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SYSTEMS AND METHODS FOR
MULTICARRIER MODULATION USING
MULTI-TAP FREQUENCY-DOMAIN
EQUALIZER AND DECISION FEEDBACK

RELATED APPLICATION DATA

[0001] This application claims the benefit of and priority
under 35 U.S.C. §119(e) to U.S. Patent Application Ser. No.
60/309,631, filed Aug. 2, 2001, entitled “Multicarrier Modu-
lation Method Using Multi-Tap Frequency-Domain Equal-
ization and Decision Feedback,” which is incorporated herein
by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The systems and methods ofthis invention generally
relate to communication systems. In particular, the systems
and methods of this invention relate to equalization using
decision feedback.

[0004] 2. Description of Related Art

[0005] In multicarrier modulation, a transmission channel
is partitioned into a multitude of sub-channels, each with its
own associated carrier. In implementations of multicarrier
modulation known as discrete multitone (DMT) transmis-
sion, or orthogonal frequency division multiplexing
(OFDM), the generation and modulation of the sub-channels
is accomplished digitally, using an orthogonal transformation
on each of a sequence of blocks, i.e., frames, of the data
stream. A receiver performs the inverse transformation on
segments of the sampled waveform to demodulate the data. In
the implementation of DMT used as the signaling standard
for asymmetric digital subscriber lines (ADSL), the trans-
forms used for demodulation and modulation are the Discrete
Fourier Transform (DFT) and its inverse, respectively. Fur-
ther information regarding the asymmetric digital subscriber
line standard can be found in the article Asymmetric Digital
Subscriber Line (ADSL) Metallic Interface, ANSI T1E1.4/
94-007R8, 1994, incorporated herein by reference in its
entirety.

[0006] In another implementation, referred to as discrete
wavelet multitone (DWMT) transmission, a discrete wavelet
transform and its inverse are employed as discussed in M. A.
Tzannes et al, “The DWMT: A Multicarrier Transceiver for
ADSL Using M-Band Wavelets,” ANSI Standard Committee
T1E1.4 contribution 93-067, March 1993, M. A. Tzannes,
“System Design Issues for the DWMT Transceiver,” ANSI
Standard Committee T1E1.4 contribution 93-100, April 1993
and M. A. Tzannes et al, “DMT Systems, DWMT Systems
and Digital Filter Banks,” Proc. ICC 1994, all of which are
incorporated herein by reference in their entirety.

[0007] Thus, in a multicarrier system, a communication
path having a fixed bandwidth is divided into a number of
sub-bands having different frequencies. The width of the
sub-bands is chosen to be small enough to allow the distortion
in each sub-band to be modeled by a single attenuation and
phase shift for the band. If the noise level in each band is
known, the volume of data sent in each band may be opti-
mized by choosing a symbol set having the maximum number
of' symbols consistent with the available signal to noise ratio
of the channel. By using each sub-band at its maximum
capacity, the amount of data that can be transmitted in the
communication path is maximized.
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[0008] Inpractice, such systems are implemented by banks
of digital filters which make use of Fast Fourier Transforms
(FFT). In the case in which a single data stream is to be
transmitted over the communication path is broken into M
sub-bands, during each communication cycle, the portion of
the data stream to be transmitted is converted to M QAM
symbols chosen to match the capacity of the various channels.
[0009] The time domain signal to be sent on the communi-
cation path is obtained by selecting a QAM point on each
sub-carrier and then adding the modulation carriers to form
the signal to be placed in the communication path. This opera-
tion is normally carried out by transforming the vector of M
symbols via the inverse Fourier transform to generate N,
where N represents the size of the transform, time domain
values that are sent in sequence on the communication path.
At the other end of the communication path, the N time
domain values are accumulated and transformed via a Fourier
transform to recover the original M symbols after equaliza-
tion of the transformed data to correct for the attenuation and
phase shifts that may have occurred in the channels.

[0010] One type of problem encountered in transmission
systems is intersymbol interference (ISI). When the time
domain values are transmitted, the values are spread over time
by the impulse response of the system. Often, a guard band is
included to prevent previous frames from interfering with
subsequent frames, but these guard bands are often too small
to be sufficient on their own. Also, values from within the
same frame can interfere with each other to cause ISI, some-
times referred to as intersubchannel interference. The time
domain equalizer works to shorten the overall length of the
impulse response but usually does not remove all of the ISI.
[0011] Therefore, the symbol decoded by the subscriber
will include interference from other symbols in other sub-
bands and/or earlier or later symbols transmitted in the sub-
scriber’s sub-band. This type of interference is further aggra-
vated by the high side lobes in the sub-bands provided by the
Fourier transform. Further information regarding multicar-
rier transmission systems can be obtained from U.S. Pat. No.
5,636,246 entitled “Multicarrier Transmission System,”
incorporated herein by reference in its entirety.

SUMMARY OF THE INVENTION

[0012] For an ideal transmission channel, the receiver
transform outputis a replica of the modulating data, due to the
orthogonality (Nyquist) properties of the particular transform
used. However, without compensation, as discussed above,
the practical channels can contain severe intersubchannel and
interframe interference. That is, the receiver transform output
for sub-channel m, and frame i, has a contribution not only
from s, ™ but also from s, for {m,i}»{m,,i,}, where s
denotes the symbol transmitted in sub-channel m for frame 1.
For sake of clarity, in the following disclosure a distinction
between intersubchannel and interframe interference will not
be made, but rather the combination of the two referred to as
intersymbol interference (ISI). However, it is to be appreci-
ated that the receiver transform outputs can also have contri-
butions from independent background noise, which, also for
sake of clarity, will be disregarded for this discussion.

[0013] Multicarrier systems typically employ equalization
to compensate for the effects of ISI. Such equalization is
typically done in the time-domain and in the frequency-do-
main. For time-domain equalization (TDQ), an adaptive filter
is trained then applied to the sequence of samples at the
receiver, before the sequence is passed to the receiver trans-
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form. For frequency-domain equalization (FDQ), processing
is employed on the receiver transform outputs.

[0014] LetS,™ denote the actual transmitted symbol, and
let §, "'denote the FDQ output for subchannel m, and frame
i;. The desired net effect of TDQ and FDQ is for §, ™ to be
equal to S, ™, plus a very small contribution from ISI. The
receiver can make a decision about the value for s, ™ by
quantizing §; ™ to the nearest constellation point. This deci-
sion will be denoted by d, ™.

[0015] Typically, the time-domain equalizer is relied on to
perform the bulk of the ISI mitigation, with the frequency
domain equalization being used only to perform a phase and
amplitude correction for the channel/TDQ combination at the
given sub-channel center frequency. In these schemes, each
FDQ is implemented as a single-tap complex multiply,
applied to the associated sub-channel output.

[0016] However, as discussed in U.S. Pat. No. 5,636,246,
additional ISI suppression can be obtained by allowing each
FDQ to have multiple taps, and combining the receiver trans-
form outputs for several neighboring sub-channel, frame
pairs. However, a further reduction in ISI can be achieved by
incorporating feedback from one or more neighboring sub-
channel, frame pairs in the frequency-domain equalizer com-
biner.

[0017] Accordingly, aspects of the invention relate to
reducing intersymbol interference.

[0018] Additional aspects of the invention relate to reduc-
ing intersymbol interference through the use of feedback.
[0019] Additional aspects of the invention relate to reduc-
ing intersymbol interference through the use of feedback in a
multicarrier environment.

[0020] Aspects of the invention further relate to combining
multiple FFT outputs as well as decision feedback to create an
estimate of a transmitted QAM symbol.

[0021] Aspects of the invention additionally relate to using
a multi-tap frequency domain equalizer with decision feed-
back to minimize intersymbol interference in a multicarrier
modulation communication system.

[0022] These and other features and advantages of this
invention are described in, or are apparent from, the following
detailed description of the embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The embodiments of the invention will be described
in detailed, with reference to the following figures, wherein:
[0024] FIG. 1 is a functional block diagram illustrating the
equalizer portion of a conventional receiver;

[0025] FIG. 2 is a functional block diagram illustrating a
portion of a receiver according to this invention;

[0026] FIG. 3 is a flowchart illustrating an exemplary
method for mitigating intersymbol interference according to
this invention; and

[0027] FIG. 4 is a plot illustrating the exemplary benefits
achieved in SINR using the systems and methods of this
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0028] The exemplary systems and methods of this inven-
tion will be described in relation to digital subscriber line
communications, and more particularly to multicarrier modu-
lation communications. However, to avoid unnecessarily
obscuring the present invention, the following description
omits well-known structures and devices that may be shown
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in block diagram form or otherwise summarized. For the
purposes of explanation, numerous specific details are set
forth in order to provide a thorough understanding of the
present invention. It should be appreciated however that the
present invention may be practiced in a variety of ways
beyond the specific details. For example, the systems and
methods of this invention can generally be applied to any type
of communication system including wireless communication
systems, such as wireless LANs, power line communications,
or any other system or combination of systems that use mul-
ticarrier communication or any other form of modulation in
which it is desired to reduce intersymbol interference.

[0029] Furthermore, while the exemplary embodiments
illustrated herein show the various components of the com-
munication system collocated, it is to be appreciated that the
various components of the system can be located at distant
portions of a distributed network, such as a telecommunica-
tions network and/or the Internet, or within a dedicated
intersymbol interference reduction module. Thus, it should
be appreciated that the components of the communication
system can be combined into one or more devices or collo-
cated on a particular node of a distributed network, such as a
telecommunications network. As will be appreciated from the
following description, and for reasons of computational effi-
ciency, the components of the communication system can be
arranged at any location within a distributed network without
affecting the operation of the system.

[0030] Furthermore, it should be appreciated that the vari-
ous links connecting the elements can be wired or wireless
links, or a combination thereof, or any other known or later
developed element(s) that is capable of supplying and/or
communicating data to and from the connected elements.
Additionally, the term module as used herein can refer to any
known or later developed hardware, software, or combination
of hardware and software that is capable of performing the
functionality associated with that element.

[0031] FIG. 1 illustrates a portion of conventional receiver
10. In particular, the receiver 10 comprises a time domain
equalizer 100, a fast Fourier transform module 110, a fre-
quency domain equalizer 120 and a constellation decoder
130. As previously discussed, a plurality of received samples
140 are received at the time-domain equalizer 100. The time-
domain equalizer 100 applies adaptive filtering to the
sequence of samples and passes the sequence to the fast
Fourier transform module 110. The fast Fourier transform
module 110 outputs a complex output f,, for each tone m in
the set of total tones M in each frame. The frequency domain
equalizer 120 then performs a single-tap complex multiply to
each associated sub-channel resulting in the received point
R,, 160. The constellation decoder 130 then determines the
constellation point D, closest to the received point R, for
each tone.

[0032] In U.S. Pat. No. 5,636,246, it was noted that addi-
tional ISI suppression could be obtained by allowing each
frequency domain equalizer to have multiple taps and com-
bining the receiver transform outputs for several neighboring
sub-channel frame pairs.

[0033] Let6,”, represent the transform output for subchan-
nel m, in frame i. For the method, discussed in U.S. Pat. No.
5,636,246, the FDQ combiner output for the subchannel,
frame pair is:
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[0034] Inthis expression, A(m,) is a set containing ordered
pairs {m, j} of indices corresponding to the particular sub-
channel, frame pairs for which the receiver transform outputs
are used in the FDQ combiner, for subchannel m, . The second
element j of the ordered pair is an offset relative to frame 1, .
The A."(m, ) are the corresponding FDQ combiner weights.
The above equation will be referred to as a multi-tap FDQ
(MFDQ) in what follows. Note that if A(m,) consists of the
single element {m,, 0}, the above equation reduces to the
application of a single-tap FDQ.

[0035] For the present invention, further improvement can
be obtained by incorporating a feedback decision term in the
FDQ combiner. The expression for the new combiner is
obtained by expanding the equation above, and is rewritten
as:

SARNDINE (U

{m,jleAlmy )

D, Yimodr

tm.jicBim))

[0036] InEq.2,B(m,)is a set containing ordered pairs {m,
i} of indices corresponding to the particular subchannel,
frame pairs for which decisions are used in the FDQ combiner
for subchannel m, . The y,” are the corresponding combiner
weights. Note that the sets B(m) must be constructed in an
ordered fashion. That is, B(m,) should contain no ordered
pair {m, j} for which $,™ is determined before 8, ;™. in
which case the decision feedback term d, . would not be
available. The method defined by Eq. (2) W111 be referred to as
multi-tap FDQ with decision feedback (MFDQ-DF).

[0037] The settings for A,"(m, ) and y,"(m, ) can be trained
during an initialization interval in which the transmitter sends
a signal modulated with a symbol sequence s,” known to the
receiver. Specifically, fix i, at an arbitrary value and for sub-
channel m,, let w be a vector constructed from the weights
A/"(m,) and y,"(m,), and let Y be the vector haVing the
correspondlng observation elements 6, ,;” and d; , ™. In this
construction, {m, j} varies over B(ml) and A(ml) for the
feedback and non-feedback portions, respectively. Note that
since the S are known apriori, they are substituted for the
d; ./ A goal for training m is to minimize the square of error
e=s,"'-wTY, in the average, over several frames i,. This
yields the standard least-squares (LS) solution w=X7'p,
where 2 is the sample covariance matrix for Y, and p is the
sample correlation vector, for S, ™ and Y.

[0038] By way of simple example Eq. 2 can be rewritten as:
N-1 L 3)
Apge fnic + Z By Dt
k=0 k=1
[0039] where the complex output of the FFT for tone m is

given by f,,, the complex output of the multi-tap frequency
domain equahzatlon with decision feedback (MFDQ-DF) is
R,,, and D, is the constellation point closest to the received
pomt R, Note that N and L are variables that determine the
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number of forward and feedback combiner taps that are being
used in the system. Also, note that, for this example, there is
no dependence across frames so the subscript i has been
removed, and the subscript m moved to the subscript location.
For this simple case, the R ,, is determined in increasing order
such that the feedback values will always be available. Con-
verting from Eq. 2, v is equivalent B, d is equivalent to D, A is
equivalent to A and 0 is equivalent to f. For this particular
simple example, the multi-tap and decision feedback equal-
izer 180 is illustrated with two taps for A and one tap for B.
However, it is to be appreciated that this can be adjusted
based, for example on the particular application and/or accu-
racy needed.

[0040] Specifically, FIG. 2 illustrates graphically how feed-
back is used in the multi-tap and decision feedback equalizer
180. In particular, FIG. 2 comprises one or more received
samples 140, a time-domain equalizer 100, an FFT module
110, a plurality of complex outputs 150, a multi-tap decision
feedback equalizer 180, a plurality of determined received
points 160 corresponding to a respective tone, a constellation
decoder 130 and plurality of output constellation points 170
that were determined to be closest to the received point 160.
The operation of the equalizer 180 in FIG. 2 is comparable to
that of'the equalizer illustrated in FIG. 1, with the exception of
constellation points 170 being fed back to aid in determining
the R, for another tone. In this simple particular example, D,
190 is fed back to tone 3 and D,,_, 200 is fed back to tone N.
It is to be appreciated that, in general, D can be fed back to any
one or more other tones to aid in determining the received
point R .. For example, the system can begin with the deter-
mination of D, and proceed “backwards’ an until D, is deter-
mined. Alternatively, the system can jump around between
tones with the only limitation being R,, is dependent on
decisions made on earlier tones.

[0041] Additionally, it is to be appreciated that any D can be
used as feedback alone or in combination, with other D’s and,
as discussed above, can be either forward looking or back-
ward looking, or a combination thereof, for feedback terms.
[0042] FIG. 3 illustrates an exemplary method of determin-
ing intersymbol interference reduced output samples. In par-
ticular, control begins in step S100 and continues to step
S110. In step S110, one or more samples are received. Next,
in step S120, time-domain equalization is performed on the
one or more received samples. Then, in step S130, the com-
plex outputs are determined for each tone through the use of
atransform, such as a fast Fourier transform, discrete wavelet
transform, or like. Control then continues to step S140.
[0043] Instep S140, for each tone m in the set of total tones
M in each frame, step S142 determines the received point and
in step S144 the received point R, is constellation decoded to
output the constellation point closest to the received point R ,,.
Control then continues to step S150.

[0044] Instep S150, the intersymbol interference compen-
sated output samples are output. Control then continues to
step S160 where the control sequence ends.

[0045] FIG. 4 illustrates the exemplary advantages of using
decision feedback in frequency domain equalization. In par-
ticular, FIG. 4 illustrates the SINR verse subchannel outputs
for various FDQ schemes over 9 kft. of 26 AWG wire. In
particular, these tests were conducted over a multicarrier
ADSL system upstream length. Subsequent to each TDQ
training session, the FDQ was trained in a least squares fash-
ion using the ADSL medley signal for each of the FDQ
schemes discussed above, and the resulting SINR profiles
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plotted. As illustrated in FIG. 4, the SINR verse subchannel is
illustrated (note subchannel 16 was not used).

[0046] For the curve labeled “5-tap MFDQ”, A(m,) com-
prises the 5 ordered pans {m, 0} with m,~2=m=m, +2. For
the curve labeled “3-tap MFDQ-FB+”, A(m,) comprises the
two ordered pairs {m,, 0} and {m,+1,0}, and B(m, ) contains
only the single pair {m +1, 0}. For the curve labeled “3-tap
MFDQ-FB-", A(m;) comprises the two ordered pairs {m;,
0} and {m, -1, 0}, and B(m,) contains only the single pair
{m, -1, 0}. Modest improvement is noted as the single-tap
FDQ is expanded to 5 MFDQ taps.

[0047] However, large additional improvement is noted
when either of the MFDQ-DF schemes are used. To adhere to
the causality requirements for the B(m), a normal 1-tap FDQ,
or an MFDQ), depending on A(m), can be used for the upper-
most subchannel in the “3-tap MFDQ-FB+” scheme, and the
lowermost subchannel in the “3-tap MFDQ-FB-" scheme.
[0048] The above-described intersymbol interference
reduction system can be implemented on a telecommunica-
tions device, such a modem, a DSL modem, an ADSL
modem, a multicarrier transceiver, a VDSL modem, or the
like, or on a separate programmed general purpose computer
having a communications device. However, the systems and
methods of this invention can also be implemented on a
special purpose computer, a programmed microprocessor or
microcontroller and peripheral integrated circuit element,
and ASIC or other integrated circuit, a digital signal proces-
sor, a hard-wired electronic or logic circuit such as discrete
element circuit, a programmable logic device such as PLD,
PLA, FPGA, PAL, modem, receiver, or the like. In general,
any device capable of implementing a state machine that is in
turn capable of implementing the flowchart illustrated herein
can be used to implement the various intersymbol interfer-
ence reduction methods according to this invention.

[0049] Furthermore, the disclosed methods may be readily
implemented in software using object or object-oriented soft-
ware development environments that provide portable source
code that can be used on a variety of computer or workstation
hardware platforms. Alternatively, the disclosed intersymbol
interference reduction system may be implemented partially
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or fully in hardware using standard logic circuits or VLSI
design. Whether software or hardware is used to implement
the systems in accordance with this invention is dependent on
the speed and/or efficiency requirements of the system, the
particular function, and the particular software or hardware
systems or microprocessor or microcomputer systems being
utilized. The intersymbol interference reduction systems and
methods illustrated herein however can be readily imple-
mented in hardware and/or software using any known or later
developed systems or structures, devices and/or software by
those of ordinary skill in the applicable art from the functional
description provided herein and with a general basic knowl-
edge of the computer and telecommunications arts.
[0050] Moreover, the disclosed methods may be readily
implemented in software executed on programmed general
purpose computer, a special purpose computer, a micropro-
cessor, or the like. In these instances, the systems and meth-
ods of this invention can be implemented as program embed-
ded on personal computer such as JAVA® or CGI script, as a
resource residing on a server or graphics workstation, as a
routine embedded in a dedicated intersymbol interference
reduction system, or the like. The intersymbol interference
reduction system can also be implemented by physically
incorporating the system and method into a software and/or
hardware system, such as the hardware and software systems
of a communications transceiver.
[0051] It is, therefore, apparent that there has been pro-
vided, in accordance with the present invention, systems and
methods for intersymbol interference reduction. While this
invention has been described in conjunction with a number of
embodiments, it is evident that many alternatives, modifica-
tions and variations would be or are apparent to those of
ordinary skill in the applicable arts. Accordingly, it is
intended to embrace all such alternatives, modifications,
equivalents and variations that are within the spirit and scope
of this invention.

1.-24. (canceled)

25. A method for multicarrier modulation using a multi-tap
frequency-domain equalizer and decision feedback.
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