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plurality of transmitters adapted for communication with at
least one receiver. The access node is operative to simulta-
neously estimate channel coefficients between multiple ones
of the transmitters and the receiver, and to utilize the esti-
mated channel coefficients to control at least one data signal
sent by at least one of the multiple transmitters to the receiver.
In the process of simultaneously estimating the channel coef-
ficients, the access node transmits a plurality of distinct prob-
ing signals, each of which is generated based on a distinct
combination of a common probing sequence and a selected
one of a plurality of different frequency expansions. The
access node may comprise at least a portion of at least one
central office of a DSL. communication system.
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1
SIMULTANEOUS ESTIMATION OF
MULTIPLE CHANNEL COEFFICIENTS
USING A COMMON PROBING SEQUENCE

FIELD OF THE INVENTION

The present invention relates generally to communication
systems, and more particularly to techniques for controlling
crosstalk between communication channels in such systems.

BACKGROUND OF THE INVENTION

As is well known, a communication system may utilize
multiple communication channels to communicate signals
between transmitters and receivers of the system. For
example, multiple channels may be used to separate different
transmitted data signals from one another, or to provide an
increased data rate.

A problem that can arise in multiple channel communica-
tion systems relates to crosstalk between the various chan-
nels, also referred to as inter-channel crosstalk. For example,
digital subscriber line (DSL) broadband access systems typi-
cally employ discrete multi-tone (DMT) modulation over
twisted-pair copper wires. One of the major impairments in
such systems is crosstalk between multiple subscriber lines
within the same binder or across binders. Thus, a transmission
on one subscriber line may be detected on other subscriber
lines, leading to interference that can degrade the throughput
performance of the system. More generally, a given “victim”
channel may experience crosstalk from multiple “disturber”
channels, again leading to undesirable interference.

Dynamic spectrum management (DSM) techniques have
been developed in order to combat interference and to maxi-
mize the effective throughput and reach of a DSL system.
Lower level DSM techniques, commonly referred to as Level
1 and Level 2 techniques, generally adjust the power levels
associated with a given subscriber line in an attempt to mini-
mize interference. Level 3 techniques are more sophisticated,
and allow active cancellation of inter-channel crosstalk
through the use of a precoder. The precoder is typically used
to achieve crosstalk cancellation for downstream communi-
cations between a central office (CO) and customer premises
equipment (CPE). It is also possible to implement crosstalk
control for upstream communications from the CPE to the
CO, using so-called post-compensation techniques.

One known approach to estimating crosstalk coefficients
for downstream power control or crosstalk cancellation in a
DSL system involves transmitting distinct pilot signals over
respective subscriber lines between a CO and respective CPE
of the system. Error feedback from the CPE based on the
transmitted pilot signals is then used to estimate crosstalk.
Other known approaches involve perturbation of precoder
coefficients and feedback of signal-to-noise ratio (SNR) or
other interference information.

Crosstalk estimates are commonly utilized in situations in
which it is necessary to “join” an additional line to a group of
active lines in a DSL system. For example, it may become
necessary to activate one or more inactive lines in a synchro-
nization group that already includes multiple active lines.
Such joining of an additional line may require that the power
control or precoder be adjusted accordingly in order to opti-
mize system performance.

Crosstalk estimates are also used in a variety of other line
management applications, including determining whether or
not to precode, and setting power levels on victim and dis-
turber lines.
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Accordingly, it is important to have accurate crosstalk esti-
mates that can be generated quickly and efficiently.

SUMMARY OF THE INVENTION

The present invention in one or more illustrative embodi-
ments provides techniques for simultaneous estimation of
channel coefficients, using a plurality of distinct probing sig-
nals generated from a common probing sequence. Such chan-
nel coefficients can be used as crosstalk estimates for control-
ling crosstalk through power control or preceding, and are
also suitable for use in numerous other signal control appli-
cations.

In accordance with one aspect of the invention, an access
node of a communication system comprises a plurality of
transmitters adapted for communication with at least one
receiver. The access node may comprise, for example, at least
aportion of at least one CO of a DSL communication system.
The access node is operative to simultaneously estimate chan-
nel coefficients between multiple ones of the transmitters and
the receiver, and to utilize the estimated channel coefficients
to control at least one data signal sent by at least one of the
multiple transmitters to the receiver. In the process of simul-
taneously estimating the channel coefficients, the access node
transmits a plurality of distinct probing signals, each of which
is generated based on a distinct combination of a common
probing sequence and a selected one of a plurality of different
frequency expansions.

Multiple common probing sequences may be used, with
each such common sequence being combined with different
frequency expansions to generate respective ones of a plural-
ity of distinct probing signals.

In an illustrative error feedback embodiment, the distinct
probing signals may comprise respective pilot signals trans-
mitted to respective receivers over respective channels of the
system, and the common probing sequence may comprise a
common pilot sequence. The simultaneous estimation of
channel coefficients in this embodiment may involve, for
example, processing error samples fed back from the receiv-
ers based on the transmitted pilot signals.

In an illustrative SNR feedback embodiment, the distinct
probing signals may comprise respective perturbation signals
applied to respective precoder coefficients, and the common
probing sequence may comprise a common perturbation
sequence. The simultaneous estimation of channel coeffi-
cients in this embodiment may involve, for example, process-
ing SNR reports or other interference information fed back
from the receiver based on the transmitted perturbation sig-
nals.

Advantageously, the illustrative embodiments allow
crosstalk estimates to be obtained much more quickly than
would otherwise be possible, resulting in enhanced speed of
operation within the system. For example, a given line can be
joined to a group of active lines in substantially less time than
would otherwise be required.

These and other features and advantages of the present
invention will become more apparent from the accompanying
drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a multi-channel communica-
tion system in an illustrative embodiment of the invention.

FIG. 2 shows a more detailed view of one possible imple-
mentation of the FIG. 1 system.
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FIGS. 3A through 3C are plots illustrating a technique for
simultaneous crosstalk estimation of multiple channels using
a common probing sequence.

FIGS. 4 and 5 are block diagrams illustrating an error
feedback approach to obtaining crosstalk estimates without
the use of simultaneous estimation of multiple channels using
a common probing sequence.

FIGS. 6 and 7 are block diagrams illustrating the manner in
which the error feedback approach of FIGS. 4 and 5 may be
adapted to implement simultaneous estimation of multiple
channels using a common probing sequence in accordance
with an illustrative embodiment of the invention.

FIGS. 8 and 9 are block diagrams illustrating an SNR
feedback approach to obtaining crosstalk estimates without
the use of simultaneous estimation of multiple channels using
a common probing sequence.

FIGS.10 and 11 are block diagrams illustrating the manner
in which the SNR feedback approach of FIGS. 8 and 9 may be
adapted to implement simultaneous estimation of multiple
channels using a common probing sequence in accordance
with an illustrative embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will be illustrated herein in conjunc-
tion with exemplary communication systems and associated
techniques for obtaining crosstalk estimates in such systems.
The crosstalk estimates may be used in conjunction with
joining subscriber lines or other communication channels to a
group of active channels in such systems, or for other line
management functions. It should be understood, however,
that the invention is not limited to use with the particular types
of communication systems and channel estimation applica-
tions disclosed. The invention can be implemented in a wide
variety of other communication systems, using alternative
techniques for obtaining channel coefficient estimates, and in
numerous alternative applications involving the use of such
estimates. For example, although illustrated in the context of
DSL systems based on DMT modulation, the disclosed tech-
niques can be adapted in a straightforward manner to a variety
of other types of wired or wireless communication systems,
including cellular systems, multiple-input multiple-output
(MIMO) systems, Wi-Fi or WiMax systems, etc. The tech-
niques are thus applicable to other types of orthogonal fre-
quency division multiplexing (OFDM) systems outside of the
DSL context.

FIG. 1 shows a communication system 100 comprising a
central office (CO) 102 and customer premises equipment
(CPE) 104. The CPE 104 more particularly comprises N
distinct CPE elements that are individually denoted CPE 1,
CPE 2, ... CPE N, and are further identified by respective
reference numerals 104-1, 104-2, . . . 104-N as shown. A
given CPE element may comprise, by way of example, a
modem, a computer, or other type of communication device,
or combinations of such devices. The CO 102 is coupled to
these CPE elements via respective subscriber lines denoted
Line 1, Line 2, . . . Line N, each of which may comprise, for
example, a twisted-pair copper wire connection.

In an illustrative embodiment, fewer than all of the N lines
106-1 through 106-N are initially active lines, and at least one
of the N lines is a “joining line” that is to be activated and
joined to an existing group of active lines. The initially active
lines are an example of what is referred to herein as a “group”
of active lines. Such a group may be, for example, a synchro-
nization group, which may also be referred to as a precoding
group, or any other type of grouping of active lines.
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Communications between the CO 102 and the CPE 104
include both downstream and upstream communications for
each of the active lines. The downstream direction refers to
the direction from CO to CPE, and the upstream direction is
the direction from CPE to CO. Although not explicitly shown
in FIG. 1, it is assumed without limitation that there is asso-
ciated with each of the subscriber lines of system 100 a CO
transmitter and a CPE receiver for use in communicating in
the downstream direction, and a CPE transmitter and a CO
receiver for use in communicating in the upstream direction.
The corresponding transmitter and receiver circuitry can be
implemented in the CO and CPE using well-known conven-
tional techniques, and such techniques will not be described
in detail herein.

The CO 102 in the present embodiment comprises a
crosstalk estimate generator 110 coupled to a power control
element 112. The CO utilizes the crosstalk estimate generator
to obtain crosstalk estimates for respective ones of at least a
subset of the lines 106. The power control element 112 is used
to adjust power levels of signals transmitted over one or more
of the lines based on the crosstalk estimates.

It should be understood that power control is just one
illustrative example of an application in which the crosstalk
estimates generated in CO 102 can be utilized. Other appli-
cations include, for example, pre-compensation of down-
stream signals transmitted from the CO to the CPE, and
post-compensation of upstream signals received in the CO
from the CPE. Pre-compensation techniques may be imple-
mented using a precoder, an example of which will be
described in conjunction with FIG. 2. More generally,
crosstalk estimates generated in the manner described herein
can be utilized in any application involving coordinating sig-
nals sent from multiple transmitters in order to improve sys-
tem performance by increasing data rates, reducing errors,
etc.

The crosstalk estimate generator 110 may be configured to
generate crosstalk estimates from error samples, SNR values
or other types of measurements fed back to the CO 102 from
the CPE 104. Examples of particular techniques for generat-
ing crosstalk estimates will be described in detail below.

In other embodiments, crosstalk estimates may be gener-
ated outside of the CO 102 and supplied to the CO for further
processing. For example, such estimates may be generated in
the CPE 104 and returned to the CO for use in power control,
precoding, post-compensation or other applications.

A crosstalk estimate is an example of what is more gener-
ally referred to herein as a “channel coefficient estimate,” an
“estimated channel coefficient,” or simply a “channel esti-
mate.”

The crosstalk estimate generator 110 may incorporate
denoising functionality for generating denoised crosstalk
estimates. Examples of crosstalk estimate denoising tech-
niques suitable for use with embodiments of the invention are
described in U.S. patent application Ser. No. 12/352,896,
filed Jan. 13, 2009 and entitled “Power Control Using
Denoised Crosstalk Estimates in a Multi-Channel Commu-
nication System,” which is commonly assigned herewith and
incorporated by reference herein. It is to be appreciated, how-
ever, that the present invention does not require the use of any
particular denoising techniques. Illustrative embodiments to
be described herein may incorporate denoising functionality
using frequency filters as part of a channel coefficient estima-
tion process.

As will be described in greater detail below, the CO 102 is
configured to implement a technique for simultaneous esti-
mation of multiple ones of the channels 106 using a common
probing sequence. In implementing such a technique, the CO



US 8,218,419 B2

5

transmits distinct probing signals and obtains crosstalk esti-
mates based on measurements made in the CPE 104. The CO
102 then adjusts power levels, performs precoding or other-
wise controls data signal transmission based on the crosstalk
estimates. The simultaneous estimation using a common
probing sequence may be achieved by generating at least first
and second distinct probing signals from the common prob-
ing sequence. This generally involves applying a first fre-
quency expansion to the common probing sequence to gen-
erate the first distinct probing signal and applying a second
frequency expansion different than the first frequency expan-
sion to the common probing sequence to generate the second
distinct probing signal. The first and second distinct probing
signals are transmitted simultaneously, for example, on
respective channels or as respective perturbations of precoder
coefficients associated with a particular channel. Correspond-
ing measurements such as error samples or SNR values are
fed back from the CPE to the CO and utilized to generate
crosstalk estimates in crosstalk estimate generator 110.

Multiple common probing sequences may be used, with
each such common sequence being combined with different
frequency expansions to generate respective ones of a plural-
ity of distinct probing signals. For example, one embodiment
may comprise at least first and second common probing
sequences, and a set of F different frequency expansions. The
distinct probing signals generated in such an embodiment
may include a first set of F probing signals generated by
applying respective ones of the F different frequency expan-
sions to the first common probing sequence, and a second set
of F probing signals generating by applying respective ones
of the same set of F different frequency expansions to the
second common probing sequence. Of course, this approach
may be extended to more than two common probing
sequences. The approach generally allows multiple distinct
probing signals to be generated as combinations of different
frequency expansions and a single probing sequence. More
detailed examples will be described in conjunction with
FIGS. 4 through 11.

The term “simultaneous estimation” as used herein is
intended to encompass, by way of example, arrangements in
which the probing signals on which estimates are based are
transmitted at substantially the same time within the system,
as in the case of substantially simultaneous transmission of
pilot signals or perturbation signals. Accordingly, all aspects
of'a given estimation process used to generate multiple chan-
nel coefficient estimates need not occur at the same time for
each estimate in order for the estimation to be simultaneous as
that term is used herein.

The CO 102 further comprises a processor 115 coupled to
amemory 120. The memory may be used to store one or more
software programs that are executed by the processor to
implement the functionality described herein. For example,
functionality associated with crosstalk estimate generator
110 and power control element 112 may be implemented at
least in part in the form of such software programs. The
memory is an example of a computer-readable storage
medium that stores executable program code.

The CO 102 or a portion thereof may be viewed as an
example of what is more generally referred to herein as an
“access node” of a communication system. A single access
node may, but need not, comprise multiple COs or portions of
one or more COs. Another example of a possible access node
is a DSL access multiplexer (DSLAM). Thus, the term
“access node” as used herein is intended to be broadly con-
strued so as to encompass, for example, a particular element
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6

within a CO, such as a DSLAM, or the CO itself, as well as
other types of access point elements in systems that do not
include a CO.

Inthe illustrative embodiment of FIG. 1 the lines 106 are all
associated with the same CO 102 which may comprise a
single access node. However, in other embodiments, these
lines may be distributed across multiple access nodes. Differ-
ent ones of such multiple access nodes may be from different
vendors. For example, it is well known that in conventional
systems, several access nodes of distinct vendors can be con-
nected to the same bundle of DSL lines. Under these and other
conditions, the various access nodes may have to interact with
one another in order to achieve optimal interference cancel-
lation.

The terms “customer premises equipment” or CPE should
be construed generally as including other types of user equip-
ment in the context of non-DSL systems.

An implementation of the system 100 of FIG. 1 that
includes a precoder will be described below with reference to
FIG. 2. Such a precoder is used for active crosstalk cancella-
tion for downstream communications between the CO 102
and CPE 104. However, it should be emphasized that the
disclosed techniques can be adapted in a straightforward
manner for use in controlling crosstalk for upstream commu-
nications. Furthermore, the techniques are applicable to sys-
tems involving symmetric communications in which there is
no particular defined downstream or upstream direction.

Referring now to FIG. 2, the CO 102 is shown in this
particular implementation as including a controller 200, a
precoder 202, and a set of N transmitters denoted 204-1
through 204-N. The controller is coupled to the precoder and
the transmitters for controlling the transmission of down-
stream signals in system 100. The transmitters generate
respective streams of DMT symbols that are transmitted over
downstream data paths 220-1 through 220-N to respective
CPE 104-1 through 104-N. The precoder 202 utilizes
crosstalk estimates to adjust the downstream signals prior to
transmission in a manner that tends to cancel out the crosstalk
introduced in traversing the downstream data paths. Any ofa
wide variety of known precoding techniques may be used to
implement crosstalk cancellation for multiple joining and
active lines of the type described herein. Such precoding
techniques are well understood by those skilled in the art and
therefore will not be described in detail.

The downstream data paths 220 shown in FIG. 2 represent
downstream signal paths of the respective DSL lines 106
shown in FIG. 1. The system 100 also includes real-time
feedback signal paths 222, which may be upstream signal
paths of respective active ones of the DSL lines 106 shown in
FIG. 1. It should be noted that a joining line may not have such
a real-time feedback signal path until such time as the line is
joined to the group and becomes fully active, although in
other embodiments a joining line could, for example, be
provided with a real-time feedback signal path during an
initialization mode. The controller 200 supplies control sig-
nals to the CPE via control signal paths 224, which may
represent, for example, one or more designated and otherwise
conventional control channels within the DSL lines 106.

It should be noted that the controller 200 and precoder 202
may be implemented in whole or in part using the processor
115 of FIG. 1. For example, portions of the functionality
associated with the elements 200 and 202 may be imple-
mented in the form of software running on processor 115.

Each of the CPE 104 may be configurable into multiple
modes of operation responsive to control signals supplied by
the CO 102 over control signal paths 224, as described in U.S.
patent application Ser. No. 12/060,653, filed Apr. 1, 2008 and
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entitled “Fast Seamless Joining of Channels in a Multi-Chan-
nel Communication System,” which is commonly assigned
herewith and incorporated by reference herein. Such modes
of operation may include, for example, a joining mode and a
tracking mode. However, this type of multiple mode opera-
tion is not a requirement of the present invention.
Illustrative embodiments of the invention will be described
herein with reference to DMT tones. However, the term
“tone” as used herein is intended to be broadly construed so as
to encompass not only DMT tones but also other types of
sub-carriers of other multi-carrier communication systems.
It is assumed for illustrative purposes only that down-
stream transmission over each of the N channels 106 in the
system 100 is implemented using DMT modulation with K
tones per channel. The nature of the channel from one trans-
mitter to one receiver on a particular tone can be described by
acomplex coefficient. Accordingly, N°K channel coefficients
are needed in order to obtain the desired crosstalk estimates.
A typical conventional approach is to transmit pilot signals
over the respective channels and to make measurements at the
receivers. More specifically, mutually orthogonal pilot sig-
nals are transmitted over the channels, and then the received
signals are correlated with each pilot signal in turn. This
procedure is followed on each tone in parallel, i.e., the same
pilot signal value is sent on each tone of a given line. Since
N2K coefficients are being estimated, and NK measurements
can be made in each so-called “channel use,” N channel uses
are required. One can choose N pilotsequences p;, P, - - - ; Pa~
Each pilot sequence is a sequence of L. complex numbers,
pil1], p1l2], . - - py[L], and each sequence is assigned to a
different transmitter. Transmitter i sends the pilot sequence p,
by transmitting each of the I complex numbers in order. On
a particular tone k at time t, a given receiver observes a
superposition of signals from the N transmitters, plus addi-
tional measurement noise. The received signal is given by:

gnlk1pult] + Wi, k]

N
s[t, k] = Z
n=1

where g, [k] is the channel coefficient from transmitter n on
tonek and w[t,k] is noise. As indicated previously, in order for
the given receiver to distinguish between signals sent by
different transmitters, the pilot signals are usually chosen to
be orthogonal to each other, such that

Pulllpmlf]” =0

L
t=1

whenever n is not equal to m.

Then each channel coefficient in turn can be obtained, for
example, by correlating the received signal with the appro-
priate pilot signal, and normalizing by the signal power. The
processed estimate is

where W[k] is residual estimation noise on tone k.
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A significant drawback of the conventional approach
described above is that L., which denotes the length of the pilot
sequences, and thereby the number of channel uses, must be
at least as large as N. In order to allow the pilot sequences to
be transmitted simultaneously, the sequences must be linearly
independent, and hence the length of each sequence must be
atleast as long as the number of sequences. This is required in
order to ensure that the pilot sequences are mutually orthogo-
nal, or more generally to ensure that the pilot sequence cor-
relation matrix is invertible. As a result, the more distinct pilot
sequences that are used, the longer those sequences need to
be. Accordingly, the number of channel uses required to
obtain the desired estimates in this arrangement is the same as
the number of channels. Since each channel use can take a
significant amount of time, on the order of Y16 of a second in
typical DSL systems, the fact that . must be at least as large
as N causes problems such as requiring an excessive amount
of'time to join a new lineto a group of active lines, or requiring
an excessive amount of time to achieve optimum performance
on a new line that has recently joined a group of active lines.

ustrative embodiments of the invention overcome this
drawback of conventional practice through the previously-
mentioned simultaneous estimation of multiple channels
using acommon probing sequence. This allows the number of
different probing sequences to be reduced, such that the prob-
ing sequence length required to achieve linear independence
is also reduced.

In one such embodiment, pilot sequences are transmitted
that depend on tone as well as time. The value transmitted at
time t on tone k may be of the form:

pltij=uflip[i]

where u[k] denotes a frequency sequence. This embodiment
utilizes F different frequency sequences u, [k], . . ., uz[k] and
L mutually orthogoenal time sequences p, [t], . . ., p,[t]. Now,
one does not need a unique time sequence for each transmit-
ter. Instead, each transmitter needs to have a unique time/
frequency sequence pair. This means that channels from N
transmitters can be estimated in only L=N/F channel uses.

A time sequence is an example of what is more generally
referred to herein as a “probing sequence,” and a frequency
sequence is an example of what is more generally referred to
herein as a “frequency expansion.” The simultaneous estima-
tion techniques disclosed herein generally involve generating
and transmitting distinct probing signals, each of which is
generated based on a distinct combination of a common prob-
ing sequence and a selected one of a plurality of different
frequency expansions.

To obtain estimates from measurements, one performs a
time correlation, as in the conventional approach described
above, but then also performs a smoothing operation over
tones. The smoothing operation also has the property of
reducing the measurement noise. This operation is described
in more detail below.

The performance gain depends on the number of distin-
guishable frequency sequences F. This is determined by the
intrinsic smoothness of the crosstalk channel. We will say that
the channel has a coherence bandwidth of Q tones if the
coefficients for a band of K tones can be described using only
K/Q parameters. In this case, it is typically possible to find as
many as F=Q distinguishable frequency sequences. The pres-
ence of coherence bandwidth Q means that only N°K/Q
parameters need to be estimated to describe the channels.
Since NK measurements are obtained in each channel use, it
is possible to obtain the needed estimates in N/Q channel
uses, which is a significant improvement over the conven-
tional approach.
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An example using F=2 distinct frequency sequences and
Fourier-based smoothing will now be described with refer-
ence to FIGS. 3 A through 3C.

Assume that we wish to learn the crosstalk from N=48
transmitters into a given receiver. Normally, using time
sequences, 48 sequences of length [.=48 would be required.
Using the techniques of the invention, 24 sequences of length
=24 can instead be used. This means that pairs of two trans-
mitters must share the same time sequence. They will be able
to share the same time sequence because they have distinct
frequency sequences.

Consider two such transmitters that share a common time
sequence p[t], =1, . . ., L. Let g[k] represent the crosstalk
channel from the first transmitter, and let h[k] represent the
channel from the second transmitter, as a function of tone k,
for k=0, . . ., K-1. Let GJt] represent the Discrete Fourier
Transform (DFT) of g[k], and likewise let H[t] be the DFT of
h[k]. Assume that both g[k] and h[k] have a coherence band-
width of at least Q tones, meaning that G[t] and H[t] are both
approximately zero for t=M, . . ., K-1, where M=K/Q. Also
assume that Q is at least two, i.e., M is less than K/2.

The first transmitter sends pilot sequence p[t] on each tone,
as is normally done in the conventional approach. The second
transmitter sends the pilot sequence p[t] on even-numbered
tones, and the pilot sequence —p[t] on odd-numbered tones. In
other words, the two frequency sequences are u,[k]=1 and
wlkI=(=1)%, i.c., p, [tk]=plt] and p,[tk]=(~1)lt].

Next, the signals measured at the receiver are correlated
with the time sequence p[t] and normalized by the signal
power in the same way as in the conventional approach. The
result after correlation is a signal of the form

1[I =g 1] +=1Y i)+ k]
where W[k] is measurement noise. The time correlation elimi-
nates the influence ofthe 46 transmitters that use one ofthe 23
time sequences that are orthogonal top[t]. All that remains is
to process r[k| to extract the two channel responses g[k| and
h[k] that shared the same time sequence, p[t].

We have recognized that because of the smoothness of g[k]|
and h[k], unbiased estimates of both signals can be extracted
from r[k]. To do this, one first takes the DFT of r[k] to obtain
R[t]=G[t]+H[t-K/2]+WT]t]. As is usual when working with
the DFT, by H[t-x]| we mean a cyclic shift of H[t]. Because
glk] and h[k] are smooth, G[t] and H[t-K/2] occupy different
sections of the transform R[t]. As depicted in FIG. 3A, infor-
mation about G[t] is confined to R[t] in the range t=0, . . .,
M-1 while information about H[t-K/2] is confined to the
range t=K/2, .. ., K/2+M-1. To recover an estimate of g[k],
one first denoises by setting R[t]=0 for t>M-1, as depicted in
FIG. 3B. This completely removes the influence of h[k].
Applying the inverse discrete Fourier transform (IDFT), one
obtains an unbiased estimate of g[k], with reduced noise. To
recover an estimate of h[k], one performs a cyclic shift to
obtain

RIHK2]=G[t+K2 J[+H[t]+ W[t+K/2]

Now denoising this signal as depicted in FIG. 3C, the influ-
ence of g[k] is completely eliminated. Applying the IDFT,
one obtains an unbiased estimate of h[k], with reduced noise.

The larger the ratio Q=K/M, the greater the number of
different frequency sequences that can be used, and thus the
greater the number of transmitters that can share the same
pilot sequence. In general, one can use F=Q frequency
sequences defined by

ufkj=exp(j2nkq/Q), 4=0, .. .,
where the DFT of u,[k]g[k] is G[t-qK/Q].
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It is also possible to define variations on this approach that
are appropriate for different types of smoothness models and
denoising operations. Examples of other models could
include the discrete cosine transform, the Hadamard trans-
form, piecewise linear models, etc. There can be tradeoffs
among different approaches. For example, the Hadamard
transform has very low complexity, but values of F that can be
achieved with this transform will typically be smaller than
those that can be achieved with the DFT. The simultaneous
estimation technique does not need to be applied across large
bands. Smoothing can instead be done locally among groups
of tones, which can be beneficial from the point of view of
complexity and parallelization.

The foregoing example was in the context of an error
feedback approach. Further details of such an approach will
be described below in conjunction with FIGS. 4 through 7.
However, the simultaneous estimation techniques of the
invention can be adapted in a straightforward manner to other
contexts, such as crosstalk estimation by SNR feedback. In an
SNR feedback approach, there are no pilot signals as such, but
there are perturbation signals applied to precoder coefficients.
In conventional practice, the same perturbation value is
applied on all tones, and that perturbation value is applied to
one line at a time. A given SNR feedback embodiment of the
present invention instead applies the same perturbation value
to multiple lines at the same time, using frequency sequences
unique to each line. Although the type of probing signal is
different in this case, the mathematical model is similar, and
the procedure of transformation, shifting, and denoising is
substantially the same. More detailed examples of an SNR
feedback approach in accordance with an illustrative embodi-
ment of the invention will be described below in conjunction
with FIGS. 8 through 11.

The term “probing signal” as used herein is intended to be
construed generally, so as to encompass both the pilot signals
used in error feedback embodiments and the perturbation
signals used in SNR feedback embodiments. More specifi-
cally, in one or more of the error feedback embodiments,
distinct probing signals may comprise respective pilot signals
generated by applying different frequency expansions to a
common pilot sequence. Similarly, in one or more of'the SNR
feedback embodiments, distinct probing signals may com-
prise respective perturbation signals generated by applying
different frequency expansions to a common perturbation
sequence.

A given error feedback embodiment may therefore share
certain characteristics with a given SNR feedback embodi-
ment. For example, in both embodiments, distinct probing
signals derived from a common sequence are simultaneously
utilized to estimate multiple channels based on measurements
made at one or more receivers.

Time-domain processing of the measurements produces
estimates of the crosstalk channel coefficients for each tone.
More specifically, the result of the time-domain processing is
an estimate of a weighted combination of the crosstalk coef-
ficients of both lines. For error feedback, the probing
sequence is a pilot sequence and the measurements are error
samples, while for SNR feedback the probing sequence is a
precoder perturbation sequence and the measurements are
SNR values, although interference power or other types of
interference information may alternatively be used. Taking
advantage of the fact that the weights for one line as a function
of frequency are different from the weights on the other line,
crosstalk coefficients for a given line can be determined by
applying an appropriate frequency-domain filter to the esti-
mate of the weighted combination.



US 8,218,419 B2

11

It should be noted that the invention can be implemented in
embodiments that do not utilize error feedback or SNR feed-
back. For example, other embodiments may be implemented
in which distinct probing signals are formed as distinct com-
binations of time sequences and frequency expansions. The
term “frequency expansion” as used herein is intended to
encompass a wide variety of arrangements in which the man-
ner in which time sequence values are applied to tones varies
as a function of frequency.

A more detailed example of an error feedback embodiment
will now be described with reference to FIGS. 4 through 7.

FIGS. 4 and 5 illustrate an error feedback approach for
estimating crosstalk between four lines without use of simul-
taneous channel estimation. FIGS. 6 and 7 illustrate the man-
ner in which the approach of FIGS. 4 and 5 is modified to
implement simultaneous estimation of multiple channels.

Referring initially to FIG. 4, distinct probing signals are
transmitted on four of the DSL lines 106-1 through 106-4
using respective transmitters 400-1 through 400-4. The dis-
tinct probing signals are transmitted to respective CPE 104-1
through 104-4. Each CPE in this example comprises a
receiver 402, a slicer 404 and a signal combiner 406 arranged
as shown. The distinct probing signals in this example are
each generated using a different pilot sequence p,, p,, P5 Or P,
in conjunction with a single frequency expansion 410, also
denoted fx, which simply involves repeating the pilot values
of the corresponding pilot sequence on all K tones of the
associated line. The CPE 104-1 through 104-4 generate
respective measurements in the form of error values e, e,, e,
ore, thatare fed back to the CO 102 that is assumed to include
transmitters 400-1 through 400-4. The error values are
examples of what are more generally referred to herein as
“error samples.” The transmitters 400-1 through 400-4 may
correspond to transmitters 204-1 through 204-4 of FIG. 2 and
each may incorporate portions of controller 200, precoder
202, or other CO elements.

FIG. 5 illustrates the manner in which the CO 102 gener-
ates crosstalk estimates from the error values e, e,, e; or e,
fed back by the CPE 104. A given crosstalk estimate &,
denotes the crosstalk from line j into line i, and is generated by
first correlating error value e; with pilot sequence p; in a time
correlator 500 and then denoising the correlation result in a
frequency filter 502. The time correlators and frequency fil-
ters of FIG. 5 may be implemented in crosstalk estimate
generator 110 of CO 102, possibly utilizing software
executed by processor 115 and stored in memory 120. One
skilled in the art would know how to implement such ele-
ments given the teachings provided herein.

As indicated previously, the arrangement of FIGS. 4 and 5
utilizes a different pilot sequence for each of the lines 106-1
through 106-4. It was mentioned above that, in order to trans-
mit the pilot sequences simultaneously, the sequences must
be linearly independent, and hence the length of each
sequence must be at least as long as the number of sequences.
In other words, the more distinct pilot sequences that are used,
the longer those sequences need to be. Accordingly, the num-
ber of channel uses required to obtain the desired estimates in
this arrangement is the same as the number of channels.

FIG. 6 illustrates how this arrangement can be significantly
improved through the use of simultaneous estimation of mul-
tiple channels in accordance with an embodiment of the
present invention. As in FIG. 4, distinct probing signals are
transmitted on four of the DSL lines 106-1 through 106-4
using respective transmitters 400-1 through 400-4. The dis-
tinct probing signals are transmitted to respective CPE 104-1
through 104-4, each again comprising receiver 402, slicer 404
and signal combiner 406. However, the distinct probing sig-

20

25

30

35

40

45

50

55

60

65

12

nals in this example are each generated using a different
combination of a distinct pilot sequence p, or p, with a dis-
tinct frequency expansion 410 or 412. The two distinct fre-
quency expansions are also denoted fx1 and £x2, respectively.
The first frequency expansion 410 is the same as the fre-
quency expansion used in FIG. 4, and involves repeating the
pilot values of the corresponding pilot sequence onall K tones
of the associated line. The second frequency expansion 412
involves repeating the pilot values of the corresponding pilot
sequence on all even-numbered tones of the associated line,
and repeating opposite or inverted values of the correspond-
ing pilot sequence on all odd-numbered tones of the associ-
ated line.

This arrangement advantageously allows the probing sig-
nals for lines 106-1 and 106-2 to simultaneously use a first
common pilot sequence. Similarly, the probing signals for
lines 106-3 and 106-4 simultaneously use a second common
pilot sequence. As a result, the number of distinct pilot
sequences is reduced by a factor of two, and the sequences
only need to be half as long to be linearly independent. Thus,
the number of channel uses required to obtain the desired
channel estimates is reduced by a factor of two, to two chan-
nel uses from the four channel uses required without the
simultaneous estimation.

The CPE 104-1 through 104-4 again generate respective
measurements in the form of error values e,, e,, e; or e, that
are fed back to the CO 102 that is assumed to include trans-
mitters 400-1 through 400-4.

FIG. 7 illustrates the manner in which the CO 102 gener-
ates crosstalk estimates from the error values e, e,, e; or e,
fed back by the CPE 104. Again, a given crosstalk estimate &,
denotes the crosstalk from line j into line i, and is generated by
first correlating error value e, with an appropriate pilot
sequence p, or p, in time correlator 500. However, different
frequency filters 510 or 512 are then applied, depending upon
the frequency expansion 410 or 412 used to generate the
corresponding distinct probing signal. Like similar elements
previously described herein, the time correlators and fre-
quency filters of FIG. 7 may be implemented in crosstalk
estimate generator 110 of CO 102, possibly utilizing software
executed by processor 115 and stored in memory 120.

Of course, the error feedback approach with simultaneous
estimation of multiple channels as illustrated in FIGS. 6 and
7 can be extended to a wide variety of other combinations of
pilot sequences and frequency expansions. For example,
three distinct frequency expansions can be used in a given
system with N lines to reduce the number of channel uses by
a factor of three, four distinct frequency expansions can be
used to reduce the number of channel uses by a factor of four,
and so on. Again, each distinct probing signal in a given such
embodiment is generated as a distinct combination of a pilot
sequence and a frequency expansion. Distinct probing signals
generated from the same pilot sequence are transmitted
simultaneously over their respective lines, and the corre-
sponding error values may be simultaneously generated and
fed back to the CO 102.

In a given error feedback embodiment, a fixed value of F
may be used, such as, for example, F=2 or F=4. Existing DSL
standards could be modified to support such an arrangement
by providing that the pilot sequence can vary with frequency,
and more particularly allowing the sequence to be periodic in
frequency with specified period F. This would allow the vari-
ous pilot sequence values to be detected robustly at the CPE,
enabling high quality error feedback.

A more detailed example of an SNR feedback embodiment
will now be described with reference to FIGS. 8 through 11.
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FIGS. 8 and 9 illustrate an SNR feedback approach for
estimating crosstalk from two of the DSL lines 106-1 and
106-2 into a third one of the lines 106-3, without the use of
simultaneous channel estimation. FIGS. 10 and 11 illustrate
the manner in which the approach of FIGS. 8 and 9 is modi-
fied to implement simultaneous estimation of multiple chan-
nels in accordance with an illustrative embodiment of the
invention.

Referring now to FIG. 8, signal sources 800-1, 800-2, and
800-3 generate constellation points X, X,, and X5, respec-
tively. These may be modeled as random complex numbers,
independent between lines and tones. The actual signal trans-
mitted on line 106-3 is a precoded value y;=x;+¢5 X, +C;3,X,,
where c;; and c,, denote precoder coefficients. The received
value in CPE 104-3, after compensating for direct channel
gain, is the transmitted precoded value corrupted by crosstalk
from the other two lines 106-1 and 106-2, and is given by:

F3=Y3tg31 V14832V X3 H(C3 14831 %1 H(C32tE32)%0

AtCPE 104-3, x, is estimated in slicer 404 and the estimate
is subtracted from the received signal in signal combiner 406
to give the error signal. The magnitude squared of the error
signal as generated in squaring element 802 is then accumu-
lated in summation element 804 over a period of time to give
an estimate of the total interference level on line 106-3 on
each tone during that period. This interference level is
denoted I, and is fed back to the CO 102 for further processing
to generate corresponding crosstalk estimates.

In this exemplary SNR feedback approach, perturbation
signals are applied to the precoder coefficients c;, and c;,,
and the corresponding changes in I; are observed. A differ-
ence estimator implemented in the CO 102 takes the pertur-
bation signals and observed interference levels and estimates
the crosstalk channel. As illustrated in FIG. 8, different per-
turbation sequences p, and p, are associated with respective
lines 106-1 and 106-2. On each line, the perturbation
sequences are expanded using the same frequency expansion
410 which involves repeating the same perturbation value on
every tone. The perturbation sequences change the precoder
coefficients from their nominal values for fixed periods of
time.

FIG. 9 illustrates the manner in which the crosstalk esti-
mates are generated. To form the estimate g, of the crosstalk
from line 106-1 into line 106-3, first a difference estimator
(“de”) 900-1 compares values of the perturbation sequence p,
with the observed interference level I; on each tone, and then
the result is denoised in a frequency filter 502-1. Similarly, to
form the estimate g, of the crosstalk from line 106-2 into line
106-3, another difference estimator 900-2 compares values of
the perturbation sequence p, with the observed interference
level I; on each tone, with the result being denoised in a
frequency filter 502-2.

Typically, a common base value of zero can be used for all
lines, two non-zero perturbation values are required for each
line, and to keep the differential estimator simple, non-zero
perturbation values from different lines are scheduled to
occur at different times. Thus, typical perturbation sequences
could be

p1=[0aia00]

p>=[000bib]

where a and b are complex numbers, and i is the unit imagi-
nary number. In this particular type of approach, five SNR
reports are required to estimate the crosstalk from two dis-
turber lines into a victim line. The number of reports, and
hence the time required, is roughly proportional to the num-
ber of disturber lines.
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As noted above, the arrangement of FIGS. 8 and 9 utilizes
different perturbation sequences for the disturber lines 106-1
and 106-2.

FIG. 10 illustrates how this arrangement can be signifi-
cantly improved through the use of a single common pertur-
bation sequence p, for both of the disturber lines 106-1 and
106-2 in an embodiment of the invention. The single pertur-
bation sequence is combined with distinct frequency expan-
sions 410 and 412 to generate distinct probing signals for
lines 106-1 and 106-2. The frequency expansion 410, as
described previously, involves repeating the perturbation
sequence values on all tones. The frequency expansion 412 is
different, and repeats the perturbation sequence values on all
even tones, and corresponding inverted values on all odd
tones. A typical perturbation sequence in this embodiment
may comprise a base value of zero and two non-zero values,
for example:

p1=[0aiaj.

With this sequence, only three SNR reports are required to
estimate the crosstalk from two disturber lines into a victim
line. Other types of perturbation sequences may be utilized in
alternative SNR feedback embodiments of the invention.

FIG. 11 illustrates the manner in which the crosstalk esti-
mates are generated from the interference measurements
obtained in FIG. 10. The perturbation sequences and the
measured interference 1, are applied to a single difference
estimator 900. The output of the estimator 900 is an estimate
of'g;,+g;, on even tones, and an estimate of g;, -g,, on odd
tones. Two different frequency filters 510 and 512, also
denoted f; and f,, respectively, are therefore utilized to extract
estimates of g, and g,,, respectively. These frequency filters
510 and 512 are the same as those utilized in the FIG. 7
embodiment.

The SNR feedback approach illustrated in FIGS. 10 and 11
allows the number of SNR reports to be significantly reduced,
since multiple lines are estimated simultaneously utilizing the
same perturbation sequence p,. In general, if Q lines are
estimated simultaneously with the same perturbation
sequence, the number of reports is reduced by about a factor
of Q. Thus, with a factor of Q=10, one could estimate
crosstalk from ten lines simultaneously, leading to a signifi-
cant reduction in the delay between switching on a CPE
modem and obtaining maximum bandwidth.

The above-described illustrative embodiments advanta-
geously provide a substantial reduction in the amount of time
required to estimate N different channels, from multiple
transmitters into a common receiver. For example, in the case
of a given error feedback embodiment, the requirement
reduces from N channel uses to N/F channel uses, where F is
less than or equal to Q, the coherence bandwidth of the
channel in tones. In typical DSL systems utilizing DMT with
a tone spacing on the order of 4 kHz, values of Q=10 and
higher are likely. Use of the inventive techniques in such a
system can reduce the time required for estimating crosstalk
from a large number of lines by an order of magnitude.

As indicated previously, the techniques disclosed herein
are applicable to a wide variety of other types of communi-
cation systems. For example, OFDM systems are typically
designed so that the frequency response is approximately
constant across the width of one tone. This enables the
response to be represented by a single complex coefficient.
An implication is that the channel does not fluctuate very
much over two tones, meaning that a value of at least Q=2 is
expected to be widely attainable in OFDM systems in gen-
eral.
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Embodiments of the present invention may be imple-
mented at least in part in the form of one or more software
programs that are stored in a memory or other processor-
readable medium of CO 102 or CPE 104 of system 100. Such
programs may be retrieved and executed by a processor in the
CO or CPE. The controller 200 may be viewed as an example
of'such a processor. Of course, numerous alternative arrange-
ments of hardware, software or firmware in any combination
may be utilized in implementing these and other systems
elements in accordance with the invention.
It should again be emphasized that the embodiments
described above are presented by way of illustrative example
only. Other embodiments may use different communication
system configurations, CO and CPE configurations, commu-
nication channels, and crosstalk estimate generation and
crosstalk control process steps, depending on the needs of the
particular communication application. Alternative embodi-
ments may therefore utilize the techniques described herein
in other contexts in which it is desirable to quickly obtain
crosstalk coefficients for at least a subset of tones.
In the illustrative embodiment of FIG. 2, it is assumed that
all of the lines are subject to precoding. However, other
embodiments need not be so configured, and one or more
lines may not have associated precoding. In an arrangement
of'this type, the disclosed techniques may be used to measure
how much crosstalk would be caused in non-precoded active
lines, and a determination may then be made to reduce the
power level on certain tones that are giving rise to this inter-
ference.
It should also be noted that the particular assumptions
made in the context of describing the illustrative embodi-
ments should not be construed as requirements of the inven-
tion. The invention can be implemented in other embodi-
ments in which these particular assumptions do not apply.
These and numerous other alternative embodiments within
the scope of the appended claims will be readily apparent to
those skilled in the art.
What is claimed is:
1. A method for use in a communication system comprising
aplurality of transmitters and at least one receiver, the method
comprising the steps of:
simultaneously estimating channel coefficients between
multiple ones of the transmitters and the receiver; and

utilizing the estimated channel coefficients to control at
least one data signal sent by at least one of the multiple
transmitters to the receiver;

wherein the step of simultaneously estimating channel

coefficients further comprises the step of transmitting
distinct probing signals each of which is generated based
on a distinct combination of a same common probing
sequence and a selected one of a plurality of different
frequency expansions, such that the same common prob-
ing sequence is used in generating each of the distinct
probing signals; and

wherein the distinct probing signals each vary as a function

of'both time and frequency.

2. The method of claim 1 wherein the step of utilizing the
estimated channel coefficients to control at least one data
signal sent by at least one of the multiple transmitters to the
receiver comprises the step of adjusting power levels of data
signals sent by the multiple transmitters to respective receiv-
ers over respective channels of the system based on the esti-
mated channel coefficients in order to control crosstalk
between said channels.

3. The method of claim 1 wherein the step of utilizing the
estimated channel coefficients to control at least one data
signal sent by at least one of the multiple transmitters to the
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receiver comprises the step of adjusting precoder coefficients
applied to data signals sent by the multiple transmitters to
respective receivers over respective channels of the system
based on the estimated channel coefficients in order to control
crosstalk between said channels.
4. The method of claim 1 further comprising the step of
utilizing the estimated channel coefficients to perform post-
compensation of one or more received signals.
5. The method of claim 1 wherein the step of transmitting
distinct probing signals each of which is generated based on
a distinct combination of a common probing sequence and a
selected one of a plurality of different frequency expansions
further comprises the step of generating at least first and
second distinct probing signals from the common probing
sequence by applying a first frequency expansion to the com-
mon probing sequence to generate the first distinct probing
signal and applying a second frequency expansion different
than the first frequency expansion to the common probing
sequence to generate the second distinct probing signal.
6. The method of claim 1 wherein the first and second
frequency expansions each provide a different frequency
modulation of the common probing sequence.
7. The method of claim 6 wherein the first and second
distinct probing signals are transmitted simultaneously over
respective first and second channels of the system.
8. The method of claim 6 wherein the first and second
distinct probing signals are transmitted simultaneously over a
single channel of the system.
9. The method of claim 7 wherein the first and second
channels comprise first and second DMT channels each com-
prising a set of tones.
10. The method of claim 9 wherein the first frequency
expansion applies a first probing sequence value to each tone
in the set of tones of the first DMT channel.
11. The method of claim 1 wherein the distinct probing
signals comprise respective pilot signals transmitted to
respective receivers over respective channels of the system,
and the common probing sequence comprises a common pilot
sequence.
12. The method of claim 11 wherein the step of simulta-
neously estimating channel coefficients comprises process-
ing error samples fed back from the receivers based on the
transmitted pilot signals.
13. The method of claim 1 wherein the distinct probing
signals comprise respective perturbation signals applied to
respective precoder coefficients, and the common probing
sequence comprises a common perturbation sequence.
14. The method of claim 13 wherein the step of simulta-
neously estimating channel coefficients comprises process-
ing interference information fed back from the receiver based
on the transmitted perturbation signals.
15. A method for use in a communication system compris-
ing a plurality of transmitters and at least one receiver, the
method comprising the steps of:
simultaneously estimating channel coefficients between
multiple ones of the transmitters and the receiver; and

utilizing the estimated channel coefficients to control at
least one data signal sent by at least one of the multiple
transmitters to the receiver;

wherein the step of simultaneously estimating channel

coefficients further comprises the step of transmitting
distinct probing signals each of which is generated based
on a distinct combination of a common probing
sequence and a selected one of a plurality of different
frequency expansions;
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wherein the first and second frequency expansions each
provide a different frequency modulation of the com-
mon probing sequence;

wherein the first and second distinct probing signals are

transmitted simultaneously over respective first and sec-
ond channels of the system;

wherein the first and second channels comprise first and

second DMT channels each comprising a set of tones;
and
wherein the second frequency expansion applies the first
probing sequence value to each of a first subset of tones
in the set of tones of the second DMT channel and
applies an inversion of the first probing sequence value
to each of a second subset of tones in the set of tones of
the second DMT channel.
16. The method of claim 15 wherein the first subset com-
prises all even tones in the set of tones of the second DMT
channel and the second subset comprises all odd tones in the
set of tones of the second DMT channel.
17. An apparatus comprising:
an access node comprising a plurality of transmitters
adapted for communication with at least one receiver;

the access node being operative to simultaneously estimate
channel coefficients between multiple ones of the trans-
mitters and the receiver, and to utilize the estimated
channel coefficients to control at least one data signal
sent by at least one of the multiple transmitters to the
receiver;,
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wherein the access node in simultaneously estimating the
channel coefficients transmits a plurality of distinct
probing signals each of which is generated based on a
distinct combination of a same common probing
sequence and a selected one of a plurality of different
frequency expansions, such that the same common prob-
ing sequence is used in generating each of the distinct
probing signals; and

wherein the distinct probing signals each vary as a function

of both time and frequency.

18. The apparatus of claim 17 wherein the access node
comprises a processor coupled to a memory with the proces-
sor being configured to control said simultaneous estimation
of the channel coefficients and said utilization of the channel
coefficients in accordance with executable program code
stored in said memory.

19. The apparatus of claim 17 wherein the access node
comprises at least a portion of at least one central office of a
DSL system.

20. The apparatus of claim 17 wherein the distinct probing
signals comprise respective pilot signals transmitted to
respective receivers over respective channels of the system,
and the common probing sequence comprises a common pilot
sequence.

21. The apparatus of claim 17 wherein the distinct probing
signals comprise respective perturbation signals applied to
respective precoder coefficients, and the common probing
sequence comprises a common perturbation sequence.
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