal or a signal 
generally similar to the FE Signal, is provided as one output 
350 from the transceiver 300 and as a feedback signal, for 
purposes of adaptation, to the adaptation module 326. 
0.063. In operation, the adaptive canceller system 320 
reduces the echo and the crosstalk components in the 
received signal. The transceiver 300 receives a signal on an 
output 302 to be sent over the channel 306. To reduce the 
echo and the crosstalk components, the Signal is provided to 
both the transmitter 304 and the adaptive canceller system 
320. The transmitter 304 processes the signal and outputs the 
Signal onto the channel 306. During operation, the receiver 
322 receives a composite Signal on input 310 comprised of 
the FE signal and a signal coupled through H(s). The 
receiver 322 processes these inputs in a manner known in the 
art. To remove the coupled Signal, the adaptive canceller 
system 320 is configured with transfer function that approxi 
mates the coupling function H(s). The output of the adaptive 
canceller System 320, herein after the cancellation Signal, is 
Subtracted from the received signal to isolate the FE Signal. 
0064. To generate the cancellation signal, the input trans 
mit Signal from output 302 is Subject to a transform opera 
tion in the transform module 324 to create a transformed 
Signal. The Scaling module modifies the transformed domain 
Signal based on a weighting variable W that is generated by 
the adaptation module 326. The scaling module 328 utilizes 
the weighting variable to perform processing on the trans 
form domain Signal to generate a cancellation Signal. Stated 
another way, the weighting variables realize the transfer 
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function of the Scaling module 328 to cause the Scaling 
module to generate the desired cancellation signal. In one 
embodiment, the scaling module 328 multiplies the trans 
form domain Signal and the weighting variable to generate 
the one or more cancellation Signals. 
0065. In one embodiment, calculation of the weighting 
variable by the adaptation module 326 occurs based on the 
least mean Square (LMS) algorithm and feedback from the 
signal on line 350. Manipulation of the weighting variable 
modifies the cancellation signal, which in turn modifies the 
output of subtractor 338. As a result, the feedback to the 
adaptation module 326 is also modified to allow the adaptive 
canceller System 320 to adapt to the changes in crosstalk and 
echo. It is contemplated that other forms of adaptation may 
be utilized other than LMS, Such as but not limited to 
Stochastic gradient, constrained LMS, Recursive Least 
Squares (RLS), Fast Kalman, Gradient Lattice and Least 
Squares Lattice. 

0066. Thereafter, the output of the scaling module 328 is 
Subject to an inverse transform operation, to return the Signal 
to the original domain. This cancellation Signal, restored to 
the original domain, is provided to the subtractor 338, where 
it is Subtracted from the receiver output thereby removing 
the crosstalk signal from the received signal and isolating 
the FE signal. 

0067 FIG. 4 illustrates a block diagram of an exemplary 
embodiment of the adaptive cancellation system 320 shown 
in the transceiver of FIG. 3. Aspects of FIG. 4 are similar 
to FIG.3 and hence, identical elements are referenced with 
identical reference numerals. The aspects of the adaptive 
canceller system 320 are now described in more detail. The 
input signal, to the cancellation system 320, on line 302 
connects to a serial to parallel converter 408, which in turn 
connects to an overlap processing module 412. The Signal on 
line 302 may comprise a signal to be transmitted to a remote 
station, Such as station B from FIG. 2. 

0068 The serial to parallel converter 408 may comprise 
any device or System that converts the Serial input on line 
302 to two or more parallel lines. In one embodiment, the 
serial to parallel converter 408 comprises a de-multiplexer. 
Conversion to the parallel format aids in processing, Such as 
conversion to the transform domain, of the Signals while 
Satisfying System time constraints. 
0069. The overlap processing module 412 comprises a 
combination of hardware, Software, or both, configured to 
modify the Signals that are Subject to the transform. The 
overlap processing as described herein reduces distortion 
that would otherwise be generated by the transform process 
in the absence of Such overlap processing. Overlap methods 
assist in achieving true linear convolution from the cyclic 
convolution of the fast Fourier transform. Any form of 
overlap processing may occur. Two Such overlap methods 
comprise overlap-and-save (OAS) and overlap-and-add 
(OAA). In one embodiment, the overlap is a 5/8 overlap, 
although it is contemplated that 50% overlap or any other 
type of overlap processing may occur. 

0070 The overlap processing module 412 output feeds 
into the transform unit 416, which in one embodiment 
comprises a Fast Fourier Transform (FFT) unit. The math 
ematical operation of the FFT is understood by one of 
ordinary skill in the art, and hence the FFT unit is not 
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discussed in detail herein. The output of the transform unit 
416 comprises the input Signal in the transform domain. 
With proper overlap methods, this can be realized in the 
frequency domain with computationally efficient Fast Fou 
rier Transforms (FFT). It is contemplated that other methods 
of transforming the Signal into an alternative domain are also 
available. These include, but are not limited to, Hadamard 
transform, Cosine transform, Walsh transform and Sine 
transform. 

0071. The output of the transform unit 416 connects to a 
processing module 424 and an adaptation block 420. The 
adaptation block 420 calculates one or more weighting 
variables W that are provided to the processing module 424. 
The processing module 424 may comprise any configuration 
of hardware, Software, or both configured to generate a 
cancellation signal. In one embodiment, the processing 
module 424 comprises a processor or digital Signal proces 
Sor. In one embodiment, the processing module 424 com 
prises a multiplier configured to perform a multiplication 
operation in the transform domain that yields a result that 
could be arrived at by convolution of the received inputs in 
the time domain. The processing module 424 uses the 
weighting variables to Scale the inputs provided to the 
processing module 424. It is contemplated that a parallel 
input is provided to the processing module 424; any number 
of weighting variables may also be provided to the proceSS 
ing module. In one embodiment, the processing occurs in the 
transform domain, and hence the processing module 424 
yields a result that may be considered equivalent a convo 
lution in the time domain. In this embodiment, multiplica 
tion in the frequency domain yields a result generally 
equivalent to convolution in the time domain. 

0.072 In one embodiment, the weighting variables may 
comprise the variables WV, WV, WV, WV, WV. . . . 
, WV. The output from the transform unit 416 may 
comprise {TD, TD, TD, TD, TD, ..., TD, and the 
resulting output from the multipliers may comprise 
{WV*TD, WV*TD, WVTD, WV*TD, WV, TD, 
... WVTD}. Thus, it can be seen that in one embodiment 
the multiplier occurs on a component-by-component basis. 

0073. This approach exploits the transform property that 
cyclic convolution in the time domain, although much 
different in operation and theory, yields a result that is 
mathematically equal to multiplication in the transform 
domain. Depending on the number of taps in the time 
domain filter, the complexity reduction of using the FFT, 
IFFT and frequency tap (vector) multipliers versus the time 
domain tap delay line can be as much as an order of 
magnitude. This is a Significant advantage over Systems not 
utilizing this method of operation. Moreover, the FFT and 
IFFT may be executed in the digital domain to increase 
efficiency. It is also contemplated that Fourier optics may be 
utilized to realize equivalent processing. 

0.074 There are numerous techniques available for real 
izing the FFT and IFFT, such as but not limited to, Cooley 
Tukey, Goertzel, Good-Thomas and Winograd. In one 
example embodiment, the Cooley–Tukey method is enabled. 
Moreover, it is contemplated that decimation-in-time or 
decimation-in-frequency may occur. In one embodiment, 
decimation-in-frequency occurs for the FFT while decima 
tion-in-time occurs for the IFFT. In one example implemen 
tation, the parameterization of the FFT/IFFT processes 1024 
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real samples with a 512 point complex FFT/IFFT. In this 
implementation example, overlap and Save processing may 
occur as described herein. By way of example, Such an 
implementation example may process 640 new Samples in 
each block. An equivalent processing Structure based on 
prior art principles of processing in the time domain would 
require 385 filter taps. Hence, a significant advantage is 
realized. In addition, it is also contemplated that the method 
and apparatus described herein may be utilized to process 
not only Signals that originate as real Signals, but also signals 
that originate as complex Signals. For example, the proceSS 
ing of complex Signals in a wireleSS communications envi 
ronment may occur based on the teachings contained herein. 
0075) The output of the multiplier 424 feeds into an 
inverse Fast Fourier Transform unit 430, which reverses the 
Fourier transform operation to thereby return the Signal to 
the time domain. As an advantage of the method and 
apparatus described herein, the Fast Fourier Transform and 
inverse Fast Fourier Transform may be utilized to reduce 
computational complexity and Speed of operation. The out 
put of the inverse Fast Fourier Transform unit (ITU) 430 
connects to an overlap processing module 434 which oper 
ates in the manner described above in conjunction with FFT 
module 412. The overlap processing module 434 provides 
the time domain signal to the parallel to serial converter 438. 
In one embodiment, the parallel to serial converter 438 
comprises a multiplexer. 

0076. The serial output of the parallel to serial converter 
438 feeds into the Subtractor 338 to be Subtracted from the 
output of the receiver 322. The processing of the adaptation 
block weighting variable W combined with multiplication in 
the frequency domain, or any transform domain, generates a 
Signal capable of canceling the unwanted coupling that is 
combined with the FE signal. 
0077. The output of the subtractor 338 is provided to 
Subsequent processing Systems of the transceiver or com 
munication system. The output of the subtractor 338 is also 
provided to a serial to parallel converter 440 that converts 
the input to a parallel Signal and provides the parallel Signal 
to an overlap processing module 444. The output of the 
overlap processing module 444 undergoes a Fourier trans 
form operation in a Fast Fourier Transform unit 448 to 
convert the Signal to the frequency domain. The output of the 
Fast Fourier Transform unit 448 is provided to the adapta 
tion unit 420 as a feedback control Signal. The adaptation 
unit 420 also receives the output from the transform unit 
416. 

0078. Of particular importance is conversion of the input 
signal by the transform units 448, 416 to the transform 
domain, Such as the frequency domain, So that cyclic con 
volution in the time domain yields a result that is math 
ematically equal to multiplication in the frequency domain. 
Domains other than the frequency domain may realize 
Similar properties. Hence, the Scope of the claims should not 
be limited to Fourier transforms or transforms that result in 
transformation to the frequency domain. 
0079. In one embodiment, the adaptation unit 420 
executes least mean Squared (LMS) adaptation to generate 
the weighting variables. The LMS adaptation may be con 
Strained or unconstrained. In one embodiment, the uncon 
Strained proceSS is preferred as it eliminates an extra FFT/ 
IFFT block pair and may perform more effectively. Through 
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adaptation, the desired weighting variables may be arrived at 
to cancel all or a portion of the unwanted crosstalk and echo. 
Thus, the signal path through devices 440, 444, 448, 420 
operate as a feedback path of a Servo control System. In one 
embodiment, the number of weighting variables is related to 
the size of the transform unit 416 output. 
0080 Operation of the example embodiment shown in 
FIG. 4 is similar to operation of the embodiment shown in 
FIG. 3, and hence a detailed discussion regarding operation 
is not repeated. In Summary, through processing of the input 
signal on line 302, the adaptive cancellation system 320 
generates a cancellation signal that may be used to cancel 
one or more of the croSStalk or echo on the received signal. 
0081 FIG. 5 illustrates a block diagram of the parallel 
line Structure of the multiplier and its associated devices. AS 
shown, the multiplier 504, such as multiplier 424 shown in 
FIG. 4, receives inputs I-IN from an FFT unit 508. The 
variable N may comprise any positive integer value, and 
hence the principles discussed herein are applicable with any 
number of parallel lines. The multiplier 504 also receives 
weighting variables Wo-WN from an adaptation module 512. 
The multiplier 504 has outputs Oo-ON that provide the result 
of the multiplication to the IFFT unit 516. The multiplier 
performs multiplication in the frequency domain, in this 
example embodiment, the domain resulting from the FFT 
operation. In one embodiment, this operation provides a 
result equal to cyclic convolution. It is contemplated that the 
multiplication of the weighting variables occurs on a com 
ponent-by-component basis and that each weighting vari 
able may comprise a different value. Thus, the multiplication 
may occur as Woxo, WXI, up to the value N. In addition, 
the multiplier may have a shared multiplier Such that a single 
multiplier may be utilized for more than one line, or may 
possess up to N number of different multipliers. 

0082. As an advantage to the method and apparatus 
disclosed in FIGS. 3, 4, and 5, a reduction in complexity is 
realized by multiplication in a frequency domain, Such as the 
transform domain obtain from a Fourier transform. In SyS 
tems of the prior art, a multi-tap, time-domain filter may 
have been required. However, utilizing processing in the 
transform domain one or more multiplication operations 
need only be performed. This may realize a 10-fold advan 
tage in terms of complexity. 

0.083. In addition to the reduction in complexity, space 
requirements, and computational demands, the principles 
described above may be applied to multi-channel configu 
rations. In addition, by exploiting the properties of the 
transform domain, additional benefits may be realized. FIG. 
6 illustrates a block diagram of an embodiment of the 
consolidated transmit Side processing System in a multi 
channel environment. This embodiment builds on this com 
plexity Savings by exploiting the multiple channel environ 
ment to realize a major reduction in complexity and size. In 
general, a transmit signal is being used as a reference into 
Several cancellers to eventually generate transform outputs 
for each of the channels into which it is disturbing. The 
transform outputs are Scaled by weighting variables to 
generate cancellation signals to cancel the echo or crosstalk 
that is received at a particular transceiver. Thus, the first 
transceiver for channel 1 would generate a transform output 
for each receiver associated with channels 1 throh 4. Like 
wise, each of the other transmitters in a multi-transceiver 
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communication System would likewise generate four trans 
form outputs. These principles may be applied to commu 
nication Systems having any number of channels, and it can 
be seen that using prior art cancellation Systems, the imple 
mentation complexity is overwhelming. 
0084. In a direct realization of the embodiment shown in 
FIG. 4, a multi-channel system would require N FFT units, 
i.e., one FFT unit for each of N channels. N may comprise 
any positive integer. In Such an embodiment, the same Signal 
would be provided to the input of each FFT. But, since the 
input to each FFT is the same, it follows that the output of 
each FFT is the same. Thus, in one embodiment of the 
invention, a consolidation is made such that only one FFT 
unit is utilized and its output is fanned out to N cancellation 
systems. Such an embodiment is shown in FIG. 6. With 
regard to the level of complexity and size reduction, in the 
embodiment with 4 transmitters, the total number of FFT 
units would be reduced from 16 to 4, a Substantial 75% 
Savings. This Substantial reduction in size and complexity is 
in addition to the benefits gained from use of multiplication 
in the frequenency domain instead of convolution in the time 
domain. 

0085 Turning now to FIG. 6, the input 302 to the first 
transceiver of a multi-transceiver communication System 
connects to the transmitter 304 and to a serial to parallel 
converter 604. The output of the serial to parallel converter 
604 connects to an overlap processing module 608, which in 
turn has an output that feeds into an FFT unit 612. These 
devices and their operation are discussed above and hence, 
are not discussed again. 
0086) The output of the FFT unit 612 may be fanned 
using connectors 616A-616N to a cancellation system for a 
first channel through an N' channel. This reduces the total 
number of serial to parallel converters 604, overlap process 
ing modules 608, and FFT units 612 by consolidating the 
processing apparatus and distributing the resulting Signal. It 
provides a reduction in hardware by a factor of the number 
of channels. Thus, for a four channel System, one-fourth as 
many transform domain processing Systems are required 
where the domain transform processing System are defined 
as the Serial to parallel converter 604, overlap processing 
module 608, and FFT unit 612. 
0087. Similar advantages may be realized on the inverse 
transform side. FIG. 7 illustrates a block diagram of an 
embodiment of a consolidated receiver Side processing 
System in a multi-channel environment. The embodiment of 
FIG. 7 is similar to FIG. 6 in that it realizes the advantages 
of a consolidated processing System with a distributed 
output. As shown, inputs 704A-704N arrive from cancella 
tion processing Systems associated with other channels. 
Thus, in a multi-channel environment, each receiver within 
each transceiver would include Such hardware to cancel the 
unwanted echo and croSStalk. 

0088. The inputs 704A-704N connect to one or more 
adders, Such adders 708A, 708B. An alternative embodiment 
may be configured to use three 2 input adders as opposed to 
one 2 input adder 708A and one three input adder 708B. The 
adders 708A, 708B combine the signals and provide the 
summation to an inverse transform unit 720. The output of 
the inverse transform unit 720 feeds into an overlap pro 
cessing module 724, which in turn outputs the Signal to a 
parallel to serial converter 728. The serial signal is provided 
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to a subtractor 338 to be subtracted from the composite 
Signal processed by the receiver 322. 
0089. As a result of the adders 708A, 708B, the process 
ing of devices 720, 724,728 may be consolidated through a 
Single path as shown. A direct implementation without the 
consolidation would require an inverse transform unit 720 
and its associated hardware for each channel. Due to lin 
earity in the transform domain, the multiplicity of Subtrac 
tors 338 can be moved to the input of the inverse transform 
unit 720 as shown. Thus, only one inverse transform unit 
720 is needed. In the embodiment with 4 inputs from 4 
receivers, the total number of inverse transform units 720 
has been reduced by a factor of 4 (from 16 to 4), again a 75% 
Savings. 

0090 Combining the embodiments of FIG. 6 and FIG. 7 
yields the embodiment of FIG. 8. FIG. 8 illustrates a block 
diagram of an example embodiment of a consolidated can 
cellation system. It is shown as having transmitters Tx1-TXN 
and having receivers RX1-RXM. It is contemplated that the 
values of N and M may comprise any positive integer, and 
hence the principles may be extended to any number of 
transmitters and receivers. In this example, NxM frequency 
weights are used to complete the processing. 
0091 Turning now to FIG. 8, elements shown in FIG. 8 
that are also shown in FIGS. 6 and 7, are labeled with 
identical reference numerals. Similarly, reference numerals 
that differ only by an alpha identifier are used to differentiate 
similar, but repetitive devices. Moreover, only the portions 
or aspects of FIG. 8 that were not discussed in prior figures 
are discussed. AS shown, the output of each transform unit 
612 connects as an input to one or more multipliers W. In the 
embodiment of FIG. 8, the output of transform unit 612A is 
distributed to multiple multipliers, namely multipliers W11, 
W21, W31, WM1. The output of the transform units 612A 
may be considered to be fanned out to multiplier blocks. 
Each multiplier block is comprised of multipliers W. In this 
embodiment, each multiplier block is comprised of one or 
more multipliers W and each block is associated with a 
channel. 

0092. The multiplier modules W perform multiplication 
of the outputs from the transform units 612 with one or more 
weighting variables that are provided to the multipliers W. 
The weighting variable input to the multiplier W is not 
shown in FIG. 8 due to limitations in space; however, it 
should be understood as being received from and an adap 
tation block (element 420, FIG. 4), Switch or other device. 
The reference numeral of each multiplier W indicates the 
connection of the multiplier. For example, multiplier W13 is 
a multiplier that receives an input signal from a third 
transmitter and provides the multiplier output to the con 
Solidated processing System associated with a first receiver. 
0093. The output of the multipliers W connect to sum 
ming junctions 708A-708N as shown. As can be seen in this 
embodiment, each Summing junction 708 receives an input 
from a number of multipliers W. The number of inputs 
received at each Summing junction may be based on the 
number of channels. Thus, Summing junction 708A receives 
an input from multipliers W11, W12, W13, W1N. Hence, the 
inputs to the Summing junction 708A, which corresponds to 
the first channel, are the coupling from each of the other 
channels, including the first channel. The Summing junction 
708A and the other elements 720A, 724A, 728A of this 
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processing branch provide the combined and filtered signal 
to a subtractor (element 338, FIG. 4) to remove these 
coupled Signals from the Signal received on the first channel 
(element 310 of FIG. 4). 
0094 AS can be seen, the output of the converter 728A is 
a cancellation signal that accounts for the coupling into the 
Signal received on the first channel. This is true because the 
Summing junction 708A receives processed cancellation 
signals from multipliers W11, W12, W13, WIN, which in 
turn had received and processed signals from each of the 
transmitters associated with the other channels in the com 
munication System. 
0095. This pattern of processing also executes on the 
other branches of the multi-channel coupling cancellation 
System, as would be understood by one of ordinary skill in 
the art based on the previous discussion. As an advantage to 
this processing System as compared to the prior art or 
non-consolidated System, a reduction in complexity and 
processing is realized. For example, in a four-channel Sys 
tem, the reductions realized by the consolidated System 
shown in FIG. 8 equates to a reduction of 75% as compared 
to a non-consolidated System. This is in addition to the 
benefits gained by processing in the transform domain. 
0096 FIG. 9 illustrates a block diagram of an exemplary 
embodiment having distributed adaptive processing. In FIG. 
9, elements that were described in the previous figures are 
referenced with identical reference numbers and are not 
discussed in detail again. As a result, the focus of FIG. 9 is 
the Scheduled distribution of one or more weighting vari 
ables from the adaptation processing branch to the multi 
pliers associated with the one or more channels. The weight 
ing variables may be distributed to the various channels in 
any manner. In one embodiment, the Scheduling occurs 
evenly in round robin fashion. In another embodiment, the 
round robin Scheduling occurs in blockS. It is contemplated 
that the adaptation processing could also occur in real time 
for each channel, rather than Shared as is shown. 

0097. In reference to FIG. 9, the transform units 612A 
612N process the inputs from other channels into a trans 
form domain, Such as for example by use of a Fourier 
transform. The output of each transform unit 612A-612N is 
provided to the multiplier block 704 and to a data Switch 
908. It is contemplated that a multiplier block 704 be 
asSociated with each channel, in this embodiment channels 
1-N. The data Switch 908 selectively inputs the transform 
units outputs to the block adaptation module 420. A data 
Switch control line 920 connects to the data Switch 908 to 
thereby control operation of the data Switch. The control 
Signals to the Switches may be generated by hardware, 
Software, or a combination of both. In one embodiment, one 
or more hardware State machines generate one or more 
control Signals used to control the Switches described herein. 
It is contemplated that a micro controller may generate the 
control Signals. Synchronization of data, Such as by use of 
control signals to a Switch 908, is understood by one of 
ordinary skill in the art and hence is not discussed in great 
detail herein. 

0098. The multiplier block 704 includes the multipliers 
W11, W12, W13, W1N. The output of the multipliers 704 
feed into the processing elements Subsequent to the multi 
pliers 704 as shown for channel 1 and are processed in a 
manner described above in conjunction with FIG. 8. In a 
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four channel embodiment, the adaptation module 420 may 
generate Sixteen weighting variable Sets Such that each 
channel is provided a Sub-Set of four weighting variables, 
and each Subset comprises Sufficient weighting variables to 
modify the output from a transform unit 612 as desired. 
0099] The output of the subtractor 338 is provided as an 
input to an error Switch 912. As part of the output of the 
subtractor 338 is also the FE signal or a signal generally 
similar to the FE signal. The error Switch 912 provides one 
of the error input signals from lines 930 to the serial to 
parallel converter 440. In this embodiment, the feedback 
Signal is considered an error Signal and is used for purposes 
of adaptation. A control line 940 connects to the error Switch 
912 to control which input signal from lines 930 is provided 
to the serial to parallel converter 440. Processing occurs 
through elements 444, 448, and 420 as described above. 
0100. The block adaptation unit 420 generates the 
weighting variables that are provided to the weighting 
variable switch 916, which is in turn controlled by a control 
signal on a control input 924. The weighting variable Switch 
916 has outputs that connect to processing apparatus for 
each channel. As shown for channel 1, the Switch 916 
provides the weighting variables to the multipliers in the 
multiplier block 704 which would receive the weighting 
variables. It is contemplated that each line between the 
weighting Switch 916 and the multiplier block 704 com 
prises numerous parallel lines. Thus, for the first channel, 
weighting variables are provided to multiplier W11, W12, 
W13 and so on up to multiplier WIN, wherein N is any 
positive integer. These are the weighting variables that the 
multipliers W receive and process to generate the cancella 
tion signals to remove coupling on channel 1. AS discussed 
above, these multipliers utilize the weighting variables dur 
ing the processing to modify the outgoing Signals that have 
been converted to the transform domain to thereby arrive at 
the proper cancellation signal. 
0101 Although the connection between the weighting 
Switch 916 and each of the multiplier blocks 704A is shown 
as a Single line, it should be understood that each connection 
may comprise a multi-conductor parallel line. In the Specific 
example of the connection between Switch 916 and the 
multiplier block 704A, there comprises a multi-path con 
nection for each multiplier W. Likewise, numerous connect 
ing lines between elements shown in FIG. 9 and other 
figures discussed herein may comprise one or more multi 
path parallel conductors. For example, the input to the 
parallel to serial converter 728A is a parallel data path while 
the output of the parallel to Serial converter is a Serial data 
path. 

0102) It should be understood that for purposes of under 
Standing, only the connections associated with channel 1 are 
shown. It is contemplated that connections from each trans 
form unit 612 would have outputs which fan out to each of 
the other multiplier blocks 704 associated with the other 
channels. Likewise, an output from each of the transform 
units 612 would also fan out to the data Switch 908 as shown 
for use by the block adaptation module 420. 
0103) In operation, generation of weighting variables by 
the block adaptation module 420 is shared by multiple 
channels. This has the effect of reducing complexity, power 
consumption, and size requirements of an implementation. 
To achieve these benefits, the output of the transform units 
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612 is selectively switched to the block adaptation module 
420, as is the output of the subtractor 338 via error signal 
Switch 912. The block adaptation module 420 performs 
processing on the transform unit outputs and the error Signal 
to generate the weighting variables. The weighting variable 
Switch 916 selectively Switches the weighting variables to 
the multipliers WasSociated with the appropriate channel at 
the appropriate time in response to the control Signal on 
control lines 920, 924 and 940. 

0104. It is anticipated that the rate of change in channel 
conditions is Sufficiently slow to allow for a shared adapta 
tion processing. Thus, during a first time period, weighting 
variables for a first channel are calculated and provided to 
the multipliers. These weighting variables are utilized by the 
first channel multipliers until a Subsequent update for the 
weighting variables associated with the first channel. During 
a Second time period, weighting variables are calculated for 
use by the multipliers associated with the Second channel 
and these weighting variables are used until the next update 
of the Second channels weighting variables. This process 
continues in this manner for each of the channels. 

0105. It is contemplated that the update process may 
occur on a Sequential basis or based on Some other factor. 
For example, a random pattern may be adopted. In another 
embodiment, the error Signal may be monitored and adap 
tation processing may be dedicated on a greater percentage 
basis to channels having a greater error Signal or with high 
rates of change in the error Signal. In this manner, a 
controller, processor, or other device may Selectively allo 
cate adaptation resources based on one or more factors. For 
example, if one channel is Subject to coupling levels that 
change over time, then the weighting variables associated 
with that channel may be updated more often than the 
weighting variables associated with the other channels. Prior 
weighting values and history may be stored in a memory or 
register. A comparator, control logic, or processor may 
perform the comparison. It is further contemplated that if the 
number of channels is greater than that which may be 
Serviced in a timely manner by a single adaptation System, 
then the cancellation System may comprise more than one 
shared adaptation System. For example, an eight channel 
communication System may utilize a first adaptation System 
for the first four channels and a Second adaptation System for 
channels five through eight. 

0106. One advantage of the shared adaptation system is 
that the components and processing requirements of the 
adaptation System need not be duplicated for each channel, 
and as a result, reduced power consumption and complexity 
is realized. In addition, cancellation System size is also 
minimized without degrading operation. 

0107 FIG. 10A illustrates a block diagram of an 
example embodiment having an error Signal Source Selector. 
The embodiment shown in FIG. 9 utilized the output of the 
subtractor (element 338 of FIG. 9) as the error signal for 
adaptation. After an initial adaptation period, the adaptation 
may continue to account for changes in the coupling that 
may occur during data mode. However, when adapting 
based on the Subtractor output, it may be necessary to 
maintain a narrow adaptation bandwidth that in turn may 
undesirably limit the effectiveness of the adaptation process. 
The embodiment of FIG. 10A is provided to address these 
issues. 
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0108). In the embodiment shown in FIG. 10A, the source 
of the error Signal is Selectable as either the output of 
subtractor 1024, which may be compared to the output of 
subtractor 338 of FIG. 9, or a slicer (decision device) error 
signal. As shown, the aspects of FIG. 10A may be divided 
for purposes of discussion into an adaptive canceller Sub 
System 1004 and an equalization and Signal isolation Sub 
system 1008 for channel 1. Although only the first channel 
processing components are shown in subsystem 1008, it is 
contemplated that the other channels, Such as channels 
associated with inputs RX1, RX2, up to and including RXN, 
where N is any positive integer, may be configured similarly 
to that shown for channel 1. 

0109 The adaptive canceller 1004 may comprise any 
adaptive canceller capable of reducing or eliminating 
unwanted coupling, Such as echo or crosstalk. In one 
embodiment, the adaptive canceller 1004 comprises the 
canceller shown in FIGS. 8 and 9, and hence the canceller 
Subsystem 1004 is not described in detail again. The error 
value input 1012 into the adaptive canceller subsystem 1004 
and the cancellation Signal from the adaptive canceller 
Subsystem on cancellation signal output 1016 provide the 
input to and the output from the adaptive canceller in 
relation to the first channel receiver 1008. The input line 
1012 provides an error Signal to the cancellation Subsystem 
1004. The output line 1016 provides the cancellation signal 
to the channel one receiver and the cancellation signal is 
Subtracted from the received signal to reduce or eliminate 
unwanted echo, croSStalk or combination of both. The input 
1012 may be compared to the input(s) lines 930 to the error 
switch912 shown in FIG. 9. Similarly, the output 1016 may 
be compared to the input to the subtractor 338 from the 
parallel to serial converter 728A also shown in FIG. 9. 

0110. The first channel receiver subsystem 1008 is now 
discussed. A signal is received over transmission line 1020 
and provided to a subtractor 1024. During operation, the 
subtractor 1024 removes the cancellation signal received 
from the adaptive canceller 1004 from the received signal. 
Other processing apparatus, not shown, may reside prior to 
the Subtractor 1024 for processing of the received signal, as 
would be understood by one of ordinary skill in the art. The 
Subtractor's output is provided to an error Source Switch 
1028 and a first equalizer 1032. In one embodiment, the first 
equalizer 1032 comprises a feedforward equalizer; however, 
it is contemplated that any type equalization System may be 
utilized. The error source Switch 1028 may comprise a 
multiplexer or any other type device capable of Selectively 
providing any of two or more inputs as an output. The first 
equalizer 1032 may be configured to reduce intersymbol 
interference of the received signal. 

0111. The output of the first equalizer 1032 feeds into a 
subtractor 1036, the output of which feeds into a decision 
device 1044 and an error signal subtractor 1040. The deci 
sion device 104.4 may comprise a data slicer. The subtractor 
1036 subtracts a second equalizer feedback signal from the 
first equalizer 1032 output in a feedback configuration as 
shown. The output of the decision device 1044 feeds into the 
error signal subtractor 1040 and a second equalizer 1048. 
The second equalizer 104.8 may be configured to reduce 
intersymbol interference. Both the first equalizer 1032 and 
the second equalizer 1048 may be trained as a pair to reduce 
intersymbol interference. Operation of the equalizers 1032, 
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1048 and the decision device are understood by one of 
ordinary skill in the art and accordingly, are not described in 
detail herein. 

0112 The output of the error signal subtractor 1040 
comprises the difference between the decision device 1044 
input and the decision device output. This decision device 
error Signal defines the relative error between the received 
signal and the decision output by the decision device 1044. 
The error signal subtractor 1040 is provided as a second 
input to the error source switch 1028. The error source 
Switch 1028 receives a control signal on a control line 1048 
and Selectively provides either of the error Signals to the 
adaptive canceller 1004. The select signal on control input 
1048 determines which error signal is provided to the 
adaptive canceller subsystem 1004. This apparatus may be 
repeated on each of the other channels or a multiplexed or 
Switched arrangement may be utilized. 
0113. It is contemplated that either of the error signals 
may be utilized by the adaptive canceller 1004. In one 
embodiment, the error Signal provided prior to equalization 
is utilized during an initial training mode, Such as based on 
subtractor 1024 output. In one embodiment, this occurs in 
the absence of a far-end Signal Such as at initial Start-up. 

0114. In one embodiment, the decision device error sig 
nal from the subtractor 1040 is utilized for adaptation in the 
presence of a far-end Signal, Such as for example during data 
mode. This allows the cancellation System to account for 
dynamic changes in the interference coupling behavior. The 
term training mode is defined to mean the processes of 
generating weighting variables in the adaptive canceller at 
Start-up, re-start, during transmission of a training Signal, or 
when the amount of change in the weighting variables is too 
great for modification during adaptation. The term adapta 
tion is defined to mean the processes of generating weight 
ing variables during operation of the communication System. 
0.115. As an advantage to the configuration of FIG. 10A, 
the error Signal to the adaptive canceller may be provided 
from the subtractor 1024 to thereby reduce the complexity of 
the first equalizer 1032 and the second equalizer 1048. This 
method of operation improves training or adaptation accu 
racy of the first equalizer due to cancellation of unwanted 
echo and croSStalk prior to processing of the received signal 
by the equalizers 1032, 1048. 
0116. When a FE signal is present, an advantage of 
adapting based on the decision device output (output of 
subtractor 1040) is that for a given adaptation bandwidth the 
adaptation will respond faster, i.e., adapt more rapidly. Thus, 
the communication System may maintain a wider adaptation 
bandwidth as compared to adaptation based on Subtractor 
1024 output. The term adaptation bandwidth is related to the 
time constant of the adaptation System of an adaptable 
communication System. In other embodiments, the decision 
device error may be utilized during both initial training and 
adaptation during data mode. Although one example method 
of operation is described above, it is contemplated that either 
of the error Signals may be used at any time as may be 
desired to Suit the needs of the communication System. 
0117 FIG. 10B illustrates an alternative embodiment of 
a block diagram of an example embodiment having an error 
Signal Source Selector. AS compared to FIG. 10A, common 
elements are labeled with identical reference numbers. In 
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contrast to FIG. 10A, the embodiment of FIG. 10B routes 
the cancellation signal on line 1016 into subtractor 1036. In 
one configuration, this routing and point of Subtraction 
occurs when the decision device error Signal, which is output 
from subtractor 1040, is selected by the Switch 1028 as the 
input to the multiple channel adaptive canceller 1004. This 
provides the advantage of a potentially more accurate opera 
tion, as the cancellation signal is Subtracted from the incom 
ing Signal at a point in close proximity to the generation of 
the error Signal. 
0118 FIG. 11 illustrates a block diagram of an example 
embodiment of an adaptive canceller having both analog 
domain cancellation and digital domain cancellation capa 
bility. As shown, the aspects of FIG. 11 may be divided for 
purposes of discussion into an adaptive canceller Subsystem 
1104 and an analog cancellation Subsystem 1108 for channel 
1. Although referred to as an analog cancellation Subsystem, 
Some aspects may have discrete implementations, as is 
contemplated with the residual canceller 1146. Further, 
although only the first channel analog cancellation compo 
nents are shown in subsystem 1108, it is contemplated that 
the other channels, Such as channels RX1, RX2, up to and 
including RXN, where N is any positive integer, may be 
configured similarly to that shown for channel 1. 
0119) The adaptive canceller 1104 may comprise any 
adaptive canceller capable of reducing or eliminating 
unwanted coupling, Such as echo or crosstalk. In one 
embodiment, the adaptive canceller comprises the canceller 
shown in FIGS. 8 and 9, and hence the canceller subsystem 
1104 is not described in detail again. The error value input 
1112 into the adaptive canceller Subsystem 1104 and the 
cancellation Signal from the adaptive canceller Subsystem 
1104 on cancellation signal output 1116 provide the input to 
and the output from the adaptive canceller in relation to the 
first channel receiver. The input 1112 provides an error 
signal to the cancellation subsystem 1104. The output 1116 
provides the cancellation Signal to the first channel receiver 
and the cancellation Signal is Subtracted from the received 
Signal to reduce or eliminate unwanted echo or crosstalk. 
The input 1112 may be compared to the input(s) lines 930 to 
the error switch 912 as shown in FIG. 9. Similarly, the 
output 1116 may be compared to the input to the subtractor 
338 from the parallel to serial converter 728A, both of which 
are shown in FIG. 9. 

0120 In Some instances, the dynamic range of the signal 
may be very large, and as a result, it may be desired to cancel 
a portion or all of the coupling in the analog domain. This 
will prevent clipping, which is generally understood to be 
undesirable. This may be due to limitations in the analog 
to-digital converter utilized to convert the received analog 
Signal to the digital domain. One Such limitation may 
comprise a limited dynamic range, which may be exceeded 
when unwanted echo or crosstalk is combined with the FE 
Signal. These challenges are made more difficult at high 
Speed and high resolution processing. Canceling a portion of 
the coupling, i.e., the echo and the crosstalk, in the analog 
domain reduces the dynamic range requirements of analog 
front-end processing Systems and the analog to digital 
converter associated with the receiver. Hence, in one 
embodiment it is desired to cancel all or a portion of the echo 
or crosstalk or both in the analog domain. 
0121 Turning now to the analog cancellation Subsystem 
1108, the received signal is provided on an input 1120 to an 
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analog Subtractor 1124. Also provided as an input to the 
analog cancellation Subsystem 1108 is the cancellation Sig 
nal from the adaptive cancellation Subsystem 1104 on path 
1116. The path 1116 connects to a Switch S1 having a first 
position A and a second position B. The Switch S1, when in 
a Second position B, provides the Signal to a Subtractor 1128 
to achieve operation as described above in conjunction with 
FIG. 10. Alternatively, Switch S1 may be in the first position 
A, thereby connecting the cancellation Signal, which is in the 
digital domain, to a MSB (most significant bit) isolation unit 
1130 and to a subtractor 1134. In combination, the MSB 
isolation unit 1130 and a subtractor 1134 may be considered 
a MSB and LSB (least significant bit) isolation system. 
When mixed Signal canceling, it may be desired to cancel 
the more significant portion of the coupling in the analog 
domain. Hence, the most Significant bits are isolated for 
analog cancellation. The MSB isolation unit 1130 isolates 
any number of most significant bits, which are in turn 
provided to a digital-to-analog (DAC) converter 1138 and to 
the subtractor 1134. It is contemplated that all of the bits may 
be isolated. The MSB isolation unit 1130 may comprises any 
device configured to isolate and output the most significant 
bits and the least significant bits. The MSB isolation unit 
may comprise a multiplexer, shift registers, control logic, or 
combination thereof. 

0.122 The subtractor 1134 generates a difference signal 
between the input to the MSB isolation unit 1130 and the 
output of the MSB isolation unit and provides this difference 
signal to a variable buffer 1142. In the embodiment shown 
in FIG. 11, the difference signal comprises one or more least 
Significant bits of the cancellation Signal from the adaptive 
canceller 1104. 

0123 The variable buffer 1142 comprises any type 
memory, register or other data Storage device configured to 
store data. In one embodiment, the variable buffer 1142 
performs short term buffering to aid in Synchronization of a 
received signal with the cancellation signal. Thus, the error 
portion can then be properly aligned with the LMS algo 
rithm or other adaptation method So that adaptation occurs 
properly. It is further contemplated that the coupling Signals 
may propagate through a transmission line at a different rate 
than the primary Signal. As a result, buffering or delay may 
be necessary or desired. 

0.124. The output of the variable buffer 1142 feeds into a 
residual canceller 1146. The residual canceller 1142 may 
comprise a digital filter or Signal processing device config 
ured to process an input to yield an output dependant upon 
one or more filter coefficients. In one embodiment, the 
residual canceller 1142 operates in the time domain and is 
trained, adapted, or both, based on the LMS algorithm. In 
one exemplary embodiment, the residual canceller com 
prises an adaptive eight tap digital filter configured to 
account for the impulse response of the analog front-end. 
The impulse response may cause a delay in the Signal. The 
residual canceller 1146 accounts for delay and changes in 
Signal characteristics, Such as from filtering, that occurs in 
the analog front-end. In one embodiment, the residual can 
celler 1146 comprises a time domain filter. In one embodi 
ment, the residual canceller 1146 comprises an eight tap 
filter, although the claims should not be limited by this 
example implementation. The residual canceller 1146 may 
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be adapted using the same error Signal as the adaptation 
system shown in FIG. 9. If analog cancellation occurs, then 
it may be necessary to modify the adaptation of the residual 
canceller 1146 to account for delay or other signal modifi 
cation, time dispersion, or filtering effects of the analog front 
end. Accordingly, the residual canceller 1146 may be con 
sidered a dynamic device capable of accounting for the 
effect of the signal passing through elements 1124, 1150, and 
1154. 

0.125 The output of the residual canceller 1146 is an 
input to a second switch S2. The second Switch has a first 
position A and a Second position B as shown. The Second 
position B of Switch S2 connects the output of the residual 
canceller 1146 to the Subtractor 1128. 

0.126 The aspects of the analog cancellation subsystem 
1108 that were previously described comprise aspects of 
cancellation that occur in the digital domain. Such digital 
cancellation may occur in addition to the analog domain 
cancellation that is described below. AS identified above, the 
DAC 1138 converts the most significant bits from the 
adaptive canceller 1104 to the analog domain. Any type 
analog to digital converter may be utilized as would be 
understood by one of ordinary skill in the art. Cancellation 
only in the analog domain may challenge the dynamic range 
capability of the digital-to-analog converter 1138. The out 
put of the DAC 1138 feeds into the analog subtractor 1124 
and is Subtracted from the received signal arriving on input 
1120. Because the output of the DAC 1138 is the most 
Significant portion of the cancellation signal received from 
the adaptive canceller 1104, this subtraction cancels at least 
a portion of the received signal in the analog domain. 
Canceling a portion of the coupling Signal in the analog 
domain provides the advantage of reducing the dynamic 
range requirements of Subsequent processing and reducing 
the amount of echo or cancellation or both that must be 
cancelled using digital Signal cancellation. Another advan 
tage is that canceling a portion of the coupling Signal in the 
analog domain reduces the amount of resolution required in 
the digital-to-analog conversion proceSS compared to can 
celing all the coupling Signal in the analog domain. 

0127. The output of the subtractor 1124 connects to an 
analog front-end 1150 that is configured to perform analog 
processing on the analog signal. In one embodiment, the 
analog front-end 1150 comprises analog filtering, amplifi 
cation and other analog processing. This processing prepares 
the Signal for Subsequent processing, Such as conversion to 
the digital domain. Thereafter, an analog to digital converter 
(ADC) 1154 transforms the analog signal to the digital 
domain. The resulting digital signal feeds into the Subtractor 
1128, which may subtract from the ADC output the signal 
from the first Switch S1 or the second Switch S2. This 
configuration of hardware, Software or both may be repeated 
for each of the other channels in a multi-channel commu 
nication System. 

0128. The first switch S1 and the second switch S2 
assume either of two different positions. In one method of 
operation, the following table defines possible Switch posi 
tion permutations. 
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Switch S1 Switch S2 
Position Position System Operation 

B A. All Cancellation Occurs in Digital Domain 
A. A. All Cancellation Occurs in Analog Domain 
B B Not Allowed 
A. B Cancellation Occurs in Both Analog and Digital 

Domain 

0129. Through selective control of the position of 
Switches S1, S2, the type of cancellation that occurs may be 
tailored to Suit the particular needs of the communication 
System. 

0130. It should be noted that the system shown in FIG. 
11 may be modified in accordance with the teaching of FIG. 
10B to accommodate situations when the error signal on line 
1012 (FIG.10B) comprises the decision device error output, 
such as for example a slicer error, generated by device 1040 
in FIG. 10B. In such an embodiment, it is contemplated that 
the outputs of the Switches S1 and S2 shown in FIG. 11 may 
be configured with outputs that connect to the Subtractor 
1036 (FIG. 10B) instead of connected to the subtractor 1128 
of FIG. 11 or the Subtractor 1024 of FIG. 10A. As discussed 
above, this provides the advantage of Subtracting the can 
cellation Signal from a received signal at a point in the 
processing chain that is close to the point where the error 
Signal is generated. Such considerations may improve Sys 
tem performance and accuracy. 

0131 FIG. 12 illustrates a block diagram of an example 
embodiment of an adaptation processing System having a 
variable delay. FIG. 12 is generally similar to aspects of 
FIGS. 4 and 9 and, as a result, aspects of FIG. 12 that differ 
from FIGS. 4 and 9 are the focus of discussion. In addition 
to the components of FIGS. 4 and 9, the embodiment of 
FIG. 12 includes a delay 1240 configured to receive the 
output of the error Switch 912. As shown, the delay 1240 
may be variable and controlled to optionally introduce any 
level of delay into the error signal from the error Switch 912 
to thereby synchronize the output of the data Switch908 with 
the output of the transform unit 448. The variable delay 1240 
of FIG. 12 may be similar in construction and operation to 
the variable buffer 1142 shown in FIG. 11. Any level or 
amount of delay or filtering may be implemented and the 
amount of delay or filtering may differ or be identical to the 
delay introduced by the variable buffer 1142 of FIG. 11. 
Other aspects of the processing performed by the System of 
FIG. 12 occur as described above. 

0.132. It is contemplated that the above-described 
embodiments may be implemented in the wireleSS environ 
ment. In Such an embodiment, a wireleSS communication 
device or System may utilize more than one wireleSS channel 
to increase data transmission rates or reduce error rates. A 
wireleSS channel would replace the channels described 
above to create a multi-channel wireleSS communication 
System. The wireless communication System may utilize an 
optical Signal, a radio frequency or other frequency electro 
magnetic type Signal, or any other type of wireleSS channel 
in use now or in the future. 

0133. It is also contemplated that the processing 
described herein may occur in an optical communication 
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System utilizing fiber optic cable or paths. A Fourier trans 
form and its inverse may be performed optically, and hence 
the processing described above may be performed in the 
optical environment. 
0134) Operation 
0135 FIGS. 13A and 13B illustrate an operational block 
diagram of an example method of operation of one embodi 
ment of the invention. In this example method, a reduced 
number of processing paths are utilized, Such as is contem 
plated by FIG. 8, to reduce computational complexity. 
Moreover, a transform operation allows use of less complex 
processing methods. At a Step 1304, the cancellation System 
receives channel data at a Station A transmitter. It is con 
templated that the cancellation System is part of a multi 
channel communication System and that there may be a 
transmitter associated with each channel. The data may be 
received from a data Source for transmission over a channel 
to a receiver at a Station B. AS part of transmission, the 
channel data Signal may also be provided to a cancellation 
System for processing to generate cancellation signals. The 
cancellation signals are provided to the receivers at Station 
A to cancel interference generated by the transmission of the 
channel data transmitted from Station A to Station B and 
which couples into the channel data, Such as a far end Signal, 
transmitted from station B to station A. The term channel 
data as used in FIG. 13 means data or Signals that are 
received over a channel or are to be transmitted over a 
channel. 

0136. At a step 1308, the cancellation system de-multi 
plexes the channel data from a Serial format to a parallel 
format. At a step 1312, the cancellation System performs 
overlap processing on the channel data. Overlap processing 
occurs to allow time-domain linear convolution to be per 
formed by multiplication in the transform domain. Next, at 
a step 1316 the cancellation System performs a transform 
operation to convert the data to a transform domain to create 
transform data. The term transform domain is defined above. 
Once the channel data is in the transform domain, the 
operation progresses to a step 1320 and the transform data 
is output to one or more multipliers. Likewise, at a step 1324 
the multipliers receive weighting multipliers from an adap 
tation module. The weighting multipliers comprise numeric 
values that are Selected to modify the transform data, based 
on an error Signal. Accordingly, at a step 1328 the multipliers 
multiply the transform data with the weighting variables to 
generate cancellation data. In one embodiment, the multi 
plication occurs on a data block by data block basis. It is 
contemplated that in one embodiment a weighting variable 
is multiplied with the value on each parallel conductor. Next, 
at a step 1334 the cancellation System provides the cancel 
lation data to one or more Summing junctions. 
0.137 In one embodiment, the multipliers are associated 
into blocks and each block of multipliers is associated with 
a processing path that feeds into a particular Summing 
junction and thereafter used for cancellation on the incoming 
Signal on a particular channel. In Such an embodiment, the 
output from each transform unit feeds into at least one 
multiplier in each multiplier block. In this embodiment, the 
output of each multiplier in each multiplier block feeds into 
the same Summing junction. A hardware representation of 
this embodiment is shown in FIG. 8. 

0138 Next, at a step 1338 the cancellation system adds 
the cancellation data that was presented to each Summing 
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junction. This process of adding combines cancellation data 
from each transmit channel into a cancellation Signal tai 
lored to cancel the unwanted interference that will be present 
on each incoming Signal, Such as an incoming Signal from a 
Station B. Thus, a composite cancellation signal is created in 
each Summing junction at Step 1338. Thereafter, at a step 
1342 the operation performs an inverse transform to reverse 
the effect of the transform operation and return the cancel 
lation data to the time domain. As an advantage of the 
method and apparatus described herein, the linear properties 
of the transform domain allow the Summation of the indi 
vidual cancellation signals to be added to form a composite 
combined cancellation Signal. As a result of these properties, 
processing may be consolidated and complexity reductions 
realized. 

0.139. At a step 1346, overlap processing occurs, and at a 
step 1350 the cancellation system converts the cancellation 
data to a Serial format. Thereafter, concurrently, or prior 
thereto, a Station A receiver receives an incoming Signal 
from a Station B transmitter. The incoming Signal, having 
previously passed through one of the channels connecting 
Station A to Station B, comprises interference coupling and 
the far-end Signal. To remove the unwanted interference 
coupling, the operation at a step 1358 combines the cancel 
lation data with the incoming Signal. In one embodiment, the 
cancellation signal is created to be generally identical to the 
unwanted interference that coupled onto the incoming Sig 
nal, and hence the cancellation signal is Subtracted from the 
incoming signal. Thereafter, at Step 1362 the operation 
outputs the resulting interference free Signal from the 
receiver or the cancellation System for additional receiver 
based processing. 
0140 FIG. 14 illustrates an operational flow diagram of 
an example method of weighting variable generation and 
distributed processing as may be performed by an adaptation 
System. This is but one possible method of generating 
weighting variables and Selectively distributing the weight 
ing variables to other aspects of the weighting System. At a 
step 1404, this exemplary method of operation receives error 
Signals at an error Switch. Any number of error Signals may 
be received, Such as error Signals 1 through N, where N is 
any positive integer. In one embodiment, the error Switch is 
provided with error Signals from each channel. It is con 
templated that in one embodiment an error Signal comprises 
the incoming Signal after having the cancellation Signal 
Subtracted from the incoming Signal. In one embodiment, 
the error Signal comprises a signal based on a decision 
device output or decision device error Signal. 
0141 Next, at a step 1408 the adaptation system selec 
tively Switches one or more Selected error Signals to a 
variable delay. In one embodiment, only one error Signal is 
provided to the delay. At the delay, and at a step 1412, the 
delay may optionally introduce any amount of delay into the 
error Signal to achieve a desired level of Synchronization 
with other aspects of the cancellation System. Any type of 
delay may be utilized. It is also contemplated that the delay 
may be introduced at any Stage of processing or may be 
introduced within the cancellation System instead of or in 
addition to the adaptation System. Thereafter, at a step 1416 
a Serial to parallel converter converts the Selected error 
Signal to a parallel format. At a step 1420, the adaptation 
System performs overlap processing on the Selected error 
Signal and at a step 1424 error Signal undergoes a transform 
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operation to convert the Selected error Signal to the trans 
form domain. It is contemplated that the transform units of 
the cancellation System and the transform units of the 
adaptation System manipulate an input into a domain that 
share the properties discussed above So that compatibility 
may be maintained. In other embodiments, simplified pro 
cessing may occur other than a multiplication. 

0142. After the transform operation, the data is provided 
to an adaptation module. This occurs at a Step 1428. At Step 
1432, the transform data, which comprises the channel data 
in the transform domain, is provided to the adaptation 
module. In one embodiment, the transform data is provided 
to the adaptation module via a data Switch that operates in 
a similar manner to the error Switch. It is contemplated that 
the Switches of the adaptation System are Synchronized Such 
that during common time periods, processing occurs on data, 
Such as error Signals and channel data corresponding to a 
common channel. Thus, when the adaptation module is 
receiving an error Signal associated with channel 1, it would 
also be receiving transform data associated with channel 1. 
0143 At a step 1436, the adaptation module processes 
the transformed error Signal and the transform data to 
generate weighting variables. The processing generates 
weighting variables tailored to modify the transform data 
into cancellation data capable of canceling interference that 
has coupled onto the incoming Signal. The adaptation mod 
ule may perform any type processing to generate the weight 
ing Variables. In one embodiment, the least mean Square 
algorithm is executed. In other embodiments, least Squares 
type adaptation occurs. 

0144. After adaptation processing the adaptation module 
outputs one or more weighting variables to the weighting 
variable switch. This occurs at a step 1440. The weighting 
variable Switch Selectively outputs the weighting variables 
to the multipliers of the cancellation System. AS discussed 
above, the adaptation System may be considered to be shared 
by the one or more channels of the multi-channel commu 
nication System. It is contemplated that the rate of change in 
the interference that couples onto a channel is Sufficiently 
Slow to allow for a shared adaptation System. At a step 1444, 
the weighting variable Switch outputs the one or more 
weighting variables to the multipliers. 

0145 FIGS. 15A and 15B illustrate an operation flow 
diagram of an example method of operation of mixed signal 
cancellation. It may be desired to perform at least a portion 
of the cancellation in analog domain. As a result, in one 
embodiment the cancellation may Selectively occur in only 
the digital domain, only the analog domain, or in both 
domains. Cancellation utilizing both analog domain cancel 
lation signals and digital domain cancellation Signals is 
referred to as mixed domain cancellation. While numerous 
methods for mixed domain cancellation may be enabled 
based on the principles disclosed herein, FIGS. 15A and 
15B provide one exemplary method of operation. It is 
contemplated that the method described herein may occur at 
each receiver or at a centralized location that is shared by 
each receiver in a multi-channel communication System. At 
a step 1504, a receiver within a station A communication 
device receives an incoming Signal from a Station B trans 
mitter. At a step 1508, the receiver receives a cancellation 
Signal from a cancellation System, Such as for example the 
cancellation System described above. 
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0146). At a decision step 1512, a determination is made as 
to whether the cancellation will be entirely in the digital 
domain. If the cancellation will occur only in the digital 
domain, then the operation advances to Step 1516 and routes 
the cancellation signal, which is contemplated to be in the 
digital domain, to a mixed signal Subtractor. At a step 1520, 
the operation combines the cancellation Signal with the 
incoming Signal, Such as a signal from the Station B. By 
combining the cancellation signal with the incoming Signal, 
the unwanted echo, or croSStalk, or both may be cancelled. 
0147 Alternatively, it may be preferred to perform mixed 
domain cancellation or only analog domain cancellation. If 
at Step 1512, the analog or mixed domain cancellation is 
selected, then the operation advances to a step 1528 wherein 
the mixed Signal processing System actuates a first Switch to 
achieve mixed domain or analog cancellation. As a result of 
the actuation of the first Switch, the cancellation signal is 
routed to a mixed domain cancellation System. This occurs 
at a step 1532. At a step 1536, the most significant bits are 
isolated from the least significant bits. This may occur in any 
manner as would be understood by one of ordinary skill in 
the art. 

0.148. Thereafter, at a step 1540 the mixed signal pro 
cessing System converts the most significant bits to an 
analog cancellation signal. This may occur in a digital-to 
analog converter. At a step 1544, the analog cancellation 
Signal is combined with the incoming analog signal to create 
a processed incoming Signal. The processed incoming Signal 
comprises the incoming Signal with a portion of the inter 
ference generated by echo and croSStalk removed. The 
portion of the interference that is removed is the portion 
removed by the most Significant bits of the cancellation 
Signal. It is contemplated that all of the interference may 
have been removed at this stage, or that a portion of the 
unwanted interference may remain in the processed incom 
ing Signal. 
0149. At a step 1548, the processed incoming signal is 
Subject to front-end processing, as would be understood by 
one of ordinary skill in the art, and at step 1552 the mixed 
Signal processing System converts the processed incoming 
signal to the digital domain. Thereafter, at a step 1556 the 
processed incoming Signal, now in the digital domain, is 
provided to the mixed Signal Subtractor. The mixed signal 
Subtractor may combine the processed incoming Signal with 
other Signals in the mixed Signal Subtractor. If only analog 
domain cancellation is occurring, then the analog domain 
cancellation may be the only cancellation that occurs, and as 
a result, the processed incoming Signal is provided to other 
aspects of the receiver for further processing. 
0150. It is also contemplated that in addition to the analog 
domain cancellation, it may be desired to also perform 
cancellation in the digital domain. Thus, at a decision Step 
1560 a determination is made if only analog domain can 
cellation will occur. If at decision step 1560 only analog 
domain cancellation is to occur, then the operation advances 
to a step 1564 wherein a second switch is actuated to achieve 
cancellation only in the analog domain. Cancellation in only 
the analog domain is described above. At a step 1568, the 
operation returns to a step 1504, and the operation repeats 
during Signal reception. 

0151. Alternatively, if at step 1560 mixed signal cancel 
lation is desired, then the operation advances to a step 1572. 
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At a step 1572, the second switch is actuated to route a 
portion of the cancellation Signal in the mixed signal pro 
cessing System to be processed in accordance with the 
following StepS. 

0152. At a step 1574, delay is optionally introduced into 
the least Significant bits of the cancellation Signal that was 
isolated at step 1536. Thereafter, at a step 1578 the mixed 
Signal processing System filters the least Significant bits of 
the cancellation signal. The filtering of step 1536 occurs to 
compensate for filtering by the analog front-end that occurs 
between the point where the analog cancellation signal is 
combined with the far-end Signal and the mixed mode 
Subtractor. At a step 1582, the mixed signal processing 
System routes the least Significant bits of the cancellation 
Signal to the mixed domain Subtractor, wherein at a step 
1586 the mixed domain subtractor combines the least sig 
nificant bits of the cancellation Signal with the incoming 
processed signal. By combining the least Significant bits of 
the cancellation Signal with the incoming processed signal, 
additional cancellation of interference occurs. The portion of 
the interference that is cancelled is that represented by the 
least significant bits of the cancellation signal. Mixed 
domain cancellation cancels a portion of the interference in 
the analog domain and hence, prior to the front-end pro 
cessing. This provides the advantage of a lower dynamic 
range required by the analog front-end, Such as the analog to 
digital converter, and precise cancellation that can be 
achieved by having at least a portion of the cancellation 
occurring in the digital domain. Other advantages include, 
but are not limited to, a reduction in the amount of resolution 
required in the digital-to-analog conversion proceSS com 
pared to canceling all the coupling in the analog domain. 

0153. While various embodiments of the invention have 
been described, it will be apparent to those of ordinary skill 
in the art that many more embodiments and implementations 
are possible that are within the Scope of this invention. 

What is claimed is: 
1. An interference cancellation System configured to per 

form cancellation utilizing Signals that are either analog 
domain Signals or digital domain Signals, or both, the System 
comprising: 

a first input configured to receive an incoming Signal; 

a Second input configured to receive a cancellation signal 
and provide the cancellation signal to a mixed signal 
processing System; 

an analog domain cancellation System comprising: 
a signal Separation unit configured to Separate the 

cancellation Signal into first portion and a Second 
portion; 

a digital to analog converter configured to convert the 
first portion of the cancellation Signal into the analog 
domain; 

a first Subtractor configured to Subtract the analog 
cancellation signal from the incoming Signal to cre 
ate a modified incoming Signal; 

an analog to digital converter configured to convert the 
modified incoming Signal to the digital domain; and 
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a Second Subtractor configured to Subtract the Second 
portion of the cancellation signal from the modified 
incoming Signal in the digital domain. 

2. The system of claim 1, wherein the value of the first 
portion is larger than the value of the Second portion. 

3. The System of claim 1, wherein the cancellation Signal 
is a cancellation Signal configured to cancel interference 
from other signals on two or more channels that coupled into 
the receive Signal. 

4. The System of claim 1, wherein the analog domain 
cancellation System cancels interference in the analog 
domain to reduce the dynamic range requirements of the 
analog to digital converter. 

5. The System of claim 1, further including a Switching 
apparatus configured to Selectively enable cancellation in the 
analog domain. 

6. A mixed Signal cancellation System configured to 
cancel interference that couples onto a received signal in a 
multi-channel communication System comprising: 

a digital domain cancellation System configured to gen 
erate a first digital domain cancellation Signal; 

a mixed domain cancellation System configured to process 
the first digital domain cancellation Signal and generate 
an analog domain cancellation signal and a Second 
digital domain cancellation Signal; 

a Switching apparatus configured to Selectively combine, 
with the received signal, either the first digital domain 
cancellation signal or both the second digital domain 
cancellation Signal and the analog domain cancellation 
Signal. 

7. The system of claim 6, wherein the digital domain 
cancellation System performs processing in a transform 
domain to generate the first digital domain cancellation 
Signal. 

8. The System of claim 6, wherein the Switching apparatus 
comprises a multiplexer. 

9. The System of claim 6, wherein canceling a portion of 
the interference in the analog domain reduces dynamic range 
requirements of a receiver's analog to digital converter. 

10. The system of claim 6, wherein the multi-channel 
communication System comprises a four channel commu 
nication System and each channel comprises two conductors. 

11. A method for canceling unwanted coupling in the 
analog domain in a received signal to reduce the require 
ments of a receivers front-end processing, the method 
comprising: 

receiving a cancellation signal in the digital domain from 
a multi-channel cancellation signal generator; 

processing the cancellation Signal to isolate one or more 
most significant bits and one or more least Significant 
bits; 

converting the one or more most significant bits from the 
digital domain to the analog domain to create an analog 
domain cancellation Signal; 

Subtracting the analog domain cancellation Signal from 
the received signal to create a modified received Signal; 

converting the modified received signal to the digital 
domain; and 

Subtracting the one or more least Significant bits from the 
modified received signal in the digital domain. 
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12. The method of claim 11, wherein the multi-channel 
cancellation signal generator performs processing in the 
transform domain to generate the cancellation signal. 

13. The method of claim 11, wherein reducing the require 
ments of a receivers front-end processing comprises reduc 
ing the required dynamic range of an analog to digital 
converter in the receiver. 

14. The method of claim 11, wherein the one or more most 
Significant bits comprises the analog cancellation signal and 
one or more least significant bits comprises the digital 
cancellation signal. 

15. The method of claim 11, further comprising monitor 
ing the magnitude of the received signal and, responsive to 
controlling a Switching apparatus, Selectively Subtracting the 
one or more most significant bits from the received signal. 

16. A method for canceling unwanted coupling in a 
received signal received over a communication channel 
comprising: 

generating a cancellation signal; 
providing the cancellation Signal to a mixed Signal can 

cellation System; 
Separating the cancellation signal into a first portion and 

a Second portion; 
Subtracting the first portion, in an analog format, from the 

received signal; and 
Subtracting the Second portion, in a digital format, from 

the received signal, wherein Subtracting the first portion 
and the Second portion cancels unwanted coupling in 
the received signal. 

17. The method of claim 16, wherein the first portion 
comprises one or more of the most significant bits of the 
cancellation Signal and Subtracting the first portion further 
comprises converting the first portion to an analog format. 

Oct. 28, 2004 

18. The method of claim 16, further comprising selec 
tively enabling cancellation in the analog domain by com 
paring the magnitude of the cancellation Signal to a thresh 
old value Such that if the magnitude of the cancellation 
Signal exceeds a threshold value, then enabling cancellation 
in the analog domain. 

19. The method of claim 18, wherein the capability of the 
receiver is not exceeded when processing a received signal 
having a magnitude at or below the threshold value. 

20. The method of claim 16, wherein generating a can 
cellation Signal comprises performing processing in a trans 
form domain to manipulate outgoing Signals on the two or 
more channels to generate a cancellation signal that cancels 
unwanted coupling from the two or more channels. 

21. The method of claim 16, wherein subtracting the 
Second portion, in a digital format, from the received signal 
further comprises digitally filtering the Second portion prior 
to Subtracting. 

22. The system of claim 6, wherein the mixed domain 
cancellation System further comprises a residual canceller. 

23. The system of claim 22, wherein the residual canceller 
comprises a digital filter configured to modify the Second 
digital domain cancellation signal to account for delay or 
time dispersion in the analog domain cancellation Signal. 

24. The method of claim 11, further comprising perform 
ing digital filtering on the one or more least Significant bits 
to account for creating the modified received signal and 
converting the modified received signal to the digital 
domain. 

25. The method of claim 16, further comprising perform 
ing residual cancellation utilizing a digital filter on the 
Second portion prior to Subtracting the Second portion from 
the received signal. 


