57125142 A1 | IV Y000 0 00O O OO

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burcau

(43) International Publication Date
29 December 2005 (29.12.2005)

AT O 0 OO O

(10) International Publication Number

WO 2005/125142 A1l

(51) International Patent Classification’: HO4L 27/26
(21) International Application Number:
PCT/US2005/020075

(22) International Filing Date: 6 June 2005 (06.06.2005)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

10/866,327 9 June 2004 (09.06.2004) US

(71) Applicant (for all designated States except US): HONG
KONG APPLIED SCIENCE AND TECHNOLOGY
RESEARCH INSTITUTE CO., LTD. [CN/CN]; 5th
Floor, 2 Science Park East Avenue, Hong Kong Science
Park, Pak Shek Kok, Shatin, New Territories, Hong Kong

(CN).

(72)
(75)

Inventors; and

Inventors/Applicants (for US only): CHOW, Jacky, S.
[US/US]; P. O. Box 390339, Mountain View, California
94039 (US). LEUNG, Pak Hei, Matthew [GB/CN];
Flat A, 12/F, Block 11, Royal Ascot, 1 Tsun King Road,

(74)

(81)

(84)

Shatin, N.T., Hong Kong (CN). LUK, King-Fuk [IE/CN];
27A, Block 6, Villa Athena, 600 Sai Sha Road, Ma On
Shan, N.T., Hong Kong (CN). SANDS, Nicholas, Phillip
[GB/US]; 111 Pope Street, Menlo Park, California 94025
(US). TANG, Eugene, Yuk-Yin [CA/CA]; 96 Strathearn
Ave., Richmond Hill, Ontario L4B 2J7 (CA).

Agent: THOMAS, C., Douglass; BEYE WEAVER &
THOMAS, LLP, P. O. BOX 70250, Oakland, California
94612-0250 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, HI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, L.C, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,
SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, YU, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

[Continued on next page]

(54) Title: METHOD AND SYSTEM FOR DETERMINING SYMBOL BOUNDARY TIMING IN A MULTICARRIER DATA

TRANSMISSION SYSTEM

/‘ 600

602 ™

STORE RECEIVED TRAINING SYMBOLS
IN RECEIVER BUFFER

!

DETERMINE DIFFERENCE VALUES FOR TRAINING
SYMBOLS REPRESENTING PAIRS OF IDENTIFICAL
TRANSMITTED SYMBOLS FOR DIFFERENT CHOICES
OF SYMBOL BOUNDARY TIMING

'

SELECT ONE OF THE CHOICES TO BE THE
SYMBOL BOUNDARY TIMING BASED ON THE

604 ™

606

DIFFERENCE VALUES

& (57) Abstract: Improved techniques for acquiring symbol boundary timing at a receiver of a multicarrier data transmission system
& during a training sequence are disclosed. One aspect is symbol boundary determination at a receiver wherein minimal interference
is used as a criterion in selecting from a plurality of potential symbol boundary timings. The symbol boundary determination at
the receiver can be performed in a time domain or a frequency domain manner. Another aspect pertains to an improved training
sequence wherein pairs of identical symbols are transmitted by a transmitter. These symbols can be supplied to the transmitter in a

time domain or a frequency domain manner.



WO 2005/125142 A1 1IN 00 000000 00000

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, Published:

7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), —  with international search report

European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO,  For two-letter codes and other abbreviations, refer to the "Guid-
SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, ance Notes on Codes and Abbreviations" appearing at the begin-
GQ, GW, ML, MR, NE, SN, TD, TG). ning of each regular issue of the PCT Gazette.



WO 2005/125142 PCT/US2005/020075

METHOD AND SYSTEM FOR DETERMINING SYMBOL BOUNDARY
TIMING IN A MULTICARRIER DATA TRANSMISSION SYSTEM

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to data transmission systems and,

more particularly, to multicarrier data transmission systems.
Description of the Related Art

[0002] A conventional voice-band modem can connect computer users
end-to-end through the Public Switched Telephone Network (PSTN).
However, the transmission throughput of a voice-band modem is limited to
below 40 Kbps due to the 3.5 KHz bandwidth enforced by bandpass filters
and codes at the PSTN interface points. On the other hand, the twisted-pair
telephone subscriber loop of a computer user has a much wider usable
bandwidth. Depending on the length of the subscriber loop, the bandwidth at a
loss of 50 dB can be as wide as 1 MHz. Transmission systems based on local
subscriber loops are generally called Digital Subscriber Lines (DSL).

[0003] As consumer demand has increased for interactive electronic
access to entertainment (e.g. video-on-demand) and information (Internet) in
digital format, this demand has effectively exceeded the capabilities of
conventional voice-band modems. Various delivery approaches have been
proposed, such as optical fiber links to every home, direct satellite
transmission, and wideband coaxial cable. However, these approaches are
often too costly. Hence, cheaper alternatives have emerged, such as the
cable modem which uses existing coaxial cable connections to homes and
various high bit rate DSL modems which use the existing twisted-pair of

copper wires connecting a home to the telephone company’s central office
(CO).

[0004] One DSL technique for high-speed data communications is
Asymmetrical Digital Subscriber Line (ADSL) signaling for the telephone loop
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that has been defined by standards as a communication system specification
that provides a low-rate data stream from the residence to the CO (upétream),
and a high-rate data stream from the CO to the residence (downstream). The
ADSL standard provides for operation without affecting conventional voice
telephone communications, é.g., Plain Old Telephone Service (POTS). The
ADSL upstream channel only provides simple control functions or low-rate
data transfers. The high-rate downstream channel provides a much higher
throughput. This asymmetrical information flow is desirable for applications
such as video-on-demand (VOD).

[0005] An ADSL modem operates in a frequency range that is higher than
the voice-band; this permits higher data rates. However, the twisted-pair
subscriber line has distortion and losses which increase with frequency and
line length. Thus, the ADSL standard data rate is determined by a maximum
achievable rate for a length of subscriber lines.

[0006] The ADSL standard uses Discrete Multi-Tone (DMT) modulation
with the DMT spectrum divided into two-hundred fifty-six 4.3125 KHz carrier
bands and a quadrature amplitude modulation (QAM) type of constellation is
used to load a variable number of bits onto each carrier band independently of
the other carrier bands.

[0007] The number of bits per carrier is determined during a training period
when a test signal is transmitted through the subscriber line to the receiving
modem. Based on the measured signal-to-noise ratio of the received signal,
the receiving modem determines the optimal bit allocation, placing more bits
on the more robust carrier bands, and returns that information back to the

transmitting modem.

[0008] The modulation of the coded bits is performed very efficiently by
using a 512-point inverse fast Fourier transform (IFFT) to convert the
frequency domain coded bits into a time domain signal which is put on the
twisted-pair by a Digital-to-Analog (D/A) converter using a sample rate of
2.208 MHz (4.3125 x 512). The receiving ADSL modem samples the signal
and recovers the coded bits with a fast Fourier transform (FFT).
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[0009] A typical DMT system utilizes a transmitter inverse FFT and a
receiver forward FFT. Ideally, the channel frequency distortion can be
corrected by a frequency domain equalizer following the receiver FFT.
However, the delay spread of the channel in the beginning of the receiver FFT
block contains inter-syrhbol interference from the previous block. As this
interference is independent of the current block of data, it cannot be canceled
just by the frequency domain equalizer. The typical solution adds a block of
prefix data in front of the FFT data block on the transmitter side before the
block of FFT data is sent to the D/A converter. The prefix data is the repeat
copy of the last section of FFT data block.

[0010] On the receiver side, the cyclic prefix is removed from the received
signal. If the length of the channel impulse response is shorter than the prefix
length, inter-symbol interference from the previous FFT data block is
completely eliminated. Frequency domain equalizer techniques are then
applied to remove intra-symbol interference among DMT subchannels.
However, since the channel impulse response varies on a case by case basis,
there is no guarantee that the length of the impulse response is shorter than
the prefix length. An adaptive time domain equalizer is typically required to

shorten the length of the channel response within the prefix length.

[0011] Time domain equalizer training procedures have been studied
previously, see “Equalizer Training Algorithms for Multicarrier Modulation
Systems,” J. S. Chow, J. M. Cioffi, and J. A. C. Bingham, 1993 International
Conference on Communications, pages 761-765, Geneva, May 1993. A
corresponding training sequence has also been specified in “ADSL standard
and Recommended Training Sequence for Time domain Equalizers (TQE)
with DMT,” J. S. Chow, J. M. Cioffi, and J. A. C. Bingham, ANSI T1E1.4
Committee Contribution number 93-086.

[0012] Besides ADSL, another DSL technique for high-speed data
communications over twisted-pair phone lines is known as Very High Speed
Digital Subscriber Lines (VDSL). VDSL is intended to facilitate transmission
rates greater than that offered by the ADSL. The multi-carrier transmission
schemes used with VDSL can be Discrete Multi-Tone (DMT) modulation, or
some other modulation scheme such as Discrete Wavelet Multi-Tone (DWMT)

3
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modulation, Quadrature Amplitude Modulation (QAM), Carrierless Amplitude
and Phase modulation (CAP), Quadrature Phase Shift Keying (QPSK), or
vestigial sideband modulation.

[0013] A common feature of the above-mentioned fransmission systems is
that twisted-pair phone lines are used as at ieast a part of the transmission
medium that connects a central office (e.g., telephone company) to users
(e.g., a residence or business). Even though fiber optics may be available
from a central office to the curb near a user's residence, twisted-pair phone
lines are used to bring the signals from the curb into the user's home or

business.

[0014] One conventional frame synchronization technique for a system,
using frequency division duplexing (FDD) or echo cancelling to provide
duplexed operation, required the transmission of a predetermined sequence
of data which was received by a receiver and then correlated with a
predetermined stored sequence of data to determine the adjustment required
in order to yield synchronization. This frame synchronization technique
requires a special start-up training sequence to obtain the frame

synchronization.

[0015] When a data transmission system is operating in a time-division
duplexed (TDD) manner, the transmitters and receivers of the central office
and remote units must be synchronized in time so that transmission and
reception do not overlap in time. In a data transmission system, downstream
transmissions are from a central side transmitter to one or more remote side
receivers, and upstream transmissions are from one or more remote side
transmitters to a central side receiver. The central side transmitter and
receiver can be combined as a central side transceiver, and the remote side

transmitter and receiver can be combined as a remote side transceiver.

[0016] Generally speaking, in a time-division duplexed system, upstream
signals are alternated with downstream signals. On channels subject to
crosstalk (NEXT interference) between multiple connections, if time-division
duplexing is used, synchronization must be established and maintained

among all units so affected. Typically, the upstream transmissions and the
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downstream transmissions are separated by a guard interval or a quiet period.
The guard interval is provided to enable the transmission system to reverse
the direction in which data is being transmitted so that a transmission can be
received before the transmission in the opposite direction occurs. Some
transmission schemes divide upstream and downstream transmissions into
smaller units referred to as frames. These frames may also be grouped into
superframes that include a series of downstream frames and a series of

upstream frames, as well as guard intervals between the two.

[0017]  In multi-carrier data transmission systems, high speed data transfer
can be performed using a plurality of sub-carriers. A Discrete Multi-Tone
(DMT) symbol is transmitted using the plurality of sub-carriers. A cyclic prefix
is inserted to maintain the circularity of DMT symbols. A cyclic prefix is formed
by adding the last several samples to the beginning of a DMT symbol. The
length of the cyclic prefix can be represented as Lcp. Likewise, a cyclic suffix
can also be used for the same purpose and it is formed by adding the first few
samples to the end of a DMT symbol. The length of the cyclic suffix can be

represented as Lcs.

[0018] In addition, the cyclic suffix or cyclic prefix can be used for aligning
the DMT transmit and receive windows in digital duplexing. See, e.g., John
M. Cioffi et al. “G.vdsl: Digital Duplexing: VDSL Performance Improvement by
Aversion of Frequency Guard Bands,” ITU Temporary Document NT-041,
Nashville, Tennessee, November 1999, which is incorporated herein by
reference. Although the cyclic prefix is used as the mechanism to ensure
circularity, the same principle applies to cyclic suffixes. Similarly, the cyclic
suffix is used for aligning symbols in digital duplexing, but the same purpose
can be fulfilled by either the cyclic prefix or the cyclic suffix, or a combination
of both.

[0019] FIG. 1 is a diagram illustrating a representative, conventional DMT
symbol 10 having a cyclic prefix 12 of length Lcp and a cyclic suffix 14 of
length Lcs. A transmitter window is often applied to DMT symbols and the
last B samples of the cyclic suffix of the preceding DMT symbol and the first p
samples of the cyclic prefix of the latter DMT symbol are overlapped and
added. The resulting length of the DMT symbol is thus defined as

5
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dmtsymbol _length =2* Nsc + Lep + Les — 8 (Eq. 1)

where Nsc is the number of sub-carriers.

[0020] In determining the symbol boundary timing for multicarrier systems
such as OFDM (orthogonal frequency division multiplexing ~ a generalization
of DMT systems), a conventional method is described in L. Hanzo et al.,
“Single- and Multi-carrier Quadrature Amplitude Modulation,” Wiley, ISBN
0471492396, which is hereby incorporated herein by reference. By exploiting
the cyclic prefix structure, a cross-correlation function is computed. The
symbol delay index is chosen to maximize such a function. That is, the cross-

correlation function, G(j), is formed with

G(j)=Lflr(j+n)-r(j+n+2-NM) (Eq. 2)

n=0

where rrefers to received samples. Further, the delay index, my, is selected
to be x such that

G(ma) = me{G(x)} forallx (Eq. 3)

[0021]  Accordingly, the conventional method seeks a symbol delay index
to maximize the received signal energy. However, these high-speed data
communication systems are subject to interference, e.g., inter-symbol
interference and/or inter-carrier interference, which hinders operation. Inter-
symbol interference is due to imperfections in the subscriber loop (i.e., non-
ideal channel response), whereas inter-carrier interference is interference
from one subcarrier to another. With longer loops or greatér channel spread,
the impact of such interference tends to worsen. Thus, there is always a need
for improved approaches to determinate of appropriate symbol boundaries so

that greater performance can be achieved.

SUMMARY OF THE INVENTION

[0022] Broadly speaking, the invention pertains to improved techniques for
acquiring symbol boundary timing at a receiver of a multicarrier data

transmission system during a training sequence. One aspect is symbol
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boundary determination at a receiver wherein minimal interference is used as
a criterion in selecting from a plurality of potential symbol boundary timings.
The symbol boundary determination at the receiver can be performed in a
time domain or a frequency domain manner. Another aspect pertains to an
improved training sequence wherein pairs of identical symbols are transmitted
by a transmitter. These symbols can be supplied to the transmitter in a time
domain or a frequency domain manner. Different embodiments of the

invention can incorporate one or more of these aspects.

[0023] The invention can be implemented in numerous ways, including as a
method, system, device, apparatus, graphical user interface, or computer

readable medium. Several embodiments of the invention are discussed below.

[0024] As a method for detecting received symbol boundary timing in a
multicarrier system, one embodiment of the invention includes at least the acts of:
estimating noise due to inter-carrier and inter-symbol interference for different
choices of symbol boundary timing; and selecting the choice of symbol boundary

timing with the least noise due to inter-carrier and inter-symbol interference.

[0025] As a method for detecting received symbol boundary timing in a
multicarrier system, another embodiment of the invention includes at least the
acts of: receiving a series of received training signals over a wire-based channel;
storing at least three of the series of received training signals to a buffer;
determining difference values for a pair of consecutive received training signals
stored in the buffer; selecting one of the difference values; and determining the
received symbol boundary timing based on the selected one of the difference

values.

[0026] As a method for detecting received symbol boundary timing in a
multicarrier system, yet another embodiment of the invention includes at least the
acts of: receiving a series of received training signals over a wire-based channel;
determining a plurality of correlation values for a plurality of pairs of received
training signals, where each respective pair of training symbols were identical
when transmitted; selecting one of the correlation values; and determining the
received symbol boundary timing based on the selected one of the correlation

values.



WO 2005/125142 PCT/US2005/020075

[0027] As a multicarrier data transmission system one embodiment of the
invention includes at least one transmitter and at least one receiver. The
transmitter includes at least: a line encoder that encodes data into symbols to be
transmitted; training symbols; a switch that selects symbols for transmission
either the training symbols or the symbols pertaining to the encoded data from
the line encoder; a multicarrier modulation unit for modulating the symbols into
modulated symbols; and a digital-to-analog converter for converting the
modulated symbols into analog signals. The receiver includes at least: an
analog-to-digital converter for converting the analog éignals into digital samples;
a symbol timing unit for examining the analog signals to produce correlation
values for a plurality of different potential symbol timing boundaries; a multicarrier
demodulation unit for demodulating the digital samples into symbols; and a line
decoder that decodes the symbols into data. The transmitter transmits pairs of
identical training symbols, and the symbol timing unit produces the correlation
values with respect to the pairs of identical training symbols asvreceived at the

receiver.

[0028] As a computer readable medium including at least computer program
code for detecting received symbol boundary timing in a multicarrier system, one
embodiment of the invention includes at least: computer program code for
estimating noise due to inter-carrier and inter-symbol interference for different
choices of symbol boundary timing; and computer program code for selecting the
choice of symbol boundary timing with the least noise due to inter-carrier and

inter-symbol interference.

[0029] Other aspects and advantages of the invention will become
apparent from the following detailed description taken in conjunction with the
accompanying drawings which illustrate, by way of example, the principles of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The invention will be readily understood by the following detailed
description in conjunction with the accompanying drawings, wherein like

reference numerals designate like structural elements, and in which:
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[0031] FIG. 1is a diagram illustrating a representative, conventional DMT

symbol having a cyclic prefix and a cyclic suffix.

[0032] FIG. 2Ais a block diagram of a transmitter according to one

embodiment of the invention.

[0033] FIG. 2B is a block diagram of a receiver according to one

embodiment of the invention.

[0034] FIG. 3Ais a flow diagram of a training sequence process according

to one embodiment of the invention.

[0035] FIG. 3B is a flow diagram of a training sequence process according

to another embodiment of the invention.

[0036] FIG. 3C is a flow diagram of a training sequence process according

to still another embodiment of the invention.

[0037] FIG. 4 is a diagram of an initial portion of a representative training

sequence according to one embodiment of the invention.

[0038] FIGs. 5A-5C illustrate representative pairs of identical symbols that

can be utilized according to different embodiments of the invention.

[0039] FIG. 6 is a flow diagram of a symbol boundary determination

process according to one embodiment of the invention.

[0040] FIGs. 7A-7B are flow diagrams of a symbol boundary determination

process according to another embodiment of the invention.

[0041] FIG. 8 is a block diagram of a symbol boundary timing unit
according to one embodiment of the invention.

[0042] FIG. 9is block diagram of a symbol boundary determination system
according to one embodiment of the invention.

[0043] FIG. 10 is a block diagram of a symbol boundary determination

system according to another embodiment of the invention.

[0044] FIG. 11 shows an exemplary graph of correlation values plotted
against the symbol delay indices.
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[0045] FIG. 12 illustrates a block diagram of an initial section of a

transmitter according to one embodiment of the invention.

[0046] FIG. 13 illustrates a pair of representative training symbols in the

frequency domain according to one embodiment of the invention.

[0047] FIG. 14 is a block diagram of a symbol boundary determination

system according to another embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0048] The invention pertains to improved techniques for acquiring symbol
boundary timing at a receiver of a multicarrier data transmission system
during a training sequence. One aspect is symbol boundary determination at
a receiver wherein minimal interference is used as a criterion in selecting from
a plurality of potential symbol boundary timings. The symbol boundary
determination at the receiver can be performed in a time domain or a
frequency domain manner. Another aspect pertains to an improved training
sequence wWherein pairs of identical symbols are transmitted by a transmitter.
These symbols can be éupplied to the transmitter in a time domain or a
frequency domain manner. Different embodiments of the invention can

incorporate one or more of these aspects.

[0049] Embodiments of the invention are discussed below with reference
to FIGs. 1 —14. However, those skilled in the art will readily appreciate that
the detailed description given herein with respect to these figures is for
explanatory purposes as the invention extends beyond these limited

embodiments.

[0050] FIG. 2Ais a block diagram of a transmitter 100 according to one
embodiment of the invention. The transmitter 100 is, for example, associated

with a multicarrier data transmission system.

[0051] The transmitter 100 includes a switch 102. The switch 102 can
provide one data path in a data transmission mode and another data path in a
training mode. When the switch 102 is set to the training mode, training

symbols 104 are supplied to the switch 102. In addition, a training protocol

10
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control unit 106 can interact with the switch 102 so as to control the manner
by which the training symbols 104 are transmitted. In one implementation, the
training protocol control unit 106 controls the switch 102 such that the training
symbois 104 are transmitted so that pairs of identical training symbols are
transmitted. In one example, each pair of identical training symbols being

transmitted can be consecutive.

[0052] On the other hand, when the switch 102 is in the data transmission
mode, data 108 to be transmitted is supplied to a line encoder 110. The line
encoder encodes the data 108 into symbols which are then supplied to the
switch 102. For example, the symbols can be Quadrature Amplitude
Modulated (QAM) symbols.

[0053] The switch 102 outputs the appropriate symbols, i.e., data
transmission symbols or training symbols. The symbols output from the
switch 102 are supplied to a Discrete Multi-Tone (DMT) modulation unit 112
that converts the symbols into DMT symbols 114. For example, the DMT
modulation unit 112 can be an Inverse Fast Fourier Transform (IFFT) circuit.
The DMT symbols 114 are supplied to a cyclic prefix/suffix insertion unit 116.
The cyclic prefix/suffix insertion unit inserts a cyclic prefix and/or a cyclic suffix
to the DMT symbols 114. The cyclic prefix and/or cyclic suffix is used to
maintain the circularity of DMT symbol. The outputs of the cyclic prefix
insertion unit 116 are enhanced symbols 118. The transmitter 100 optionally
includes a windowing function 120. The windowing function 120 can be
imposed on the enhanced symbols 118 to produce modified symbols 122.
The windowing function 120 can further reduce interference by reducing the
magnitude of the sidelobes at the receiver, and/or by reducing out-of-band
energy at a transmitter. The modified symbols are then supplied to an analog
front end 124 which converts the modified symbols 122 from a digital form into
an analog form and thus outputs analog signals 126 to a wire where they are
transmitted to one or more receivers. The analog front end, for example,

includes one or more line drivers, filters and digital-to-analog converters.

[0054] FIG. 2B is a block diagram of a receiver 200 according to one

embodiment of the invention. The receiver 200 is, for example, associated

11
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with a multicarrier data transmission system. The receiver 200 is suitable for

receiving data transmitted by the transmitter 100 illustrated in FIG. 2A.

[0055] The receiver 200 receives incoming analog signals 202 from a line.
For example, the incoming analog signals 202 may have been transmitted to
the receiver 200 over the line by the transmitter 100 illustrated in FIG. 2A.
The incoming analog signals 202 being received are supplied to an analog
front end 204. The analog front end produces digital samples 206. The
analog front end 204 typically includes one or more of: amplifiers, filters and
analog-to-digital converters. The digital samples 206, for example, pertain to
DMT samples.

[0056] The digital samples 206 are supplied to a symbol timing unit 208.
The symbol timing unit 208 examines the digital samples 206 and determines
an appropriate symbol boundary for recovery of the transmitted data. In one
embodiment, the symbol timing unit 208 determines the appropriate symbol
boundary timing based on interference values at different possible symbol
boundaries. For example, those of the possible symbol boundaries having
the lowest interference values would be the desirable choices for the
appropriate symbol boundary timing. Once the appropriate symbol boundary
timing has been determined, the symbol timing unit 208 can provide control
signals 211 to various other components within the receiver 200 so as to
synchronize the data recovery with the symbol timing boundaries. The
symbol timing unit 208 will operate during a training sequence or training
mode in which the corresponding transmitter (e.g., the transmitter 100 shown
in FIG. 2A) transmits training symbols (e.g., training symbols 104) to the
receiver 200.

[0057] The digital samples 206 are also supplied to a Time domain
EQualizer (TEQ) 210. The time domain equalizer 210 outputs enhanced
symbols 212 that are supplied to a cyclic prefix removal unit 214. The TEQ
210 shortens the effective channel spread so that the effective channel (actuall
channel + TEQ) has a spread that is shorter than the cyclic prefix (and/or
cyclic suffix). The cyclic prefix/suffix removal unit 214 removes any cyclic
prefix and/or cyclic suffix that may be attached to the enhanced symbol 212

and could optionally provide receiver windowing. The cyclic prefix removal

12
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unit 214 outputs DMT symbols 216. A DMT demodulation unit 218 receives
the DMT symbols 216 and outputs Quadrature Amplitude Modulated (QAM)
symbols 220. The QAM symbols 220 result from a demodulation of the DMT
symbols 216. In one implementation, the DMT demodulation unit 218 can
include a Fast Fourier Transform (FFT).

[0058] The QAM symbols 220 can further be modified to reduce
interference due to nearby or far away sources. For example, the receiver
200 can optionally include an adder 222 and an echo and NEXT canceller
224. The adder 222 receives a next estimate 225 from the echo and NEXT
canceller 224. The adder 222 subtracts the next estimate 225 from the QAM
symbols 220 to produce modified QAM symbols 226. Furthermore, the
receiver 200 can optionally include a FEXT canceller 228. The modified QAM
symbols 226 can be supplied to the FEXT canceller 228 so that far away
interference can be cancelled from the modified QAM symbols 226. The
output of the FEXT canceller 228 are modified QAM symbols 230. Finally, a
line decoder 232 can decode the modified QAM symbols 230 into decoded
data 234 that is output from the receiver 200. The output from the receiver

200 should be the digital data that was originally transmitted to the receiver
200.

[0059] The invention is particularly concerned with transmitting training
symbols from a transmitter, and then determining a symbol boundary timing at
a receiver in accordance with information gathered using the received training
symbols at the receiver. The receiveris not required to have any knowledge

of the training symbols or a sequence thereof.

[0060] FIG. 3Ais a flow diagram of a training sequence process 300
according to one embodiment of the invention. The training sequence
process 300 initially obtains 302 training symbols. The training symbols are
symbols (e.g., QAM symbols) that are to be transmitted using multicarrier
modulation techniques to one or more receivers in order to permit the one or
more receivers to acquire the symbol boundary timing needed to properly

decode the data that is to be transmitted to the one or more receivers.

13
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[0061] The training symbols can be obtained 302 in a number of different
ways. For example, in one embodiment, the training symbols can be obtained
302 by generating the training symbols. Typically, the training symbols are
produced in a pseudo-random manner. In one embodiment, the training
symbols can be generated by a pseudo-random generator. In another
embodiment, the training symbols can be pre-stored in memory (e.g., a look-
up table) and then obtained 302 by reading the appropriate training symbols

from the memory.

[0062] After the training symbols have been obtained 302, a first training
symbol is selected 304. The selected training symbol is then transmitted 306
twice in succession. Next, a decision 308 determines whether there are more
training symbols to be transmitted. The number of training symbols can be
configurable by manufacturers or users, depending on the needs of specific
applications. In any case, when the decision 308 determines that more
training symbols are to be transmitted, the training sequence process 300
returns to repeat the block 304 so that a next training symbol can be selected
and then subsequently transmitted 306 twice in succession. Hence, the
various training symbols typically represent a series of training symbols that
are to be transmitted. In this embodiment, the training symbols are
transmitted so that each syrﬁbol in the series is transmitted twice in
succession. in ény case, when the decision 308 determines that there are no
more training symbols to be transmitted, the training sequence process 300 is
complete and ends.

[0063] In practice, the training sequence described by FIG. 3A is an
efficient embodiment of a training sequence process according to the
invention. However, the training sequence process can be generalized so
that training symbols are transmitted 306 one or more times. For example,
besides transmitting training symbols twice in succession, the training

symbols could be transmitted once or three times or more in succession.

[0064] FIG. 3B is a flow diagram of a training sequence process 340
according to another embodiment of the invention. The training sequence
process 340 initially obtains 342 training symbols. The training symbols are

symbols that are to be transmitted to one or more receivers in order to permit
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the one or more receivers to acquire the symbol boundary timing needed to
properly decode the data that is to be transmitted to the one or more
receivers. Typically, the training symbols are transmitted using multicarrier
modulation techniques to the one or more receivers. As previously noted, the
training symbols can be obtained 342 in a number of different ways. After the
training symbols have been obtained 342, the training symbols are
transmitted 344 to the one or more receivers. The manner in which the
training symbols are transmitted is such that at least two identical symbols are

preceded or succeeded by different symbols.

[0065] FIG. 3C is a flow diagram of a training sequence process 380
according to still another embodiment of the invention. The training sequence
process 380 represents, like the training sequence process 300, represent
embodiments of the training sequence process 340. The training sequence
process 380 also represents a generalization of the training sequence
process 300 in that training symbols can be repeated zero or more time

“during transmission.

[0066] The training sequence process 380 initially obtains 382 training
symbols. The training symbols are symbols that are to be transmitted to one
or more receivers in order to permit the one or more receivers to acquire the
symbol boundary timing needed to properly decode the data that is to be
transmitted to the one or more receivers. Typically, the training symbols are
transmitted using multicarrier modulation techniques to the one or more
receivers. As previously noted, the training symbols can be obtained 382 in a
number of different ways. The training symbols may or may not be distinct
from one another. After the training symbols have been obtained 382, a first
training symbol is selected 384. The selected training symbol is then
transmitted 386. A décision 388 then determines whether the selected
training symbol is to be repeated. When the selected training symbol is to be
repeated, the selected training symbol is again transmitted 386. Next, a
decision 390 determines whether there are more training symbols to be
transmitted. The number of training symbols can be configurable by
manufacturers or users, depending on the needs of specific applications. In
any case, when the decision 392 determines that more fraining symbols are to
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be transmitted, the training sequence process 380 returns to repeat the block
384 so that a next training symbol can be selected and then subsequently
transmitted 386, 390 one or more times. Hence, the various training symbols
typically represent a series of training symbols that are to be transmitted. In
this embodiment, the training symbols are transmitted so that each symbol in
the series is transmitted one or more times in succession. In any case, when
the decision 392 determines that there are no more training symbols to be
transmitted, a decision 392 determines whether at least two identical symbols
have been preceded or succeeded by different symbols in the course of the
transmission 386 of the series of training symbols. When the decision 392
indicates that no two identical symbols have been preceded or succeeded by
different symbols, the training sequence process 380 returns to repeat the
block 384 so that the processing can continue so that this condition can be
satisfied. On the other hand, when the decision 392 indicates that at least two
identical symbols have been preceded or succeeded by different symbols, the

training sequence process 380 is complete and ends.

[0067] The particular transmission sequence of training symbols by various
embodiment of the training sequence process 300, 340 and 380 can vary. A
first example is the transmission sequence “A, A, B, B, C, C, D, D" which
allows symbols A, B, C and D to all be used in acquiring symbol boundary
timing. The training sequence process 300 of FIG. 3A is designed to use
such an efficient approach. The training sequence processes 340 and 380 of
FIGs. 3B and 3C are also able to utilize the transmission sequence of the first
example as well as many others, such as exemplified by the following
examples. A second example is the transmission sequence “A, B, B, C, D, E,
E, F, F, F, C, G” which allows symbols B, C, E and F to be used in acquiring
symbol boundary timing. A third example is the transmission sequence “A, B,
C, D, E, B, F” which allows symbol B to be used in acquiring symbol boundary
timing. A fourth example is the transmission sequence “A, B, C, B, C, D”
which allows symbols B and C to be used in acquiring symbol boundary
timing. A fifth example is the transmission sequence “A, B, D, E, B, D, F”
which allows symbols B and D to be used in acquiring symbol boundary

timing. To the extent that a transmission sequence uses symbols that cannot

16



WO 2005/125142 PCT/US2005/020075

be used in acquiring symbol boundary timing, such symbols increase the
latency to acquire symbol boundary timing, thus are less efficient. However,
in some cases, the symbols being transmitted but not used to acquire symbol
boundary timing can be used for other purposes. It should be understood that
these exemplary transmission sequences are abbreviated for ease of
illustration, as typically training sequences will be substantially longer (e.g.,

500 usable symbol pairs)

[0068] FIG. 4 is a diagram of an initial portion of a representative training
sequence 400 according to one embodiment of the invention. As shown in
FIG. 4, the training sequence 400 has an initial portion that illustrates the first
six symbols to be transmitted. Note that the first and second symbols that are
transmitted are both symbol A, that the third and fourth symbols transmiﬁed

| are both symbol B, and that the fifth and sixth symbols transmitted are both
symbol C. In other words, each symbol of the training sequence 400 is sent
twice, one after the other. The training sequence process 300 can be used to
produce the training sequence 400. The advantages of this particular type of
training sequence and transmission of such training symbols is explained in

more detail below.

[0069] FIGs. 5A-5C illustrate representative pairs of identical symbols that
can be utilized according to different embodiments of the invention. FIG. 5A
illustrates a pair of identical symbols 500 according to one embodiment of the
invention. The pair of identical symbols include symbol-0 502 and symbol-1
504. The symbol-0 502 is initially transmitted and then immediately followed
by the transmission of symbol-1 504. Both the symbol-0 502 and the symbol-
1 504 pertain to the transmission of symbol A. Hence, the symbol-0 502 and
the symbol-1 504 can represent a pair of identical symbols. The symbol A
includes a plurality of samples A0-A17 which represent data values
transmitted on each of a plurality of subcarriers utilized by the multicarrier
data transmission system. The sample numbers used in FIGs. 5A-5C (i.e.,
AO0-A17, A0-A13, A0-A9) are all for illustration purposes and vary for different

applications.

[0070] FIG. 5B illustrates a pair of identical symbols 520 according to
another embodiment of the invention. The pair of identical symbols includes a
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symbol-0 522 and a symbol-1 524. The symbol-0 522 is initially transmitted
and then immediately followed by the transmission of symbol-1 524. Each of
the symbols 522 and 524 pertain to the transmission of symbol A. In this
embodiment, the symbol A includes samples A0-A13 which carry data values
and a cyclic prefix associated with samples A10-A13. The length of the cyclic
prefix can correspond to more or less than four samples as shown in FIG. 5B.
Similarly, the number of samples A0-A13 for the symbol A can also vary
depending upon implementation. For example, if the multicarrier data
transmission system were an ADSL ’system, then the symbol might include a

total of 512 samples.

[0071] FIG. 5C illustrates a pair of identical symbols 540 according to yet
another embodiment of the invention. In this embodiment, the symbols
include both a cyclic prefix and a cyclic suffix. The pair of identical symbols
540 include symbol-0 542 and symbol-1 544. The symbol-0 542 and the
symbol-1 544 both pertain to the transmission of symbol A. In this
embodiment, the symbol A includes samples A0-A9 which carry data values,
a cyclic prefix associated with samples A6-A9, and a cyclic suffix associated
with samples A0-A3. "

[0072] It should be recognized, as noted above, that it is not necessary
that two identical symbols be transmitted in succession. So long as the two
identical symbols are preceded or succeeded by different symbols and the
receiver understands the manner by which the identical symbols will be
transmitted, the receiver can analyze the pairs of identical symbols as
received. It should also be noted that for a more robust estimation of symbol
boundary timing, both the criteria of preceded and succeeded by different
symbols should be fulfilled. For example, the different symbols A, B, C and D
can be transmitted as consecutive pairs (e.g., A, A, B, B, C, C, D, D). Even
more general, a training sequence consists of two or more identical symbols
where each contributing symbol is preceded or succeeded by different
symbols. For example, the symbols B, C, E, and F are all valid training
symbols in the following transmitted training sequence: A, B, B, C,D, E, E, F,
F, F, C, G. Note that in these examples, the identical symbols are preceded
or succeeded by different symbols. Throughout the application, the example
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of using uniform consecutive pairs (namely: A, A, B, B, C, C, D, D) is often
assumed, the extension of the description to the general case is implicit in this

application.

[0073] FIG. 6 is a flow diagram of a symbol boundary determination
process 600 according to one embodiment of the invention. The symbol
boundary determination process 600 stores 602 received training symbols in
a receiver buffer. Then, the sample values of the received training symbols
stored 602 in the receiver buffer (which represent pairs of identical transmitted
symbols) are processed to determine 604 difference values for a plurality of
different choices of symbol boundary timing. Then, one of the choices is
selected 606 to be the symbol boundary timing based on the difference
values. The difference values are associated with a pair of received training
symbols that were identical on transmission. The difference values for such a
pair of received training symbols provide an indication of interference. The
interference, for example, pertains to inter-carrier or inter-symbol interference.
In other words, the difference values can represent estimated noise due to
inter-carrier and inter-symbol interference. If the symbols preceding the
identical pair of symbols are different, interference due to the preceding
symbol is obtained. On the other hand, if the symbols succeeding the
identical pair of symbols are different, interference due to the succeeding
symbol is obtained. Hence, the selection 606 of one of the choices to be the
symbol boundary timing can be biased towards the difference values that are
the lowest. The lower the difference value, the less interference is present
using that symbol boundary timing. Consequently, the performance of the
multi-carrier data transmission system can be improved when the symbol

timing boundary is chosen in view of interference levels.

[0074] Although the symbol boundary determination process 600 makes
reference to a pair of received training symbols, the difference values being
utilized to select the symbol boundary timing can be accumulated or averaged

over a number of pairs of symbols.

[0075] FIGs. 7A-7B are flow diagrams of a symbol boundary determination
process 700 according to another embodiment of the invention. The symbol

boundary determination process 700 is, for example, performed by a receiver
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of a multicarrier data transmission system. As an example, the symbol timing
unit 208 within the receiver 200 illustrated in FIG. 2B can perform the symbol

boundary determination process 700.

[0076] The symbol boundary determination process 700 initially clears 702
any difference values (including any accumulated difference values) and sets
704 variable x to zero (0). In addition, the variable n is set 706 to zero (0).
Here, the operations 702 — 706 are used to initialize the system for the symbol

boundary determination process.

[0077] Once the system has been initialized, a first sample value is
retrieved 708 from buffer position r(x+n). Here, the buffer position (r) pertains
to a position (x+n) within a receive buffer that holds a series of incoming
analog signals that were transmitted from a transmitter in accordance with a
training pfotocol. A second sample value is retrieved 710 from buffer position
r(x+symbol _ length+1), where symbol_length represents the length of the
symbols being transmitted to the receiver. Then, the first sample value is
subtracted 712 from the second sample value to obtain a difference value.
Typically, for ease of implementation, the subtraction 712 operation is
implemented as an addition (e.g., using two’s complement values). Next, thé
magnitude of the difference value is determined 714. For example, the
magnitude can be determined by the absolute value of the difference value.
Alternatively, another mathematical operation such as magnitude square can
be determined for the difference value and used in place of the magnitude.
The magnitude of the difference value is then added 716 to an accumulated
difference value. The difference values are accumulated over a plurality of

different n values.

[0078] Next, a decision 718 determines whether the variable n = 2N —1.
Here, N represents the number of subcarriers (e.g., tones) within a symbol. It
should also be noted that the value of 2N-1 would be different in other
embodiments, such as embodiments that utilize a cyclic prefix or suffix. In
any case, when the decision 718 determines that the variable n does not =
2N-1, then the variable n is incremented 720. After the variable n is
incremented 720, the symbol boundary determinaﬁon process 700 returns to

repeat the operation 708 and subsequent operations so that another
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difference value can be obtained and accumulated for the current buffer offset
specified by the variable x. On the other hand, when the decision 718
determines that the variable n = 2N-1, then all the difference values have
been accumulated within the accumulated difference value for the current
buffer offset identified by the variable x. Accordingly, the accumulated

difference value, represented as D(x), is stored 722.

[0079] Next, a decision 724 determines whether the variable x =
2*symbol_length - 1. Here, the decision 724 determines whether the offset
into the receive buffer has traversed a symbol length. When the decision 724
determines that the buffer offset has not traversed a symbol length, the
symbol x is incremented 726. Following the operation 726, the symbol
boundary determination process 700 returns to repeat the operation 706 and
subsequent operations so that an accumulated difference value can be

acquired for the next offset into the receive buffer.

[0080] When the decision 724 determines that the variable x =
2-symbol_length - 1, then the accumulated difference values have been
obtained for two symbol lengths. Hence, a symbol boundary timing can then
be determined 728 based on the accumulated difference values (D(x)). Here,
the symbol boundary timing can be determined 728 based on the offset (or
timing index) with respect to the receive buffer that offers the lowest
accumulated difference value. The search space over which the lowest
accumulated difference value is found is equal to a length of two symbols. In
the event that there are multiple accumulated difference values that are
equally low, the difference value offering either the shortest or the longest
offset into the receive buffer can be chosen, depending on the respective
training sequence. Following the operation 728, the symbol boundary timing
has been determined and thus the symbol boundary determination process
700 is complete and ends. However, it should be noted that the symbol
boundary determination process 700 can be performed multiple times for
different pairs of first and second sample value sets from the receive buffer
and to accumulate or average such values a plurality of times. In such case,
the symbol boundary timing can be based 6n the accumulation or average of
the various accumulated difference values.
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[0081] If the pairs of identical symbols in the training sequence are
preceded by the same symbols, there could be multiple accumulated
difference values that are equally low. Since the inter-symbol interference
due to the preceding symbols is not taken into account with such a training
sequence, the longest offset into the receive buffer can be chosen in order to
minimize the possible introduction of inter-symbol interference due to the

preceding symbols.

[0082] If the pairs of identical symbols in the training sequence are
succeeded by the same symbols, there could be multiple accumulated
difference values that are equally low. Since the inter-symbol interference
due to the succeeding symbols is not taken into account with such a training
sequence, the shortest offset into the receive buffer can be chosen in order to
minimize the possible introduction of inter-symbol interference due to the

succeeding symbols.

[0083] In other cases, the shortest offset into the receive buffer should be

chosen as the received symbol boundary.

[0084] It should also be noted that, if the chosen offset into the receive
buffer is longer than the length of a symbol (symbol_length), the length of a
symbol (symbol_length) can be subtracted from the chosen offset to give the

received symbol boundary to improve latency.

[0085] FIG. 8 is a block diagram of a symbol boundary timing unit 800
according to one embodiment of the invention. The symbol boundary timing
unit 800 operates to determine a symbol boundary reference that is utilized by
a receiver. For example, in accordance with one embodiment, the symbol
boundary timing unit 800 can be utilized as the symbol timing unit 208
illustrated in FIG. 2B.

[0086] The symbol boundary timing unit 800 receives incoming samples at
a receive buffer 802. The incoming samples are analog signals from a wire.
The receive buffer stores the samples and has enough capacity to store four
entire symbols. An adder 804 performs a subtraction operation with respect
to two different samples residing within the receive buffer 802. In one
embodiment, the separation of the samples being supplied to the adder 804
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with respect to the receive buffer 802 are separated by a symbol width (or an
integer number of symbol widths). The output of the adder 804 is a difference
value for the particular samples. The difference value can be a positive or
negative value. Hence, the difference value is supplied to an absolute value
circuit 806 that determines that absolute value (or magnitude) of the

difference value.

[0087] Next, the difference value (i.e., its magnitude) is supplied to an
accumulator 808. The accumulator 808 accumulates difference values for 2N
- 1 samples. The output of the accumulator 808 is an accumulated difference
value (e.g., D(x)). The accumulated difference value can also be referred to
as a correlation value G(x). The accumulated difference value is supplied to a
comparator 810. The comparator 810 determines whether the accumulated
difference value is to be utilized as the symbol boundary reference. In this
regard, the comparator 810 can compare the current accumulated difference
value with one or more previously determined accumulated difference values
to select the particular one of the accumulated difference values that offers
the best system performance. The comparator 810 may include a register to
hold other previously determined accumulated difference values or to hold the
currently best accumulated difference value. The symbol boundary timing unit
800 also includes a controller 812. The controller 812 controls overall
operation of the symbol boundary timing unit 800 and coordinates the
operations with respect to at least the receive buffer 802, the accumulator 808
and the comparator 810.

[0088] According to one aspect of the invention, a transmit sequence
containing pairs of identical symbols is employed as the training protocol. This
protocol has pairs of identical symbols but the transmitted symbols preceding
or succeeding the pairs have to be different. One implementation is to have a
sequence of DMT symbols which are constructed by a pseudo-random
sequence and each individual DMT symbol is repeated once. By identifying
the differences between the two consecutive symbols at the receiver end,
noise due to inter-carrier and inter-symbol interferences can be estimated for
different choices of symbol boundary timing. The choice with the least inter-

carrier and inter-symbol interferences can then be selected for symbol
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framing. The training protocol aims at minimizing inter-carrier and inter-
symbol interference, thus outperforms the other methods. It is independent of

the value of Lcp, Les and B, where any of them are allowed to be zero.

[0089] A receive buffer at the receiver can store four symbols (e.g., 4 x
dmtsymbol_length) of time samples. The determined symbol boundary is
determined at an optimum delay (mq) from the beginning of the received
buffer in accordance with Equation 4 below:

mq = X when

2*Nsc-1
G(x) = z abs[r(x + dmtsymbol _length+ n) —r(x + n)] (Eq. 4)

n=0
is minimized.

where r represents the received buffer contents, abs represents taking the
absolute value, and the search is performed over x =0 to
2-dmtsymbol_length-1. Further, the delay my is the calculated optimum delay
and is implemented as an address index to the received buffer. For simplicity,
a receive buffer of length equal to four symbols of time samples is used as an
example to illustrate how the invention functions. However, the length of such
a receive buffer can be at least down to three symbols of time samples if the

use of a circular buffer is considered.

[0090] Consider an example in which the FFT size is 1024, the number of
subcarriers is 512, the length of the cyclic prefix (Lcp) is 48, the length of the
cyclic suffix (Lcs) is 48, and the length of an overlapping region (8) is 16.
Here, the dmtsymbol_length would be 1104 (2:Nsc + Lcp + Les - 8). Using
such exemplary numbers, Equation 4 is rewritten as:

G(x)= lOzzaazbs[r(x+1104+n) —r(x+n)]. (Eqg. 4.1)

n=0

This calculation is done for x = 0 up to x = 2207. This means the symbol
delay is searched over a space of two symbol lengths. Note that 80 samples
corresponding to the cyclic prefix and suffix are removed at the receiver, thus

leaving 1024 samples to be processed. Therefore, there will be 2208
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correlation values calculated for each pair of training symboils, i.e., G(0), G(1),
..., G(2207) are to be calculated from Equation 4.1.

[0091] To explain further the operation of Equation 4.1, suppose we

denote the absolute difference signal as:
d (n) = abs[r(l 104 +n)— r(n)] . (Eq. 4.2)

In order to compute the 2208 correlation values, G(0), .., G(2207), there are
3231 absolute difference values required. The calculations of these absolute

difference values are done as follows:

d(0) = abs[r(1104) - r(0)]
d(1) = abs[r(1105) - (1)]
d(2) = abs[r(1106) - r(2)]
(Eq. 4.3)

d(3230) = abs[r(4334) - r(3230)]
The signal samples r are stored in a receive buffer as shown in FIG. 8.

[0092] Each of the correlation values are then calculated with a sliding
window.
G(0) = d(0) +d(1) +...+d(1023)

G(l) = d(1) +d(2) +...+ d(1024)
G(2) = d(2) +d(3) +...+ d(1025)

(Eq. 4.4)
G(2207) = d(2207) + d(2208) + ...+ d(3230)
In general,
G(x)= d(x)+d(x+1)+...+ d(x+1023). (Eq. 4.5)
The optimum symbol boundary is found at my if
G(m, ) = min{G(0), G(1),..., G(2207)} (Eq. 4.6)

symbol _boundary = m,
A direct architecture which implements Equation 4.6 is shown in FIG. 9.
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[0093] The computation load due to the direct implementation architecture
is high. For every correlation value G(x) to be calculated, the number of
accumulations amounts to 1024. If the instantaneous absolute difference
value is stored in a buffer (of size 1024 in this example or up to 2 x Nsc in
general), the computation of a correlation value G(x) as shown in Equation 4.5

can be re-formulated by a running sum window algorithm:
G(x)= G(x—1)+ d(x +1024)-d(x) (Eq. 4.7)

[0094] The architecture of such a computation efficient architecture is
shown in FIG. 10. By having a correlation buffer that stores all the correlation
values, additional options in choosing the correlation value can be used. For
example, more robust search algorithms for the best minimum value can be

utilized.

[0095] Equation 4 uses an absolute value in forming the correlation values
G(x). Alternatively, a magnitude square can be used. That is, the correlation

values G(x) can be determined in accordance with the following equation.

2*Nsc-1
G(x) = Z abs|r(x + dmtsymbol _length +n) —r(x + n)|2 (Eq. 5)

n=0

[0096] The result of the summation (of Equations 4 or 5) is essentially a
measure of the inter-symbol and inter-carrier interference. At any specific

value of x, the received sample is calculated as:

r(x+dmtsymbol_length+n) = wanted signal + random-noise(inter-carrier

and inter-symbol interference)

r(x+n) = wanted signal + random-noise(inter-carrier and inter-symbol

interference).

Due to pairs of identical transmitted signals, the “wanted signal” between
r(x+dmtsymbol_length+n) and r(x+n) are identical. Through the subtraction,
the “wanted signal” is cancelled out. Further, since the interference results
from random signals, the difference between the two interference signals is
still a measure of the interference. Therefore, by minimizing the result of the
summation across 2*Nsc samples, one obtains the symbol boundary with the

least inter-carrier and inter-symbol interference.
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[0097] The above-described approach to determining symbol boundaries
can also be applied to minimize interference due to spectral leakage of
crosstalk from other lines in a multiple-input multiple-output system. This is
done by having all transceivers, both near-end and far-end, transmit pairs of
identical symbols. The determination of the symbol boundary can still be
done according to Equations 4 and 5, where the effect of crosstalk is

automatically taken into account in the received time domain samples.

[0098] The above-described approach to determining symbol boundaries
continues to apply even when transmitter windowing is utilized. Namely,
Equations 4 and 5 continue to apply. In order to improve the ability to
determine the boundary, according to one embodiment, the ideal window for
symbol timing detection is a rectangular window with a length equal to one
symbol width (i.e., dmtsymbol_length).

[0099] When noise cancellation schemes are employed, their contribution
should be ignored during the estimation based on Equations 4 and 5. For
example, in an echo-cancelled system, the transceiver detecting symbol
boundary should be silent and only the far-end transmitters and other near-
end transmitters are active. The inter-symbol interference and inter-carrier
interference from the far-end transmitter in the direct channel and from both
near-end and far-end transmitters in neighboring lines can be measured
according to Equations 4 and 5 and echo noise will not be present during the
estimation. This approach can give the optimal symbol boundary as long as
there is a large degree of echo-cancellation. Similarly, if the effect of near-
end crosstalk (NEXT) from near-end transmitters will be cancelled, the near-

end transmitters should be silent during the estimation period.

[00100] In cases where the channel spread is longer than the cyclic
prefix, a time domain equalizer or a per-tone equalizer can be used to shorten
the effective channel spread as known to those skilled in the art. For a time
domain equalizer or a per-tone equalizer of T taps, Equation 4 can be

modified by reducing the range for summation as follows:

myg = X when

27



WO 2005/125142 PCT/US2005/020075

2*Nse-T
Z abs[r(x + dmtsymbol _length +n)—r(x + n)] is minimized, (Eq. 5.1)

n=0

where r represents the received buffer contents, abs represents taking the
absolute value, and the search is performed over x = 0 to

2*dmtsymbol_length-1.

[00101] Where the channel spread is shorter than the cyclic prefix, there
may be multiple equivalent values of myq where the inter-carrier and inter-
symbol interference are the same. Since the effective channel delay is
dependent on the value of myg chosen, mq should be selected such that the
effective channel delay is minimized. In this perspective, if there exists a
range of delay values which all correspond to the same level of inter-carrier
and inter-symbol interference, the smallest my value can be chosen. This, in
turn, leads to a smaller value for the cyclic suffix needed and thus reduces the
amount of overhead.

[00102] FIG. 9 is block diagram of a symbol boundary determination
system 900 according to one embodiment of the invention. The symbol
boundary determination system 900 represents one implementation of

Equation 4 noted above, which determines a symbol boundary.

[00103] The symbol boundary determination system 900 includes a
receiver buffer 902 that, in this embodiment, stores four DMT symbols. A
symbol timing control unit 904 coordinates operation of the symbol boundary
determination system 900. In this regard, the symbol timing control unit 904
supplies buffer enable control signals to the receiver buffer 902, and supplies
buffer address pointer controls to the receiver buffer 902. One of the buffer
address pointers is denoted r(x+n), and the other buffer address pointer is
denoted r(x+dmtsymbol_length+n), where ris the contents of the receiver
buffer 902 at the particular address, x represents a search range from 0 to
2*dmtsymbol_length-1, and n represents the particular samples to be

accumulated.

[00104] The samples of the receiver buffer 902 as indexed by the buffer
address pointers are supplied to an adder 906 that performs a subtraction
operation. The result from the adder 906 is supplied to an absolute value
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(abs) circuit 908. The output of the absolute value circuit 908 is a partial
correlation value represented by abs(r(x+dmtsymbol_length+n) - r(x+n)). The
partial correlation value is supplied to an adder 910 which adds the current
partial correlation value with an accumulated correlation value produced by an
accumulator 912. The symbol timing control unit 904 also supplies a
reset/enable signal to the accumulator 912. The output of the accumulator
912 is a current correlation value G(x) which is supplied to a comparator 914.
The comparator 914 selects a minimum correlation value from the current
correlation value supplied by the accumulator 912 with a previous minimum
correlation value stored in register 916. The symbol timing control unit 904
can send a minimum value control signal to the comparator 914. In response
to the minimum value control signal, the output of the comparator 914 is a
symbol boundary value. For example, the symbol boundary value can be an
optimum delay (mg) from the beginning of the receiver buffer 902, thereby
specifying the symbol boundary.

[00105] FIG. 10 is a block diagram of a symbol boundary determination
system 1000 according to another embodiment of the invention. The symbol
boundary determination system 1000 represents a more efficient
computational scheme than that utilized by the symbol boundary
determination system 900 illustrated in FIG. 9.

[00106] The symbol boundary determination system 1000 includes a
receiver buffer 1002 that stores four DMT symbols. A symbol timing control
unit 1004 supplies buffer addressing and control signals to the receiver buffer
1002 so that a pair of samples can be retrieved from the receiver buffer 1002
and supplied to an adder 1006. One of the samples supplied from the
receiver buffer 1002 to the adder 1006 is denoted r(x+n), and another of the
samples supplied from the receiver buffer 1002 to the adder 1006 is denoted
r(x+dmtsymbol_length+n). The adder 1006 subtracts one of the retrieve
samples from the other to produce a difference value. The difference value is
supplied to an absolute value (abs) circuit 1008 which produces a value. The
output of the absolute value circuit 1008 is a partial correlation value

represented by abs(r(x+dmtsymbol_length+n) - r(x+n)).
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[00107] The value from the absolute value circuit 1008 is supplied to a
running sum window 1010. More particularly, the value from the absolute
value circuit 1008 is supplied to an absolute value delay buffer 1012 and an
adder 1014. The delayed value from the absolute value delay buffer 1012 is
supplied to an adder 1016. The adder 1016 also includes a sum from the
adder 1014. The adder 1016 subtracts the delayed value from the sum
supplied by the adder 1014 to produce a modified sum that is supplied to an
accumulator 1018. Once all of the accumulations have occurred, the output
of the accumulator 1018 is a correlation value. That is, the output of the
accumulator 1018 is supplied to the adder 1014 so that a partial correlation
value can accumulate to produce a final correlation value. The final
correlation value is applied to a correlation buffer 1020. The correlation buffer
1020 can store a plurality of final correlation values that are being produced
by the symbol boundary determination system 1000. The symbol timing
control unit 1004 also supplies control signals to the absolute value delay
buffer 1012, the accumulator 1018 and the correlation buffer 1020. The
absolute value delay buffer 1012, the adder 1014, the adder 1016 and the

accumulator 1018 can be considered as the running sum window 1010.

[00108] The symbol boundary determination system 1000 also includes
a comparator 1022. The comparator 1022 can evaluate the final correlation
values within the correlation buffer 1020 to select a minimum correlation
value. The minimum correlation value that is chosen by the comparator 1022
is used to determine a symbol boundary indicated by a symbol boundary
value. For example, the symbol boundary value can be an optimum delay
(mg) from the beginning of the receiver buffer 1002, thereby specifying the
symbol boundary. The symbol timing control unit 1004 also supplies control
signals to the comparator 1022 and a symbol boundary value register 1024,
which stores the selected final correlation value chosen by the comparator
1022.

[00109] FIG. 11 shows an exemplary graph of correlation values plotted
against the symbol delay indices. In this example, the size of FFT used is
1024 and a typical 26 American Wire Gauge (awg) cable channel with a loop

length of 2 km is modeled. The minimum correlation value is found at the
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delay index equal to 147. That is, in this particular example, mq = 147. The
modeling parameters as well as the cable model are referred to in John A. C.
Bingham, “ADSL, VDSL, and Multicarrier Modulation,” Wiley, ISBN 0-471-
20072-7, which is hereby incorporated herein by reference.

[00110] The determination of the optimum symbol delay index is based

on a sequence of pseudo-random symbols containing identical pairs in order
to reduce the statistical noise due to the correlation process. Equation 4 only
describes the correlation process of a training symbol pair. To extend it for a
sequence of identical training pairs, Equation 4 is modified for the kth training

pair as:

2*Nse~1
G(x, k) = Z abs[r(x + dmtsymbol _length+n) —r(x + n)]. (Eqg. 6)

n=0

[00111] The representative iterative calculation of the G(x, k) values for
each training pair is as follows. The FFT size assumed is 1024, the number
of subcarriers is 512, the length of the cyclic prefix (Lcp) is 48, the length of
the cyclic suffix (Lcs) is 48, and the length of an overlapping region (g) is 16.
Here, the dmtsymbol_length would be 1104 (2:Nsc + Lcp + Les - £). When
the calculation of the last correlation value, i.e., G(2207), is finished, the
address pointers which are used to point to the receive buffer are reset to the
addresses that contain r(0) and r(1104), which are the beginning addresses
for calculating G(0) of the (k+1)th training pair, namely, G(0, k+1). Hence, for
N training symbol pairs, the correlation values that are collected as a result of
applying Equation 6 are:

0" symbol pairr  G(0, 0)
G(1,0)

G(2207, 0)
15t symbol pair: G(0, 1)
G(1, 1)
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G(2207, 1)

ki symbol pair: G(0, k)
G(1, k)

G(2207, k)

(N-1)" symbol pair: G(0, (N-1))
G(1, (N-1))

G(2207, (N-1)). (Eq. 7)

[00112] To select an optimum delay index, mg, there are two
approaches. The first approach is to average the N collected correlation
values at each delay index and then subsequently to select the minimum
value. The index that corresponds to the minimum correlation value is the

optimum delay index. If we denote the average correlation value at delay

index x as G(x), then

G(m,)= min{@(O), G(1),..., 5(2207)} (Eq. 8)
symbol _boundary =m,, optimum delay index )
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G(x) is calculated as

a(x) = ZZ;; Glx, k)

(Eqg. 9)
= G(x,0)+ G(x,])+ G(x,2) + ...+ G(x, N —1)
Alternatively, G(x) can also be calculated as
_ 1 N-1
G(x)=—-ZG(x,k)
N s (Eq. 10)

- %/_ [6(x,0)+ G(x,1)+ G(x,2) + ... + G, N ~1)]

[00113] The second approach of finding the optimum delay index is
done by identifying the delay index of the minimum correlation value for each
training pair and followed by averaging the identified delay index over all
training pairs. Hence, with reference to Equation 8, we first perform
0™ symbol pair: G(xo, 0) = min{ G(0, 0), G(1, 0), ..., G(2207, 0)}

mMq(0) = Xo
15! symbol pair: G(x1, 1) =min{ G(0, 1), G(1, 1), ..., G(2207, 1)}

mqa(1) = X4

k" symbol pair: G(xx, k) = min{ G(0, k), G(1, k), ..., G(2207, k)}
ma(k) = Xk

(N-1)" symbol pair: G(x, N-1) = min{ G(0, N-1), G(1, N-1), ..., G(2207, N-1) }
mMg(N-1) = Xn-1. (Eq. 11)
In the above equation, my(k), is the delay index corresponding to the minimum

correlation values for the k" symbol.

Xo tX +F Xy
N (Eg. 12)
symbol _boundary = averaged _m,

averaged _m, =
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[00114] The length of the training sequence can vary for different cable
loop lengths and, in general, the shorter the cable loop length, the shorter the
training sequence that is required. Typically, as the cable loop length varies
from 300 m (short loop) to 2 km (long loop), the required training sequence
varies from 500 symbols (250 identical pairs) to 1500 symbols (750 identical
pairs).

[00115] Although the above-discussion concentrates on a time domain
approach to determining symbol boundaries, the invention is also suitable for
use as a frequency domain approach. The frequency domain approach can,
for example, be used with ADSL or VDSL systems. The advantage of
processing the training symbols in the frequency domain is to allow a range of
information bearing subcarriers (tones) in addition to detecting the symbol
boundary with the identical pseudo-random symbols carried in the subcarrier

(tones) other than the information bearing subcarriers.

[00116] To extend this detection method, the training pairs in the
frequency domain must be modified and an example training pair in the

frequency domain is shown as follows:

symbol AO: tone_1: information bearing CC
tone_2: X2 (pseudo-random 4-QAM symbols)
tone_3: information bearing DD
tone_4: X4 (pseudo-random 4-QAM symbols)
tone_5: information bearing EE
tone_6: X6 (pseudo-random 4-QAM symbols)
tone_7: information bearing FF

tone_8: X8 (pseudo-random 4-QAM symbols)

symbol A1: tone_1: information bearing CC
tone_2: X2 (pseudo-random 4-QAM symbols)

tone_3: information bearing DD
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tone_4: X4 (pseudo-random 4-QAM symbols)
fone_5: information bearing EE
tone_6: X6 (pseudo-random 4-QAM symbols)
tone_7: information bearing FF
tone_8: X8 (pseudo-random 4-QAM symbols)

In the above example, the DMT symbol contains only eight tones, but for any
practical system, many more tones shall be used. For example, 255 tones
are used in ADSL. It is shown in the example that the even tones of the
training pair contain identical random signals and these are X2, X4, X6, and
X8, while all the odd tones contain system information to be transmitted
between the customer's premises (CP) and the central office (CO). The same
system information may be carried by the training pair. Note that, in general,
any number of tones (including zero) may be used for system information and
a minimum of one tone should be used as the training tone. The use of
pseudo-random 4-QAM symbols as the training symbol is also for illustrative
purposes and other training symbols could be used.

[00117] Recall Equation 4,

2%Nsc-1
G(x) = 2 abs[r(x + dmtsymbol _length +n) —r(x + n)]

n=0

wherein dmtsymbol_length is the length of a DMT symbol, and Nsc is the total

number of subcarriers (an even number).

[00118] For a delay index x, two sequences in the frequency domain are
defined, one, RO(x), corresponding to the term r(x+n), and the other, R1(x),
corresponding to the term r(x+dmtsymbol_length+n).

RO(x, k)= FFT{r(x+n)n =0,1,2,.,2-Nsc-1} k =0,1,2,...,2- Nsc-1
(Eq. 13)

Rl(x, k) =FFT {r(x + dmtsymbol _length + n), n=0,1,2,..,2-Nsc- 1}
k=0,1,2,...,2-Nsc-1

(Eq. 14)
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[00119] The correlation values between a training pair are calculated as:

G(x)= " f[R1(k) - RO(K)].

kel

(Eq. 15)

where I is the set of tone indices that contains the random symbols, e.g. 2, 4,
6, .., Nsc-2, and where the function f[.] can take on an absolute value, i.e. f[.]
= abs[.]; or a magnitude square function, i.e. f[.] = abs[.]°>. Note also that the
sum is only performed over the indices defined for the set of the random
symbol bearing tones, which is indicated as ke I.

[00120] The symbol boundary is found by minimizing Equation 15 over
all possible delay index x.

G(m, ) = min{G(0), G(1),..., G(2207)}
symbol _boundary = m,

[00121] Thus far, the selection of the symbol boundary for one training
symbol pair is described. If there is a sequence of training symbol pairs, the
approaches discussed above for time domain detection also applies to the

" frequency domain based approaches.

[00122] FIG. 12 illustrates a block diagram of an initial section 1200 of a
transmitter according to one embodiment of the invention. The initial portion
1200 can replace an initial portion of the transmitter 100 illustrated in FIG. 2A,
whereby the initial portion 1200 would replace the blocks 102 through 110 of
the transmitter 100 as illustrated in FIG. 2A. The initial portion 1200 includes
a first switch 1202 and a second switch 1204. The second switch 1204
receives training symbols 1206 and system information 1208 as inputs. The
second switch 1204 then selects one of the training symbols 1206 or the
system information 1208 as an output that is supplied to the first switch 1202.
The first switch 1202 also receives data 1210 that is input and converted by a
line encoder 1212 into encoded data which is supplied to the first switch 1202.
The first switch 1202 selects one of the encoded data and the output of the
second switch 1204 as an output that is supplied to a DMT demodulation unit
of the receiver. The initial portion 1200 also includes a training protocol
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control unit 1214 that supplies control signals to the first switch 1202 and the
second switch 1204. The training protocol control unit 1214 controls the
operation of the first switch 1202 and the second switch 1204 so that some
tones contain system information, while other tones contain training symbols.
Further, the training protocol control unit 1214 controls whether to transmit

fraining symbols or data from the encoder.

[00123] FIG. 13 illustrates a pair of representative training symbols 1300
in the frequency domain according to one embodiment of the invention. For
example, the pair of training symbols 1300 represents a training symbol pair
frequency domain based processing. Note, odd tones contain system
information, while even tones contain training symbol information. Also note
that each of the training symbols in the pair of training symbols 1300 shown in
FIG. 13 are identical. The pair of training symbols 1300 illustrated in FIG. 13
is an example for a VDSL system with 512 subcarriers (FFT size = 1024).

[00124] It should be understood that the invention can generally permit
training symbols in the frequency domain to contain both training symbol
information as well as other non-training data. In other words, if desired, only
a subset of the tones need be used to carry training symbol information. For
example, as shown in FIG. 12, the second switch 1204 can be controlled to
interleave training symbol information with non-training data. In the example
shown in FIG. 13, odd tones of training symbols carry non-training data (e.g.,
system information), whereas even tones carry training symbol information.
The training symbol information can have a random or pseudo-random
characteristic. However, the training symbols in the frequency domain can
interleave training symbol information with non-training data in various other

ways besides alternating between even and odd tones.

[00125] FIG. 14 is a block diagram of a symbol boundary determination
system 1400 according to another embodiment of the invention. The symbol
boundary determination system 1400 is suitable for use with frequency
domain based processing. In contrast, the symbol boundary determination
system 900 illustrated in FIG. 9 and the symbol boundary determination
system 1000 as illustrated in FIG. 10 are suitable for use in time domain

based processing.
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[00126] The symbol boundary determination system 1400 includes a
receiver buffer 1402 that, in this embodiment, stores four DMT symbols. The
receiver buffer 1402 can be accessed by buffer addressed pointers and
enable control signals provided by a symbol timing control unit 1404. The
addressed samples within the receiver buffer 1402 from a first DMT symbol
are supplied to a first Fast Fourier Transform (FFT) 1406, while the samples
pertaining to a second DMT symbol within the receiver buffer 1402 are
supplied to a second FFT 1408. For example, with the FFT size at 1024, the
first FFT 1406 receives samples r(x) through r(x+1023) and the second FFT
1408 receives samples r(x+1104) through r(x+2127). The FFTs 1406 and
1408 output complex values that are supplied to an adder 1410 that performs
a subtraction operation to produce a difference value. The difference value
produced by the adder 1410 is supplied to an absolute value (or absolute
value squared) circuit 1412. The output from the absolute value circuit 1412

is a partial correlation value.

[00127] The partial correlation value is then supplied to an adder 1414.
The adder 1414 adds the partial correlation value with an accumulated
correlation value that is stored in an accumulator 1416. The sum produced by
the adder 1414 is then stored in the accumulator 1416 as a next accumulated
correlation value. For example, in a system using 512 subcarriers, the
accumulation would be performed 511 times. A reset signal is supplied by the
symbol timing control unit 1404 to the accumulator 1416. The output of the
accumulator 1416 following the accumulation period is a final correlation value
G(x). The final correlation value is supplied to a comparator 1418. The
comparator 1418 determines a minimum correlation value. In this regard, the
comparator 1418 receives a comparator control signal from the symbol timing
control unit 1404. The comparator 1418 determines whether the final
correlation value provided by the accumulator 1416 is less than a previous
minimum correlation value stored in a register 1420. After all of the final
correlation values have been processed, a minimum final correlation value is
output by the comparator 1418 and used to set the symbol boundary based

on a symbol boundary value (mg).
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[00128]  The invention can be implemented by software, hardware or a
combination of hardware and software. The hardware can be custom
circuitry, customized circuitry (ASIC) and/or general circuitry (e.g., digital
signal processor). The invention can also be embodied as computer readable
code on a computer readable medium. The computer readable medium is
any data storage device that can store data which can thereafter be read by a
computer system. Examples of the computer readable medium include read-
only memory, random-access memory, CD-ROMs, DVDs, magnetic tape,
optical data storage devices, and carrier waves. The computer readable
medium can also be distributed over network-coupled computer systems so
that the computer readable code is stored and executed in a distributed

fashion.

[00129] The advantages of the invention are numerous. Different
embodiments or implementations may, but need not, yield one or more of the
following advantages.

[00130] One advantage of the invention is the ability to accurately
determine symbol boundaries in a multicarrier data transmission system.
Another advantage of the invention is the ability to obtain higher data
transmission rates because symbol boundary timing can be chosen with

regards to interference.

[00131] In one embodiment, a symbol boundary can be selected at the
position at which the amount of interference is minimized. In this manner, the
symbol boundary timing can be optimized. As a consequence, the data rate
the multicarrier data transmission system can support can be increased. The
invention is particularly useful in situations in which the system has a long

loop.

[00132] Another advantage of the invention is that it can be implemented
using a time domain or a frequency domain training sequence. Such flexibility
allows the symbol boundary training protocol to adapt to various different

implementations.

[00133] Still another advantage of the invention is that the symbol
boundary training protocol can make use of a non-data aided training
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sequence. In other words, the receiver does not care what the transmitter is
sending. As a result, the training of the receiver is more elegant and requires
less control.

[00134] The many features and advantages of the present invention are
apparent from the written description and, thus, it is intended by the appended
claims to cover all such features and advantages of the invention. Further,
since numerous modifications and changes will readily occur to those skilled
in the art, the invention should not be limited to the exact construction and
operation as illustrated and described. Hence, all suitable modifications and

equivalents may be resorted to as falling within the scope of the invention.

What is claimed is:
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CLAIMS

1. A method for detecting received symbol boundary timing in a multicarrier
system, said method comprising:

estimating noise due to inter-carrier and inter-symbol interference for different
choices of symbol boundary timing; and

selecting the choice of symbol boundary timing with the least noise due to

inter-carrier and inter-symbol interference.

2. A method as recited in claim 1, wherein the multicarrier data transmission
system includes at least one transmitter that transmits a training sequence such that
at least two identical training symbols are preceded or succeeded by different
symbols.

3. A method as recited in claim 2, wherein each of the training symbols being

transmitted twice are transmitted in pairs.

4, A method as recited in claim 3, wherein the pairs are transmitted as

consecutive pairs.

5. A method as recited in claim 3, wherein the training symbols are Quadrature
Amplitude Modulation (QAM) symbols or Phase Shift Keying (PSK) symbols.

6. A method as recited in claim 1, wherein the multicarrier data transmission

system is a digital subscriber line system.

7. A method as recited in claim 6, wherein the training symbols include at least
one of a cyclic prefix and a cyclic suffix.

8. A method as recited in claim 1, wherein the training symbols have a random

or pseudo-random characteristic.
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9. A method as recited in claim 1, wherein said selecting selects, as the selected
symbol timing, the choice of symbol boundary timing so as to minimize the noise due

to inter-carrier and inter-symbol interference.

10. A method for detecting received symbol boundary timing in a multicarrier
system, said method comprising:
(a) receiving a series of received training signals over a wire-based channel;
(b) storing at least three of the series of received training signals to a buffer;
(c) determining difference values for a pair of consecutive received training
signals stored in the buffer;
(d) selecting one of the difference values; and
(e) determining the received symbol boundary timing based on the selected

one of the difference values.

11. A method as recited in claim 10, wherein said selecting (d) operates to select
the smallest of the difference values.

12. A method as recited in claim 10, wherein the multicarrier data transmission

system is a digital subscriber line system.

13. A method as recited in claim 12, wherein the training symbols are Quadrature
Amplitude Modulation (QAM) symbols or Phase Shift Keying (PSK) symbols.

14. A method as recited in claim 13, wherein the training symbols include at least

one of a cyclic prefix and a cyclic suffix.

15. A method as recited in claim 10,

wherein the difference values can be accumulated or averaged over a
plurality of different pairs of received training symbols, and

wherein said selecting (d) selects one of the accumulated or averaged

difference values.
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16. A method for detecting received symbol boundary timing in a multicarrier
system, said method comprising:

(a) receiving a series of received training signals over a wire-based channel;

(b) determining a plurality of correlation values for a plurality of pairs of
received training signals, where each respective pair of training symbols were
identical when transmitted;

(c) selecting one of the correlation values; and

(e) determining the received symbol boundary timing based on the selected

one of the correlation values.

17. A method as recited in claim 16, wherein the correlation values represent
correlation values for each of the plurality of pairs accumulated or averaged over the
plurality of pairs.

18. A method as recited in claim 16, wherein said determining (b) of the plurality

of correlation values is performed with time domain processing.

19. A method as recited in claim 16, wherein each of the correlation values is

obtained in accordance with the following equation:

2*Nsc-1
G(x) = Z abs|r(x + dmtsymbol _length + n) — r(x+ n)]

n=0
where r represents buffer contents storing the received training symbols, abs
represents taking the absolute value, Nsc is the number of subcarriers, and the

search is performed over x = 0 to dmtsymbol_length-1.

20. A method as recited in claim 16, wherein said determining (b) of the plurality

of correlation values is performed with frequency domain processing.
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21. A method as recited in claim 16, wherein each of the correlation values is

obtained in accordance with the following equation:

G(x)=Y" fIR1(k) - RO(K)]

kel
where I is the set of tone indices that contains the training symbols, where the
function f[.] is one of an absolute value and an absolute value squared function, and
where, for a delay index X, two sequences in the frequency domain are defined as

follows:
RO(x, k)= FFT{r(x+n),n=0,1,2,.,2-Nsc-1} k =0,1,2,...,2- Nsc-1

Ri(x, k)= FFT{r(x + dmtsymbol _length+n),n=0,1,2,..,2-Nsc-1} k =0,1,2,....2- Nsc-1
where r represents buffer contents storing the received training symbols, Nsc is the

number of subcarriers, and FFT represents a fast Fourier transform operation.

22. A multicarrier data transmission system, comprising:
at least one transmitter, said transmitter including at least:
a line encoder that encodes data into symbols to be transmitted:;
training symboils;
a switch that selects symboils for transmission either said training
symbols or the symbols pertaining to the encoded data from said line encoder;
a multicarrier modulation unit for modulating the symbols into
modulated symbols; and
a digital-to-analog converter for converting the modulated symbols into
analog signals; and
at least one receiver, said receiver including at least:
an analog-to-digital converter for converting the analog signals into
digital samples;
a symbol timing unit for examining the analog signals to produce
correlation values for a plurality of different potential symbol timing boundaries;
a multicarrier demodulation unit for demodulating the digital samples
into symbols; and

a line decoder that decodes the symbols into data,
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wherein said transmitter transmits pairs of identical training symbols, and
wherein said symbol timing unit produces the correlation values with respect

to the pairs of identical training symbols as received at said receiver.

23. A multicarrier data transmission system as recited in claim 22, wherein the
correlation values pertain to estimated noise due to inter-carrier and inter-symbol

interference for the different potential symbol timing boundaries.

24. A multicarrier data transmission system as recited in claim 23, wherein said
symbol timing unit selects the one of the different potential symbol timing boundaries
with the least estimated noise due to inter-carrier and inter-symbol interference as a

selected symbol timing boundary.

25. A multicarrier data transmission system as recited in claim 22, wherein said
multicarrier data transmission system further comprises another switch that supplies
symbols from either the training symbols or system information to said switch, and
wherein said switch that selects symbols for transmission operates to select
either the symbols pertaining to the encoded data from said line encoder or from the

symbols provided by said another switch.

26. A multicarrier data transmission system as recited in claim 25, wherein said
transmitter further comprises a control unit, and

wherein said switch and said another switch are controlled by said control
unit.

27. A multicarrier data transmission system as recited in claim 22, wherein said
another switch is used to interleave training symbol information with the system

information.
28. A multicarrier data transmission system as recited in claim 22, wherein said

symbol timing unit determines the correlation values for the plurality of different

potential symbol timing boundaries based on time domain processing.
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29. A multicarrier data transmission system as recited in claim 22, wherein said
symbol timing unit determines the correlation values for the plurality of different

potential symbol timing boundaries based on frequency domain processing.

30. A computer readable medium including at least computer program code for
detecting received symbol boundary timing in a multicarrier system, said computer
readable medium comprising:

computer program code for estimating noise due to inter-carrier and inter-
symbol interference for different choices of symbol boundary timing; and

computer program code for selecting the choice of symbol boundary timing

with the least noise due to inter-carrier and inter-symbol interference.

46



WO 2005/125142 PCT/US2005/020075
1/20

10

r— ,
"B*t 12 Cyclic Prefix Insertion | ‘*3*
T ;—Lcs—»

il DMT Symbol Wt
(Time Domain Samples) N

7 %

<«Lcp— 3

Lep - length of cyclic prefix CYC"C Suffix Insertion 14

Les - length of cyclic suffix

FIG. 1 (Prior Art)



PCT/US2005/020075

WO 2005/125142

2/20

V¢ 9Old

0 VSt

" HILLINSNVYL WUN 10300

“ . 1000)01d ~_ 90}

! Buuel} vwv

_

|

m |||||||| - C K~ loquiig Bujuser|

m_MRS “ NNL | 8L UOILISSU| b nn B

_ pu3 AIIlPl_. uopouny | AI'PI XINS/Xyoid \.wl uonenpoyy K= youmg
Arm juold ! BUIMOPUIA ! N—] " :

_ Bojeuy | I 1]9AD 1INA NI VLVd
ozl ! L 19pooug

_ p 5 > < oun AIIL«I,I

“ ¢ 0zl oLl ¢ 80

! l

i vzl ) .S o



WO 2005/125142 PCT/US2005/020075
3/20

204~ Analog

RECEIVER 239~ _Line

|

} l
. | Front End !
| [
l Symbol | . | [
|

| | SN = !
| 210 |
l 212 |
| 211 CPICS |
| 214~_Removal Unit |
i 216 ‘/il |
! DMT Demodulation | |
! Unit :
[ N i

! | | 218 + !
: | Echoand | - 220 |
| 2247 NEXT rs » !
! ! Canceller | |225 AN !
: fmmTmmmoes 226 !
| {
. ¢ S |
i | FEXT 1
} .
! I
| !
’ :
| |
| |
! I
i i
i |

234 /Il

DECODED
DATA OUT

FIG. 2B



WO 2005/125142

4/20

PCT/US2005/020075

/‘ 300

OBTAIN TRAINING SYMBOLS

~ 302

i<

SELECT FIRST (NEXT) TRAINING

304 "™ SYMBOL
TRANSMIT THE SELECTED
306 TRAINING SYMBOL TWICE
IN SUCCESSION

TRAINING
SYMBOLS

TO

TRANSMIT
?

YES

FIG. 3A




WO 2005/125142 PCT/US2005/020075
5/20

/‘ 340

OBTAIN TRAINING SYMBOLS ~~ 342

!

TRANSMIT THE TRAINING
SYMBOLS SUCH THAT AT LEAST
346~ TWO IDENTICAL SYMBOLS ARE
PRECEDED OR SUCCEEDED BY
DIFFERENT SYMBOLS

END

FIG. 3B



WO 2005/125142

6/20

PCT/US2005/020075

‘//"380

OBTAIN TRAINING SYMBOLS [~ 382
SELECT FIRST (NEXT) TRAINING
384 ™ SYMBOL
>|
i
TRANSMIT THE SELECTED
386 "™ TRAINING SYMBOL
SYMBOLS
TO YES >
390 TRANSMIT

END

392

ARE
AT LEAST
TWO IDENTICAL

‘SYMBOLS PRECEDED
OR SUCCEEDED BY
DIFFERENT
SYMBOLS

YES NO

FIG. 3C



PCT/US2005/020075

WO 2005/125142

7/20

9ON

G'ON

¥ 'Old

7ON

€ON

CON

}'ON

O joquiig

D joquiAs

g |oquiAig

g loquiAg

V joquiig

Y loquiAg

0ov

J




PCT/US2005/020075

WO 2005/125142

8/20

VS 'Ol

A

} loquig

0

¥0S

A4

A

0 Ioquis

0

209

v

Lie

gle

Gie

vie

cie

cle

Le

ole|ge| ge| Le

ge|ge

e

ce

e

oe

Lie

9le

Sie

vie

cle

cle

le

Ole(ge | g8 | /B

oe

ce

e

ce

ce

te | oe

VY loquiAg

V loquiAs

A

00S

S

\ 4



PCT/US2005/020075

WO 2005/125142

9/20

dg Old

« 0 loquiAs >
< | joquAs >
: w 228 Xyyaid 21[9AD
Xiyaid o11oA
¥2S Jald JlIOAD
cie gie |LiejoLe{ 6e | ge| Le| ge|Gge |y [ ¢8| ge| Le | ge|cle| Zie|Lie(oLe | cie|Zie| Lle Olg 62| 8e| JB2| QB GB| PRl €B| Ze| le|( Qe|cie|gle| iie|Qle
“ V loquiig > < Vv [oquiAg >

0¢s

J



PCT/US2005/020075

WO 2005/125142

10/20

36 Old

< 0 loquiAg >
< L joqwAg > w
xiyng oioko) 0 Xyaid oljpAg| XIINS 1A Zpc xyaid 9ljoAD
) . 142°] - -
geize| je|loe |eejgef/e|oejGe pejce|ge|lejoe|6e|ge|/e(oe|cejce||ejQe ee|ge|/e|oejGe pe|ce|gejieiQe|e6e| gel e|ge
< Vv [oquiAg vV loquiig >
oS \1




WO 2005/125142 PCT/US2005/020075
11/20

/‘ 600

STORE RECEIVED TRAINING SYMBOLS
602 ™ IN RECEIVER BUFFER

.

DETERMINE DIFFERENCE VALUES FOR TRAINING
SYMBOLS REPRESENTING PAIRS OF IDENTIFICAL
604 "1 TRANSMITTED SYMBOLS FOR DIFFERENT CHOICES
OF SYMBOL BOUNDARY TIMING

r

SELECT ONE OF THE CHOICES TO BE THE
606 ~~| SYMBOL BOUNDARY TIMING BASED ON THE
DIFFERENCE VALUES

END

FIG. 6



WO 2005/125142 PCT/US2005/020075
12/20

Comr > /7

702 ~{ CLEAR DIFFERENCE VALUES

-

704 ~ SETx=0

7 ©
@ 706 ™ SE::"‘O

RETRIEVE FIRST SAMPLE VALUE
708 "™~ FROM BUFFER POSITION r(x + n)

v

RETRIEVE SECOND SAMPLE VALUE
710 ™ FROM BUFFER POSITION r(x + symbol_{ength + n)

v

SUBTRACT THE FIRST SAMPLE VALUE
712 ~ FROM THE SECOND SAMPLE VALUE
TO OBTAIN A DIFFERENCE VALUE

v

DETERMINE MAGNITUDE OF
THE DIFFERENCE VALUE

v

ADD THE MAGNITUDE OF THE DIFFERENCE
716 —~ VALUE TO AN ACCUMULATED DIFFERENCE
VALUE

®

FIG. 7A

714 ™~




WO 2005/125142 PCT/US2005/020075
13/20

720
vy !/
INCREMENT n

STORE ACCUMULATED
799 ~|  DIFFERENCE VALUE
AS D(x)

IS
x = 2«-symbol_length - 1
?

l NO

INCREMENT x
726
7%8
DETERMINE A SYMBOL BOUNDARY
TIMING BASED ON THE

ACCUMULATED DIFFERENCE VALUES

END

FIG. 7B



PCT/US2005/020075

WO 2005/125142

14/20

8 Ol

c08

718 ~] YITIOHLNOD
I
«l_ -
JONTHITY v )
AYVANNOS —
TOaNAS LINDYID
<———— HOLVMVANOD |« HOLVINWNOOY[€— 3NTVA |e— Emw_omﬁ_oﬁ:wv
aLnosav
{ { [ L
018 808 908 b02

008 u\\

d3d44ng
ENENE}|

NI
g
SIATdNVS




WO 2005/125142

15/20

902 /

PCT/US2005/020075

800

X /——— n
\ 5 )
AR
Receiver Buffer, length of 4 DMT symbols
¢——dmtsymbol_length—
N
r(x+n) 906 . Buffer address pointer control
_ Buffer enable
T + A conbtrols
r(x+dmtsymbol_Jength-+n)
’'S
904
ABS 908
reset/enable e
abs( r(x+dmtsymbol_length+n) Symbo' T‘m'_ng
= r(x+n) ) Control Unit
S
£3
Y © 5
910 912 914 (8%
§ \ 8
' bol
Accumulator Symbol_
.| Comparator |—»| boundary
value, m,
M
Register

916
FIG. 9



WO 2005/125142

PCT/US2005/020075
16/20

1000
1002 /

<+
\
<>
Receiver Buffer, length of 4
«¢— dmtsymbol_length—P»| DMT symbols
r(x+n)
_ 1006 r(x+dmtsymbol_length+n) .
LJ’ Buffer addressing and
+ conbtrols
l—@'j
® ]
1004
ABS 1008 S
e et v o Absolute Value Delay .................. SymbOI Timing
— Buffer Control Unit
abs( r{x+dmtsymbol_length+n)
i -r(x+n)) s
‘ i g5
1014 1016 reset/enable | Y ‘é.% 1022
- ' ] S
- —| Accumulator [-$- >
T 101 85 ; s Comparator
: V % 2
/' Running Sum Window : E @

1010 =7 o e e 8 ~10200
symbol_
boundary

1024._—~ Value, m,
register

FIG. 10



WO 2005/125142 PCT/US2005/020075
17/20

Correlation Value vs Symbol Delay Indices, loop length = 2 km, FFT size = 1024
14 T T ¥ T T

Correlation Value

i i i
0 200 400 600 800 1000 1200
Symbol Delay Index

0 i a

FIG. 11



WO 2005/125142
18/20

1212
1210 S
Line

PCT/US2005/020075

1200

e

D AT_A. —_VIN Encoder

Random Symbol

Switch ———)>

1206~ Generation, 4- | —/
QAM

System
1208~ Information —)

Switch

-

— > 1202
\

1204

U

1214

Training Protocol
Control Unit

FIG. 12



PCT/US2005/020075

19/20

WO 2005/125142

¢l Old

LV loquiAs 0V [oquAg
A AN

- e R

S|OquIAS Wopuels

S|OqUIAS wopuel
aJe sauo} UsA] 8le Sau0} uany
{ — Bunesq e Bunesq
uoleuLIou | uOoIBULIOJU
| 8l $auo} ppO | W 81 S8U0} PpO |
awo—x NNEX ......... vx nx NX _X uox nS-X NNEX ........... ¢X mx NX —X uox

oocl




WO 2005/125142 PCT/US2005/020075
20/20
1400
X dmtsymbol_length (= /
\ ¢ 1104) MR <
>
_ FFT size = Receiver Buffer
FFT size = a >
<« o P 1024 (length of 4 DMT
symbols)
r(x+1104) r(x+2127) M 1402
() (x+1023) \\
A v
1406 A FFT FFT 1408
tone at 2n from 1410 tone at 2n from Buffer address
symbol A0, RO(2n) 24 symbol A1, R1(2n) pointers and enable
n=12,..,511 < n=12,..,511 conbtrols
1404
ABS(.) OR ABS] . '2 reset accumulator
once fo!' every
511 times Symbol Timing
S Control Unit
1412
5

g9

(&€

1414 1416 1418 | E§

[&]
A4 G(x)
Accumulator > symbol_
Comparator —»| boundary
value, m,
Accumulation is done for 511 times
for each delay index x, if all even i o~
tones are used to carry random Register 1420
symbols.

FIG. 14




INTERNATIONAL SEARCH REPORT

inte] fonal Application No

PCT/US2005/020075

CLASSIFICATION OF SUBJECT MATTER

e H0aL 27756

According to International Patent Classsification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7 HO4L

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, INSPEC, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Gitation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

abstract

page 5, line 4 - 1ine 18
page 11, Tine 3 - 1ine 19
figures 3,4

technique for OFDM"
IEEE PISCATAWAY, NJ, USA,
ISBN: 0-7803-4984-9

abstract; figure 1b
page 3446, paragraph 3.2

IEEE GLOBECOM 1998 (CAT. NO. 98CH36250)

vol. 6, 8 November 1998 (1998-11-08),
pages 3443-3448 vol., XP002346186

X WO 2004/028055 A (J0OO, CHANG-BOK; HAN, 1-30
KI-YEUL) 1 April 2004 (2004-04-01)

X MOCHIZUKI N ET AL: "A high performance 1-30
frequency and timing synchronization

Further documents are listed in the continuation of box C.

Patent family members are listed in annex.

° Special categories of ¢cited documents :

*A" document defining the general state of the art which is not
considered to be of particular relevance

"E* earlier document but published on or after the international
filing date

*L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*O" document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing date but
later than the priority date claime

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principie or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

'Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
metr:ts, such combination being obvious to a person skilled
in the art.

"&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the intemational search report
28 September 2005 06/10/2005
Name and mailing address of the ISA Authorized officer
European Patent Qffice, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340~2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016 Haas, H

Form PCT/ISA/210 (second sheet) (January 2004)




INTERNATIONAL SEARCH REPORT

integional Application No

PCT/US2005/020075

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X EP 1 313 283 A (MITSUBISHI DENKI KABUSHIKI
KAISHA) 21 May 2003 (2003-05-21)

abstract; figures 2,4

page 5, line b1 - page 6, line b7

A PLATBROOD F ET AL: "Analysis of coarse
frequency synchronisation for HIPERLAN
- type-2"

VEHICULAR TECHNOLOGY CONFERENCE, 1999. VTC
1999 - FALL. IEEE VTS 50TH AMSTERDAM,
NETHERLANDS 19-22 SEPT. 1999, PISCATAWAY,
NJ, USA,IEEE, US,

vol. 2, 19 September 1999 (1999-09-19),
pages 688-692, XP010353151

ISBN: 0-7803-5435-4

pages 688-689, chapter 2

abstract

A EP 1 035 699 A (KONINKLIJKE PHILIPS
ELECTRONICS N.V)

13 September 2000 (2000-09-13)

abstract; claim 1

paragraph ‘0024! - paragraph ‘0025!

1-30

1-30

1-30

Form PCT/ISA/210 (continuation of second sheet) (January 2004)




INTERNATIONAL SEARCH REPORT

"WWiformation on patent family members

Inte| onal Application No

PCT/US2005/020075

Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2004028055 A 01-04-2004 AU 2003206197 Al 08-04-2004
EP 1313283 A 21-05-2003 JP 2003224537 A 08-08-2003
US 2003112743 Al 19-06-2003
EP 1035699 A 13-09-2000 NONE

Form PCT/ISA/210 (patent family annex) (January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

