
;?@ABe3ef|cvvwy^ z|6N|T|W  METHOD AND SYSTEM FOR SYNCHRONIZING
TIME-DIVISION-DUPLE~D TRANSCEIVERS  BACKGROUND OF' THE INVENTION I. Field
of the Invention 4 April 2002 The present invention relates to data
transmission systems, and more particularly, to data transmission systems
utilizaning time-division duplexing. 2. Dcscription of tire Related Art
Bi-directional digital data transmission systems are presently being
developed for high-speed data communications. One standard for high-speed
data commnunications over twisted-pair phone lines that has developed is
known as Asymmetric Digital Subscriber l~incs (ADSL). Another standard fbr
high-speed data communications over twislcd-pair phone ,dines that is
presently proposed is known as Very High Speed Digital Subscriber Lines
(VDSL). The AILiancc For Telecommunications Information Solutions (ATIS))
wliich is a group accredited by the ANSI (AmericanNatiooal Standard
institute) Standard Group, has finalized ct discrete multi tone based
approach far the transmission of digital data over twisted-pair phone
lines. The standard) known as ADSL) is intended primarily for transmitting
video data and fast Internet access over ordinary telephone lines, although
it may be used in a variety of other applications as well. The North
American Standard is referred to as the ANSI TI .413 A.DSL Standard
(hereinafter A17SL standard), and is hereby incorporated by reference.
Transtnission rates under tltc ADSL standard are intended to facilitate the
transmissioa of information at rates of up tn 8 million bits per second
(Mbits/s) over twistedpair plionc lines. The standardized system defines
the use of a discrete multi tone (DMT) system that uses 2SG "tones" or
"sub-cbannels" that are each 4.3125 kHz wide i n the forward   4 April 2002
2 (downstream) direction. In the context of a phone system) the downstream
direction is defined as transmissions from the central office (typically
owned by the telephone company) to a remote location that may be an
end-user (i.e., a residence or business user). In other systems) the number
of tones used may be widely varied. The ADSL standard also defines the use
of reverse transmissions at a data rate in the ran~o of 16 to 80Q Kbitls,
Tho rcverse transmissions follow an upstream direction, as for example,
from the remote location to the central office. Thus) the terns ADSL comes
from the fact that the data transmission rate is substantially higher in
the downstream direction than in the upstream direction. This is
particularly useful in systems that are intended to transmit video
programming or video conferencing information to a remote location over
telephone lines. Because both downstream and upstream signals travel on the
same pair of wires (that 



is, they arc duplcxcd) they must be separated from each other in some way.
The method of duplexing used in the ADSL standard is Frequency Division
Duplcxing (FDD) or echo canceling. Tn frequency division duplexcd systems,
the upstream and downstream signals occupy different frequency bands and
are separated at the transmitters and receivers by filters. In echo cancel
systems, the upstream and downstream signals occupy the same frequency
bands and are separated by signal processing. ANSI is producing another
standard for subscriber Iine based transmission system, which is referred
to as the VDSL standard. The VDSL standard is intended to facilitate
transmission rates of at least about 6 Mbitls end up to about S2 Mbit/s or
4reater in the downstream direction. Simultaneously) the Digital, Audio 2nd
Video Council (DAV1C) is ~orking on a similar system) which is referred to
as Fiber To The Curb (FTTC). The transmission medium fiom the "curb" to the
customer is standard unshielded t<visted-pair .. (UTP) telephone lines. A
number of modulation schemes have been proposed for use in the VDSL and T~
I"I'C standards (hercinafter'VDSL/F'ITC). For example, some of the possible
VDSL?FTTC modulation echemes include mufti-cagier transmission schemes such
as Discrctc Multi-Topic modulation {DMT) or Discrete Wavclet Multi-Tone
modulation (DWMT), as well as single carrier transmission schemes such as
Quadrature Amplitude Modulation (QAM), Carrierless Amplitude and Phase
modulation (CAP)) Quadrature phase Sluft Keying (QPSK), or vestigial
sideband modulation. Additionally, multicarrier modulation transmission
schemes have been receiving a large amount of attention due to tire high
data transmission rates they offer. FIG. tA is a sunplified block diagram
of a conventional transmitter L00 for a multicarrier modulation system. The
conventional transmitter 100 is) for example) suitable for DMT modulation
in   4 April 2002 3 ADSL or VDSL systems. The transmitter i00 receives data
signals to be transmitted at a buffer 102. The data signals are then
supplied from the buffer 102 to a forward error correction (FEC) unit 104.
The FEC unit x04 compensates for errors that arc due to crosstalk noise,
impulse noise, channel distortion, ctc. The signals output by the FEC unit
I04 are supplied to a data symbol encoder 106. The data symbol encoder 106
operates to encode the signals for a plurality of frequency tones
associated with the multicarner modulation. In assigning the data, or bits
of the data) to each of the frequency tones, the data symbol encoder 10G
utilizes data stored in a transmit bit allocation table 108 and a transmit
energy allocation table 110. The transmit bik allocation table 1Q$
inc(ttdos an integer value fnr each of the carriers (frequency tones) of
the multicarrier modulation. The integer value indicates the number of bits
that are to be allocated to the particular frequency tone. The value stored
in the transmit energy allocation table 1t0 is used to effectively provide
fractional number of bits of resolution via different allocation of energy
levels to the frequency tones of the multicarrier modulation. In any case,
after the data symbol encoder 106 has encoded the data onto each of the
frequency tones) an Inverse Fast Fourier Traiisfortn (IFFT) unit 112
modulates the frequency domain data supplied by the data symbol encoder 106
and produces time domain signals to be tr~u~.smitted. Tlto time domain
signals arc then supplied to a digital-to-analog converter (DAC} 114 where
the digital eigi~als arc converted to analog signals. Thereafter, the
analog signals are transmitted over a charu~el to one or more remote
receivers. FIG. 1B is a simplified block: diagram of a conventional remote
receiver 1S0 for a multicarricr modulation system. The conventional remote
receiver 1 SQ is) for cxaniplc, suitable for DMT demodulation in ADSL or
VDSL, systems. The remote receiver 150 receives analog signals that have
been transmitted over a channel by a transmitter. The 1 received analog
signals arc supplied to an analog-to-digital converter (AI?C) I52. The ADC
'-152 converts the received analog signals to digital signals. The digital
signals arc then supplied to a Fast Fourier Transform (FFT) unit l54 that
demodulates the digital signals while converting the digital signals from a
time domain to a frequency domai n. Tlte demodulated digital signals are
then supplied to a frequency domain equalizer (FEQ) unit I SG. The FEQ unit
1S6 performs an equalization on the digital signals so the attenuation and
phase arc equalized over the various frequency tones. Then, a data symbol
decoder 1S8 receives the equalized digital signals. The data symbol decoder
158 operates to decode the equalized digital signals to recover thG data,
or bits of data, transmitted on each of the earners (frequency tones). In
decoding the equalized digital signals) the data symbol decoder 158 needs
access to the bit allocation information and the energy allocation
information that were used to transmit the data. Hence) the data symbol
decoder 158 is coupled to a received bit allocation table 162 and a
received energy allocation table 1G0 which respectively store the bit
allocation information and the energy allocation information that were used
to transmit   4 April 2002 4 the data. The data obtained from each of the
frequency tones is then forwarded to the forward error correction (FEC)
unit 164. The FEC unit 164 performs error correction of the data to produce
corrected data. The corrected data is then stored in a buffer 166.
Thereafter) the data may be retrieved from the buffer I66 and further
processed by the receiver 1 S0. Alternatively, the received energy
allocation table 160 could be supplied to and utilized by the FBQ unit 16b.



The bit allocation tables and the energy allocation tables utilized in the
conventional transmitter 100 can be implemented as a single table or as
individual tables. L,il:cwisc) the bit allocation tables and the energy
allocation tables utilized in the remote receiver 150 can be implemented as
a single table ar as individual tables. Alsp) the transmitter l Op is
notn~ally controlled by a controller, and the remote receiver 1S0 is
normally controlled by a controller. -) Typically) the controllers are
programmable controllers. The transmitter 100 and the remote receiver 150
illustrated in FIGS. 1A and 1B) respectively, optionally include other
components. For example, the transmitter 100 could add a cyclic prefix to
symbols aver the IFFT unit 112, and the remote receiver 1 SO can then
remove the cyclic prefix before the FFT unit 1~4. Also) the remote receiver
150 can provide a time domain equalizer (TEQ) unit batwecn the ADC 152 and
the FFT unit 154. Most of the proposed VDSLIFTTC transmission schemes
utilise frequency division duplexing (FDD) of the upstream and downstream
signals. On the other hand) one partieularproposed VDSTJ/F'1"fC
transmission scheme uses time division duplexing (TDD) of the upstream and
downstream signals. Mare particularly, the time division duplexing is
synchronized in this case such that periodic synchronized upstream and
dowi~streato communication periods do not overlap with one another. That
is, the upstream and downstream eommunication periods for all of the wires
that share a binder arc synchronized. With this arrangement, a11 tile very
high speed txansmissions within the same binder are synchronized and time
division duplexed such that downstream communications are not transmitted
at tunes that overlap with the transmission of upstream communications.
This is also referred to as a (i.e. "ping pong") based data transmission
scheme. Quiet periods) during which no data is transmitted in either
direction, separate the upstream and downstream communication periods.
~~tien the synchronized time division duplcxed approach is used with DMT it
is often referred to as synchronized DMT (SDMT). A common feature of the
above-mentioned transmission systems is that twrsted-pair phone lines are
used as at least a part of the transmission medium that connects a central
office (e.g., telephone company) to users (e.g., 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 in the
signals from the curb into the user's home or business.   4 April 2002 5
The twisted-pair phone lines are grouped in a binder. While the
twisted-pair phone lines are within the binder) the binder provides
reasonably good protection against external electromagnetic interference.
However) within the binder, the twisted-pair phone Lines induce
electromagnetic interference on cacti other. This type of electromagnetic
interference is generally known as crosstalk interference which includes
near-end crosstalk (NEXT) interference and far-end crosstalk (FEX'17
interference. As the frequency of transmission increases, the crosstalk
interference (NEXT interference) becomes substantial. As a result, the data
signals being transmitted over the twisted-pair phone tines at high speeds
can be significantly degraded by the crosstalk interference caused by other
twisted-pair phone lines in the binder. As the speed of the data
transmission increases, the problem worsens. The advantage of the
synchronized TDD (such as SDMT) based data transmission is that crosstalk
interference (NEXT interference) from other lines in a binder is
essentially ' '~ eliminated, provided all the lines transmit for the same
duration (i.e.) same supertiame format). A data transmission system
normally includes a central office and a plurality of rcrnote units. Each
remote unit communicates with the central office over a data link (i.e.)
channel) that is established benveen the central office and the particular
remote unit. To establish such a data link, initialization processing is
performed to initialize comn~urucations between the central office and each
of the remote units. Far purposes of the discussion to follow, a central
offrce includes a central modem (or central unit) and a remote unit
includes a remote modem. These modems are transceivers that facilitate data
transmission between the. central office z<nd the remote unit. Tha central
office thus normally includes a plurality of eaiitral sido transcoivors,
etich of which has a central side transmitter and a central side receiver,
and the remote unit normally includes a remote side tralisceiver having a
remote '. `l side transmitter and a remote side receiver. One conventional
frame synchronization technique required the transmission of a
predetermined sequence of data which was received by a receiver and then
correlated with a predetermuicd stored sequence of data to determine the
adjustment required in order to yield synchronization. I1.S. Patent No.
5,627,8G describes a framo spcl~ronization approach suitable for systems
(e.g.) ADSL) using frequency division duplexing (FDD) or echo cancelling to
provide duplexed operation. This dame synchronization technique requires a
special start-up training sequence to obtain the frame synchronization.
However) the described frame synchronization approach is not suitable for
systems (e.g., synchroazed TDD or SDMT) using time division duplexing
because synchronization in time is riot necessary for FDD or echo
cancelling as it ie with TDD in order to reduce crosstalk. 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   4 April 2002 



6 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 roceivers 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. Generally speaking) in a time
division duplexed system, upstrcain signals are alternated with downstream
signals. Ty~piGally) the upstream transmissions and the dpwntatroam
trarlsmi~gaan~ ara separatod by ~ guard intervRl or ct quiet period, The
ward 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 ~ f) 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. Time-division
duplexing is a simple method to share a channel (medium) between two or
more transceivers. Each transceiver is assigned a time slot during which it
may transnut, and there arc quiet periods (guard integrals) during which no
unit must transmit. On channels subject to crosstalk (NEXT interference)
between multiple connections) if timedivision duplexing is used)
synchronization must be established and maintained among all units so
affected. An example is the VDSI. service that uses the existing twisted
pair telephone Ioop plant to transport up to 13-52 Mh/s on loops up to l .5
km. Pairs destined for subscribers are bundled together in a cable
consisting of 25-100 pairs. The proximity and the high frequency use (0.2-I
1 MHz signal bandwidth) leads to significant crosstalk between adj acent
pairs in a binder. To get the desired data rate on loops up to 1.5 tern
long, DMT is a suitable multicarrier modulation scheme. This scheme makes
excellent use of time-division duplcxing since a single FFT unit can be
used during transmission and reception and avoids the need for two such FFT
units, and other savings in the analog circuitry. Conventional frame
synchronization techniques are not only not well suited far synchronized
TDD but also are unreliable when 12F interference is present. Due to die
potential for significant RF interference due to amateur radio frequency
bands, the RF interference might have a signal power equal to, or perhaps
greater than, the desired receive signal power under some conditions.
However, in a synchronized TDD system, it is important that synchronization
be established and maintained so that crosstalk is n litigated and
controlled and/or received data is accurately recovered. Accordingly) there
is a need for improved synchronization techniques for time division
dupicxcd systems.   7 SUMMARY OF THE INVENTION 4 April 2002 According to
one aspect of the present invention, there is provided a method of
adjusting the alignment of a first transceiver to receive frames of data
transmitted from a second transceiver over a transmission medium, the first
and second transceivers being associated with a data transmission system
providing two-way data communication using time division duplexing, said
method comprising the steps of: (a) measuring an energy amount for each of
a plurality of consecutive frames of received data; and 



(b) computing an alignment error estimate based on the measured energy
amounts.   4 April 2002 7a broadly speaking, the invention relates to
improved techniques for synchronizing transmissions and receptions of a
data transmission system utilizing time division duplcxing. According to
one aspect of the invention) the improved synchronization techniques
utilize the time-varying nature of the energy of the received data to
obtain syncluonization. In one embodiment) the improved sync6ronizatian
technique uses the output signals from a multicarrier modulation unit
(e.g.) pFT unit) and thus provides the ability to avoid frequency tones
that are susceptible to 1tF interference. According to another aspect of
the invention, the improved synchronization techniques utilize crosstalk
interference levels to obtain synchronization. With. the improved
synchronization teclutiques, remote receivers in the data transmission
system are able to synchronize to central transmitters, central receivers
in the data transmission system are able to synchronize to remote
transmitters, and central transmitters are able to synchronize with one
another. The invention can be implemented in numoraus ways, including as an
apparatus) system, method, or computer readable media. Several embodiments
of the invention are discussed below. As a method for adjusting an
alignment for a first transceiver to receive frames of data transmitted
frotr~ a second transceiver over a transntission medium to the first
transceiver, where the first transceiver and the second transceiver are
assooiated with a data transmission system providing fwo-way data
communication using time division duplexing, an embodiment of the invention
includes the operations of measuring an energy amount for each of a
plurality of consecutive frames of received data; detecting an edge in the
plurality ~') of consecutive frames of the received data based on the
measured energy amounts; and Gornpufing an alignment error estimate using
the edge detected in the plurality of consecutive frames. Additionally, the
syncluonization may thereafter be adjusted in accordance with the alignment
error estimate. Optionally, Qte data transmission system transmits data
using a superfrarne structure having a plurality of frames, a first set of
the frames in the superfrarne transmit data in a fast direction, and a
second set of the frames in the superframe transmit data in a second
direction. As a computer readable medium containing program instructions
for adjusting an alignment for a first transceiver fo receive frames of
data transmitted from a second transceiver over a transmission medium to
the first transceiver) the first transceiver and the second transeei~rer
being associated with a data transmission system providing two-way data
coTttmtlniCatiQn uSitlg litn~ division duplexing, an embodiment of the
invention includes: first computer readable code devices for measuring an
energy amount for cacti of a plurality of   4 April 2002 8 consecutive
frames of received data; second computer readable code devices for
detecting art edge in the plurality of consecutive frames of the received
data based on the measured energy amounts; and third computer readable code
devices for computing an alignment error estimate using the edge detected
in the plurality of consxutive frames. As a receiver for a data
transmission system using time divis ion duplexinb to alternate between
transmission and reception of data, an embodiment of the invention
includes: an analog-to-digital converter, the analog-to-digital converter
roeoi~es analog data that has been transmitted over a channel to the
receiver and converts the received analog signals into received digital
signals; an input buffer for temporarily storing the received digital
signals; a multicarrier demodulation unit) the tnulticarrier demodulation
unit demodulates the received digital signals from Lhe input buffer to
frequency domain data for a plurality of different carrier frequencies; a
frame synchronization unit) the framo synchronization unit synchronizes a
receive frame boundary for the multicarrier demodulation unit based on the
time-varying nature of the energy of the frequency domain data produced by
the n tulticairier demodulation unit; a bit allocation table, the
allocation table stores bit allocation information used in transmitting
data being received at the receiver; a data symbol decoder, the data symbol
decoder receives the frequency doiuain data and decodes bits associated
with the frequency domain data From the carrier frequencies based an the
bit allocation information stored in the bit allocation table; and an
output buffer for storing the decoded bits as recovered data. Preferably)
tJte data transmission system is a synchronized DMT system) and wherein the
multicarrier demodulation unit includes a FFT unit_ 



As a receiver for a data transmission system using time division duplexing
to alternate between tsaztsmission and reception of data, another
embodiment of the invention includes: an analog-to-digital converter, the
analog-to-digital converter receives analog data that has been transmitted
over a channel to the receiver and converts the received analog signals
into received digital signals; an input buffer for temporarily storing the
received digital signals; a multienrner demodulation unit, the multicaxtier
demodulation unit demodulates the received digital signals from the input
buffer to frequency domain data for a plurality of different carrier
frequencies; frame synchronization means for synchronizing a receive frame
boundary for the tnulticarrier demodulation unit based on the time-varying
nature of the energy of the frequency domain data produced by the
multiearrier demodulation unit; a bit allocation table, the allocation
table stores bit allocation information used in transmitting data being
received at the receiver; a data symbol decoder, the data symbol decoder
receives the frequency domain data and decodes hits associated with the
frequency domain data from the carrier frequencies based on the bit
allocation information stored in the bit allocation table; and an output
buffer for storing the decoded bits as recovered data.   4 April 2002 9 For
a data transmission system having a plurality of transmitters at a central
site where an external clock signal is unavailable for synchronizing the
transmitters, the transmitters transmit data in accordance with a
superframe format including at least one quiet period) a method for
synchronizing data transmissions by a given transmitter to other of the
transmitters at the central silo according to an embodiment of the
invention includes the acts of measuring the energy in the quiet period
associated with the given transmitter due to data transmissions from the
other of the transmitters at the central site; comparing the measured
energy with a threshold amount; and modifying the synchronization for the
transmissions by the given transmitter when the comparing iltdieates that
the measured energy exceeds the threshold amount. As a computer readable
medium containing program instructions for synchronizing data transmissions
in a data transmission system having a plurality of transmitters at a
central site where an external clock signal is unavailable for
synchronizing the transmitters, the transmitters transnut data in
Rc:aordance with a auparframe forrxlat including at least one quiet period,
an entbodnnont of the invention includes; brat computer readable code
devices for measuring the energy in the quiet period associated with a
given transmitter due to data transmissions from other of the transmitters
at the central site; second computer readable code devices for comparing
the measured energy with a threshold amount; a~~d third computer readable
code devices for modifying the synchronization for the transmissions by the
given transmitter when the comparing indicates that the measured energy
exceeds the threshold amount. The advantages of the invention are numerous.
One advantage of tile invention is that synchrAnixatian car be acluevzd
even in the pre-s~nea of radio fraauency (1~.F) interference, such as due
to alnatcur radio users. Another advantage of the invention is that it is
well ) suited for data transmission systems utilizing time division
duplexing such as synchronized ' ,~ DMT or synchronized VDST.. Yet another
advantage of the invention is that it is relatively insensitive to noise in
the data transmission system. Oiler aspects and advantages of the invention
will become appurcat from t(tc following detailed dosoriptiolt, ta.kon in
eot~junation with the accompanying drawings, illustrating by way of example
the'principles of the invention. B)<tIEF DESCIt>LPT)COhI OF THE DRA.'fYINGS
The present 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 wliich:   4
April 2002 10 



FIG. lA is a simplified block diagram of a conventional transmitter for a
multicarrier modulation system; FIG. 1B is a simplified block diagram of a
conventional remote receiver for a conventional multicarrier modulation
system; FIG. 2 is a block diagram of an exemplary telecommunications
network suitable for implementing the invention; FIG. 3 is a block diagram
of a processing and distribution unit 300 according to an embodiment of the
invention; FIG. 4 is a diagram illustrating an exemplary superframe fonnat
in which a certain level of service is provided; FIG. SA is a flow diagram
of synchronization processing according to a basic embodiment of the
invention; FIG. SB is a flow diagram of synchronization processing
according to an embodiment of the invention; FIGS. 6A and GB arc flow
diagrams of synchronization processing according to a more detailed
embodiment of the invention; FIG. 7 is a flow diagram of edge detection
processing according to an embodiment of the invention; T~IG. 8 is a flow
diagram of aCignmeat error estimation processing according to au embodiment
of tho invention; FIGS. 9A and 9B represent diagrams of energy values and
energy difference values for received data over a sequence of t<venty
frames; FIGS. 1 OA and I OB represent energy values and energy di fference
valu es for ~ eceivcd data over a series of twonty frames for the example
illustrated in FIGS. 9A and 9d after an alignment adjustment has been made
in accordance with the invention; FIG. 11 is a block diagram of a receiver
according to one embodiment of the 



invention; and FIG. 12 is a flow diagram of a synchronization processing
for syaclu~onizrng adjacent trai~snutters to compensate for small
synchronization differences. UC't'AIL,CD DIJSCI2)<rTIOhI OF'fliE
I1~IVCi~ITION The invention relates to improved tcchtliques far
synchronizing transmissions and receptions by a data transmission system
utilizing time division duplexing. In one aspect of   4 April 2002 11 the
invention, the improved synchronization tccluiiqucs utilize the
time-varying nature of the energy of the received data to obtain
synchronization. In another aspect of the invention) the improved
synchronization techniques utilize crosstalk interference levels to obtain
synchronization. With the improved synchronization techniques) remote
receivers in the data transmission system are able to synchronize to
central transtnifters) central receivers in the data transmission system
are able to synchronize to remote transmitters, and central transmitters
arc able to synchronic with one another. The syncluonization required in a
time-division duplex system reauires that transmissions be syneluonized
with a suporfranio structures. Conventional lime-domain methods which tend
to correlate samples, such as first and last samples in a frame to detect a
cyclic prefix, are not reliable because of the likely presence of 1ZF
interference in the receive signals which can be of equal power to be
desired signals. However, the invention provides accurate techniques to
synchronize transmissions in a tine-division duplex system even when RF
interference renders the time domain signal unreliable. The frequency
domain approach to synchronization provided by the invention is ably to
obtain significant immunity from RF intt;rCorerloe. In one embodiment, the
inlprovod synchrpnizatian tcclyique preferably uses the output signals from
a multicarrier modulation unit (RAT unit) and thus provides the ability to
avoid frequency tones that are susceptible to radio frequency (I~F)
interference. Embodiments of the invention are discussed below with
reference to rlGs. 1 A-12. However, those skilled in the art will readily
appreciate that the detailed description given herein with respect to~
these figures is far explanatory purposes as ll~s invention extends beyond
these limited embodiments. FIG. 2 is a block diagram of an exemplary
telecommunications networfc 2UU suitable for implementing the invention.
The telecommunications nettvork 200 includes a central =office 202. The
central office 202~services a plurality of distribution posts to provide
data transmission to and from the central ofrce 202 to various remote
units. In this exemplary ernbodimerlt, each of the distribution posts is a
processing and distribution unit 204 (node). The processing and
distribution unit 204 is coupled to the central office 202 by a high speed,
multiplexed transmission line 20G that may take the form of a fiber optic
lint. Typically) when the transmission Line 20G is a fiber optic line) the
processing and distribution unit 204 is referred to as an optical network
unit (ONCI]. The central office 2U2 also usually interacts with and couples
to other processing and distribution units (not shown) through high speed,
multiplexed transmission lines 208 and 210, but only the operation of the
processing and distribution unit 204 is discussed below. In one embodiment,
the processing and distribution unit 204 includes one or more modems
(central modems).   4 April 2002 12 Tlte processing and distribution unit
204 services a multiplicity of discrete subscriber lines 2 t2-1 through
212-n. Each subscriber line 2L2 typically services a single end user. The
end user has a remote unit suitable for communicating with the processing
and distribution unit 204 at very high data rates. More particularly) a
remote unit 214 of a first end user 216 is coupled to the processing and
distribution unit 204 by the subscriber line 212-1, and a rctuote unit Z18
of a second end user 220 is coupled to the processing and distribution unit
204 by the subscriber line 212-n. The retnote units 2I4 and 218 include a
data communications system capablo of transmitting data to aid recoiving
data from the processing and distribution unit 204. In one embodiment, the
data communication systems are modems. The remote units 214 and 2I8 can be
incorporated within a variety of different devices, including for example,
a telephone, a television) a monitor, a computer, a 



1' j coitferencing unit, etc. Although FIG. 2 illustrates only a single
remote unit coupled to a ' respective subscriber line, it should be
recognized that a plurality of remote units can be coupled to a single
subscriber line. Moreover) although )rG. 2 illustrates the processing aad
distribution unit 204 as being centralized processing, it should be
recognized that the processing need not be centralized and could be
performed independently for each of the subscriber lines 2I2. The
subscriber lines 2L2 serviced toy the processing and distribution unit 204
are vundled in a shielded binder 2~.2 as the subscriber lines 212 leave lhc
processing arid distribution unit 204. The shielding provided by the
shielded binder 222 generally sorves as a good insulator against the
emission (egress) and reception (ingress) of electromagnetic interference.
However, the Last segment of these subscriber lines, commonly refcn-ed to
as a "drop" Uractches off from the shielded binder 222 and is coupled
directly ~r indirectly to tl~e end user's remote units. The "drop" portion
of the subscriber line behveen the respective . ) remote unit and the
shielded binder 222 is normally an unshielded, twisted-pair wire. In most y
applications the length of the drop is not more than about ~0 meters.
Crosstalk interference, including near-end crosstalk (NEXT) and far-end
crosstalk (FEXT), primarily occurs in the shielded binder 222 where the
subscriber lines 212 are tightly bundled. Hence, when data is transmitted
on some of the subscriber lines 212 while other subscriber lines are
receiving data as is common when multiple levels of service are being
provided) the crossialk inference induced becomes a subsxantial impairment
to proper reception of data. I-Ience, to overcome this problem, data is
transmitted using a superframe structure over which bits of data to be
transmitted arc ttlloaated. The telceommunications network 200, for
example, is particularly well suited for a synchronized TDD transmission
system (e.g.) synchronized VDSL or SDMT) offering different levels of
service. Hence, referring to the SDMT transcztission system shown in l~lG.
2, data traxtsmissions over all lines 2I2 in the shielded binder 222
associated with the processing and   4 April 2002 13 distribution unit 204
need to be synchronized. As such) all active lines emanating from the
processing and distribution unit 204 could be transmitting in the same
direction (i.e., downstream or upstream) so as to substantially eliminate
NEXT interference. FIG. 3 is a block diagram of a processing and
distribution unit 300 according to an embodiment of the invention. For
cxarnple, the data processing and distribution unit 300 is a detailed
implementation of the processing and distribution unit 204 illustrated iii
FIG. 2. The data processing and distribution unit 300 includes a processing
unit 302 that receives data and scuds data over a data Iink 304. The data
link 304 could) for example, be coupled to a &ber optic cable of n
telephone network or a cable network. The processing usiit 302 needs to
operate to synchronize the various processed transmissions and receptions
of the processing unit 302. The data processing and distribution unit 300
further includes a bus arrangement 308 and a plurality of analog cards 310.
The output of the processing unit 302 is coupled to the bus arrangement
308. The bus arrangetuent 308 together with the processing unit 302 thus
direct output data from the processing unit 302 to the appropriate analog
cards 310 as well as direct input from the analog cards 3I0 to the
processing unit 302. The a~lalog cards 310 provide analog circuitry
utilized by the processing and distribution unit 300 that is typically more
efficiently performed with analog components than using digital processing
by the processing unit 302. For example, the analog circuitry can include
filters, transformers) analog-to-digital converters or digital-to-analog
converters. Each of the analog cards 3I0 are coupled to a different line.
Typically, all the lines for a given data transmission system 300 are
bundled into a binder including about fifty (SO) lines (LINE-t through
LII~'E50). Hence, in such an embodiment, there are fifty (SO) analog cards
310 respectively coupled to the fifty (50) lines. hi one embodiment, the
lines are twisted-pair wires. The processing unit 302 may be a
general-purpose computing device such as a digital signal I processor (DSP)
or a dedicated special purpose device. The pus al-rangement 308 may take '
many arrangements and forms. The analog cards 310 need not he designed for
individual lines, but could instead be a single card or circuitry that
supports multiple lines. In a case where the processing is not centralized,
the processing unit 302 in FIG. 3 can be replaced by modems for each of the
Lines. The processing for each of the lines can then be perfom~ed
independently for each of the lines. In this case, the modem may be placed
on a single card along with the analog circuitry. The I~TEXT interference
problem occurs on the lines proximate to the output of the processing and
distribution unit 300. W'tth respect to the block diagram illustrated in
FIG. 3, the NEXT uiterference is most prevalent near the aulputs of the
analog cards 310 because ibis is where the lines are closest to one another
and have their largest power differential (between transmitted and received
signals). In other words, from the output of the processing and
distribution unit 300 the lines travel towards the remote units. Usually,
most of the distance  



4 April 2002 14 is within a shielded binder that would) for example, hold
fifty (SO) twisted-pair wires) and the remaining distance is over single
unshielded twisted-pair wires. Because all these lines (e.g.) twisted-pair
wires) are held in close proximity in the binder and individually offer
little shielding against electron lagnctic coupling from other of the tines
in the binder, crosstalk interference (namely I~TEXT interference and FEX'T
interference) between the litres within the binder is problematic.
Depending on the level of service being provided, data txansmission
implemented with SDMT can be symmetric or asymmetric with respect to
upstream and downstream transmissions. With symmetric transmission) DMT
symbols tend to be transmitted in alternating directions for equal
durations. In oQicr words) the duration in which DMT symbols are
transmitted downstream is the same as the duration in which DMT symbols are
transmitted upstream. With asymmetric tradsmiesion, DMT symbols tend to be
transmitted downstream for a longer duration than upstream. In VDSL it has
been proposed to have a superframe structure including a fixed number
(e.g.) 20) frames, with each frame being associated with a DMT symbol. With
such a Creme format, the nurn6er of frames being used for downstream
transmissions and the dumber of frames being used for upstream
transmissions can vary. As a result, there are several different superframe
formats that can occur. Typically, a superframe consists of a downstream
burst of several frames and an upstream burst of several frames Quiet
francs are inserted bchvccn the upstream and the downstream bucsts to allow
the chadnel to settle before the direction of transmission is changed. FIG.
4 is a diagram illustrating an exemplary superframe format 400 in wl~icl~ a
certain level of service is provided. The superframe format 400 is an
asymmetric frame that ~~1 includes a downstseatn portion 402, a quiet
portion 404, a11 upstream portion 40G, and a quiet ~ouion 408. The quiet
portions (duiet periods) 404 add 408 are positioned beUvcon the
downstreatiz and upstream trattsrnissions. With this asymmetric supecfradtc
format 400, the downstream portion 402 is substantially larger (c.g.)
longer burst) than the upstream pottiod 40G. Such a superframe format is
useful for situations in which downstream traffic is significantly greater
than the upstream traffic. As an example, with respect to FIG. 2, the
superfTame format 400 can include I6 symbols downstream; 1 quiet period; 2
symbols upstream; and 1 quiet period. With proper syncluonization al a
central unit (processing and distribution usiit 204 or processing unit 302)
and uniform superframe formats) syncluonized transcnissions of equal
duration are provided for all lines wittun a hinder. Accordingly, the
<~lC~`T interference problecrl is effectively eliminated. The
synclironization of Qie central unit and the remote units is also important
for accurate data recovery. These synchronizations are needed in   4 April
2002 15 synchronized 'VDSG and SDMT systems. According to the invention,
improved synchronization techniques are described below with respect to
FIGS. S-12. . FIG. SA is a flow diagram of synchronization processing S00
according to a basic embodiment of the invention. Initially, the
synchronization processing 500 measures S02 energy in n consecutive fumes
of received data. An alignment error estimate is then computed 504 based on
the measured energy values for the n consecutive frames. Following block
504, the synchronization processing 500 is complete and ends. FIG. SI3 is a
flaw diagraru of synchronization procassitlg 5S0 according to an embodiment
of the invention. );uitiaily) dte synchronization processing 550 measures
S52 energy in n consecutive frames of received data. Next) an edge is
detected 554 in the received data based on the measured energy values for
the n consecutive frames. An alignment error estimate is then computed 556
from the position of the edge that has been  . detected. Therea8er) the
synchronization processing 550 is able to adjust 558 its synchronization
reference in accordance with the alignment error estimate. I:ollowing block
5S8, the synchronization processing 550 is complete and ends. By detcmuning
and adjusting synchronization of receivers of the remote units to
transmissions from a central unit in accordance with the syneluonization
processing 500 or SSO, the remote units are Atalc to establish
synchronization with the central unit. Once synchronized the central unit
and the remotcunits arc able to share a channel (transmission line) in a
time-division duplexed manner. Also) the synchronization processing S00 or
550 is suitable for determining and adjusting synchronization of receivers
at the central unit with transmissions from the remote units. 



FIGS. GA and 6B are flow diagrams of synchronization processing G00
according to a ' '1 more detailed embodiment of the invention. Onec the
synclwonization processing G00 is .'initiated, FFT outputs are obtained G02
for rr consecutive frames of received data Typically) a receiver side of a
transceiver will receive data from a transmission line and forward the
received data to an analog-to-digital converter and then to a FFT unit,
such as illustrated in FIG. 1B. >:-Iencc, the FFT outputs may be obtained
firom the output of the FFT unit. The FFT outputs are frequency domain
signals. Next, ttic FFT outputs that arc susceptible to RF interference are
dropped G04. Tl~e rcnzaining FFT outputs are then used for subsequent
processing. Typically, a Crame includes a plurality of different freauency
tones. Each of the frequency tones is capable of having data encoded
thereon for transnussion. However, certain of the frequency tones are more
susceptible to RF interference than others. In the cast where the RF
interference is caused by amateur radio users) it is usually known which
frequency tones of the frame are likely subjected to the RF interfcrcncc
due to amateur radio users. In the cast of a remote unit of a   4 April
2002 16 synchronized multicarrier VDSL system, where a frame has 25G
frequency tones) frequency tones G tlvough ~0 are generally free from RF
interference due to amateur radio users, less attenuated because lower
frequency tones have less attenuation, and therefore sufficient to obtain a
reliable synchronization result. hence, in one embodiment) frequency tones
G through 40 from each of n consecutive frames are used for subsequent
processing. Next, energy values for the n consecutive frames of the
remaining FFT outputs are determined 60G. As an example, if the frequency
tones 6 through 40 are being utilized) then the corresponding outputs from
the FFT unit arc obtained and then converted to energy values and summed
together so as to produce a single energy value for the frame. Preferably,
the energy values are power values for the frames. As an example) the
single energy value for a frame can be obtained by summing the squared
moduli of all outputs of the FFT tuiit that are in use. Alternatively) the
energy values could be obtained by summing the energies of time domain
samples, after having altered out those time domain samples that are
subjected to substantial amounts of RF interference. Once the energy values
for the n consecutive frames have been determined G06) the synchronization
processing 600 detects 608 a burst edge within the received data based on
the determined energy values. By detecting the burst edge) a receiver is
able to identify when the received data burst from a transmitter begins.
The burst edge thus identi fie~ the bZlrinning (or end) of a roceived tr;
~nsnZission from the tracismitler and addilionatly idetifics a
synchronization fpr the frame, A haiiin~ edge within the received date
Rndlor characteristics of the superfxamo (superframa information) can also
be detected Next, an alignment error estimate for a fiazne boundary setting
is determined G 10 with respect to the detected burst edge. Here, using the
burst edge that has been detected 608, the alignment error estimate can be
determined G10 far a frame boundary setting. In particular) from the
determined eaergy values in tile burst edge, the remote unit
synchronization processing G00 is able to determine the alignment error for
a frame (i.e., owor in frame syncluonizalion). Typically, the alignment
error is estimated as a fraction o f a frame. Thcrcafler, the frame
boundary can be adjusted 6l2 u~ accordance with the alignment en-or
estimate. Once adjusted GI2, the frame synchronization should be
established. However) preferably, the synchronization processing 600
continues to confirm that the synchronization teas been achieved.
Specifically) following block 612, a decision block G l4 determines whether
the absolute value of the alignment error estimate is less than a
predetcnnined lhrcshold. If the alignment error estimate is not Icss than a
predetermined threshold, then the synclironizalion processing G00 relums to
regeat block G02 and sutasequent blocks so as to itcrativcly reduce the
mag~utude of the error. On the other hand) when the decision block G 14
determines that the alignment error csticnate is less than tho
predetermined threshold, Mien the   4 April 2002 17 superframe information
is output 616. As an example) the superframe infonnation can indicate the
beginning of the received transmission and the end of the received
transmission andlor the number of frames in the burst. Following block 6I
G, the synchronization processing 600 is complete and ends. hlormally, when
the frame synchronization is adjusted 612 by a signi ficant amount, 



the alignment error estimate is greater then the predetennined threshold.
Hence, the synchronization processing 600 will repeat and ahauld produce a
small alignment etTOr amount which is less than the predetermined
tlueshold. Then) the syncluonization processing G00 is able to proceed to
block bt6. Alternatively, the deeislon block 614 can be eliminated when the
alignment error estimate is produced accurately with a high degree of
confidence. _ ,~ FIG. 7 is a flow diagram of edge detection processing 700
according to air embodiment of the invention. The edge detection processing
700 describes additional details on the block 608 in FIG. GA where the
burst edge is detected. The edge detection processing 700 initially
computes 702 successive energy differences for the n determined energy
values. These successive energy differences may be indexed from 1 to i.
Next, the largest energy difference and its index (j) are determined 704.
The energy differences al indices (j-1) and (j+1) are then stored 706 far
later retrieval. Following block 706, the edge detection processing 700 is
complete and the processing returns to block G10 of the sy~ichro~~ization
processing 600. FIG. 8 is a flow diagram of alignment error estimation
processing 80C) according to an embodiment of the invention. The aligrunent
error estimation processing 800 describes additional details on the block
6I0 in FIG. 6A where an alignment error estimate is determined. The
alignment error estimation processing 800 uiitially deternlines 802 a
difference amount from the energy values at utdiees (j+1) and (j-1). The
energy values at '' indices (j+1) and (j-1) are the energy values
immediately proceeding and immediately following the largest energy
diffzrance at index (j). The energy values can, for exarnple) be power
values. Next, the difference amount is normalized 804 to produce tile
alignment error estimate. Ist this embodiment, the alignment error estimate
represents a fractional part of a frame. Accordingly) the syncluonization
of the receiver to the data transmission unit would be off by this
fractional part of the frame. Following block 804, the alignment cwor
estimation processing 800 is complete and the processing returns to block
G12 of the synchronization processing 6Q0. FIGS. 9A and 9B represent
diagrams of energy values (e) and energy difference values (de) for
received data over a sequence of twenty frames. In FIG. 9A) a diagram 900
plots the energy values (e) for the twenty frames shows a burst of data in
the vicinity of frames G through 1 S. As an example, the energy values (e)
arc produced by Ulock GOG in FIG. GA. In FIG. 9B) a diagram 902 plots
successive enecty difference values (De) for the   4 April 2002 18
determined energy values. The successive energy difference values (de)
identify regions associated with edges or transition points in the received
data. A first edge represents an initial edge or the start of a burst of
data and is somewhere within a region 904) and a second edge 906 represents
a trailing edge, or an end of a burst of data, and is sornewherc within a
region 90G. As an example) the energy difference values (de) arc detcm~incd
by block 702 in FIG. 7. As seen in FIGS. 9A and 9I3, the receiver is riot
properly syncluonizcd with the incoming tr~smitted data from a remotely
located transmitter. In particular, the beginning of the burst of data
received from the transmitter begins somewhere within frame G. To be
properly synchronized) the burst of data from the transmitter would begin
exactly at the beginning of frame 6 in this example. By using the energy
difference values (~Se), the technique achieves substantial immunity to
noise levels on the received data. The diagram 902 shows that the initial
edge ofthe burst of data is within the region 90~, i.e., somewhere within
fTfiTllo G, and that the trailing ed~a of the bur6t of data is ~~~ithin the
region 9UG) r.e., somewhere within frame 14. FIGs. 10A and 10B represent
energy values (e) and energy difference values (de) for received data over
a series of t<venty frames for the example illustrated in FIGS. 9A and 9B
after an alignment adjushnent has been made in accordance with the
invention, that is, with uroper synchronization. In FIG. IQA a diagram I000
indicates a burst of data betts~con frames 6 and 14 with an initial edge
l002 at the beginning of frame G and a trailing edge 1004 at the end of
Crame 14. In FIG. IO$, a diagram 100G illustrates the successive energy
difference values (dc) over the twenty frames, including an initial maximum
point 1008 and a trailing maximum point 1010. The initial edge (fratnc G)
of the burst of data tndicates the starting frame of the received burst of
data, while the negative edge (frame 1S) indicates the . 1 (. frame
following the end of the burst of data. rrom this information, the received
burst length y can be inferred (9 frames), and the superframe format can be
identified (9-1-9-1). During synctuonization the successive differences in
the energy values observed in each frame of the superframc will show a
positive and negative peak. Tlie positive peak indicates the leadir,~g ~lge
of a burst, while the negative edge indicates tlta end of a burst.
Aecordind to one embodiment of the invention) the edge detection processing
adjusts the frame alignment so that the maxintuai difference is increased)
the right-hand neighboring energy difference is forced to zero. When
synchronization has been obtained, the result is as shown in FIG. 10B. Note
that the edge detection processing is relatively insensitive to tile
absolute amplitudes being observed. The successive differences approach
requires only that the energy in tilt "quiet" fi-amcs (wltich arc not truly
quiet due to noise) be smaller than the energy in the active frames and
that the energy be approximately constant for earl, type o f frame.   4
April 2002 



19 When the data transmission system operates to delete a cyclic prefix at
the receiver) a dead-zone may be created in the frameJsuper&ame alignment
that is the width of the cyclic prefix because the removal of the cyclic
prefix drops samples useful for frame synchronization but thus unavailable
from the FFT unit. One technique to resolve this deadzone where the frame
has S 12 samples and the cyclic prefix has 40 samples is to use energy
estimates from sanlpies 41 through 552 as well as using samples I to 512,
and their tahc the mean of these energy estimates to get a combined energy
estimate which is then used in the burst detection processing. The
synchronization processing discussed above is generally appl icable to
remote side and central side synchronization. For synchronization
processing at a remote unit, a receiver at the remote unit acquires and
maintains synchronization with data tra~lsmissions (bursts) with a
transnutter of the central unit. As for synchronization processing at a
central t ,~ unit) a receiver at the central unit acquires and maintains
synchronization with data transmissions (bursts) with a transmitter of a
remote unit. In one embodititent, the synchronization is managed by setting
or adjusting receive frame alignment for the recovery of data transmissions
(bursts) at a recoiver. Due to the round-trip delay of a line (or channel),
the time at which an upstream transmission from a remote unit reaches a
central unit will vary and will appear to be late by the by the length of
the round-trip delay if no correction is made. Accordingly, the Central
unit needs to adjust its receive frame alignzuent so that the correct
receive samples Eu-e used in the receiver at the central unit. The
processing carried out at the central unit to adjust its receive frame
alignment is similar to the s5mehronization processing discussed above for
the remote unit. Generally) the energy in upstream frames being received is
measured over a dumber of frames corresponding to the length of the
upstream transmission burst Crom the remote unit. Tliesc energy values are
used to identify the start of the upstream transmission burst and then
deterniines an alignment correction to align the receive fraliie boundary
pointer witli the frames of data received from the remote unit. FIG. 11 is
a block diagram of a receiver 1100 according to one embodiment of the
invention. The receiver 1100 is part of a tulle domain duplexed
transmission system. The construction of the receiver 1 l00 illustrated in
FIG. 11 may be uszd in either or both of the central office transceiver and
the remote unit transceiver. The receiver 1100 receives analog signals 1102
that Have been transmitted over a channel from a transmitter (e.g.) a
central office transmitter). The received analog signals are then supplied
to an analog-to-digital (ADC) 1104 which converts the received analog
signals to digital signals. The digital signals are then supplied to an
input buffer 1 l06 that temporarily stores the dih~ital signals. The FhT
unit 1108 retrieves a frame of data Cram the   4 April 2002 20 input buffer
1106 in accord.ancc with a receive frame boundary pointer 11 l0) and then
produces frequency domain signals. In accordance wilh the invention) the
FFT unit 1108 outputs the frequency domain signals 1112 to a frame
synchronization unit I114. The frame synchronization unit l 11Q operates to
perform the syi~ehronization processing discussed above with reference to
FIGS. 5-10B. The frame syncluonization unit 1114 outputs an alignment error
estimate 1 l 16 to a controller 1118. The controller l 1l8 then adjusts the
receive frame boundary pointer 11 l0 for accessing the received data from
the input buffer I I06. Hence) the frame synchronization unit 1114 provides
for frame synchronization in tile time domain duptexed trazismission system
in a manner that is substantially immune from 1tF interference (e.g., such
as from amateur radio users). The controller 1118 also controls the overall
operation of the receiver f ) 1100. The controller 1118, for example,
controls the receiver 1100 to perform the `` initialization processing and
to monitor steady-state data transmission. For example, the controller 11
I8 can be implemented by a digital signal processor, a microprocessor or
mierocontroller, or specialized circuitry. in the case where the receiver 1
l00 forms hart of a transceiver, the controller l 1 I8 can be used by both
transmit and receive sides of tile transceiver, shared among a plurality of
transceivers, or individually provided for each transmitter and receiver.
Li.hewise, the frame syncluoni~atian unit 1114 can be implemented by a
digital signal processor) a microprocessor or microcontroller, or
specialized circuitry. Returning to the receive data path the frequency
domain signals 1112 output by the FFT unit 1108 are then equalized by flit
FEQ unit I 120. The equalized signals are then supplied to a data symbol
decoder 1 l22. The data symbol decoder 1 t22 operates to decode the
cquclized signals to recover dzta that leas been trznsmitted on each of
ilte frequency tones of the symbol being received. The decoding by the data
syn ibol dZCOder I l22 is perforn~ed based on bit allocation infonnation
stored in a receive bit and energy allocation fable 1124. The decoded data
is then supplied to the FEC omit 112G and then stored in an output buffer 1
l28. Thereafter, recovered data 1130 (stored decoded data) may be retrieved
C~om the output buffer 1128 as needed. 



The receiver 1100 illustrated in FIG. 1 I optionally includes other
components. For example, when a corresponding transmitter adds a cyclic
prefix to symbols after an IFFT mot) the receiver 1100 can remove the
cyclic prefix before the FFT unit 1108. Also, the receiver 1 I 00 can
provide a time domain equalizer (TEQ) unit between the ADC 1104 and the FFT
unit 110G. Additional detnils on TEQ units are contained in U.S. Patent No.
5,285,474 and U.S. Application Serial No. G0/046,244 (Att.Dkt.No.:
AMATP02l+), filed May I2) 1997 and entitled POLY-PATH TIME DOMAIN
EQUALIZA'I'lON) which are hereby incorporated by reference.   4 April 2002
21 Moreover, the invention provides techniques to synchronize transmissions
at a central side (i.e., central urut). With synchronized transcuissions at
the central side, the NEXT intcrfercncc is substantially eliminated,
provided all Iines of a hinder offer the same level of service (i.c.)
super&ame format). However) if the transmissions from the central side over
lines in a binder are not properly synchronized) the hIEXT interference is
a substantial impediment to efficient and accurate operation of the data
transmission system. Hence) the invention also pertains to tecluuques to
adjust a transmit frame boundary at a central side transmitter of data
transmission system. The general principle is to use NEXT interference from
other central side transmissions. If the NEXT interference is not strong
enough to be detected for synchronization purposes, then it will be assumed
to be insignificant during reception) and therefore synchronization is not
necessary. Conventionally) the various transmitters at the central side can
synchronize with one f another by a11 using a common master clock supplied
to the central side. However, sotnetirnes such a master clock is not
available for one reason or a~totller. Also, even though available, the
various transmitters could be positioned at slightly greater positions from
the master clock source so as to cause small synchronization differences
between the various transmissions. Hence, fhe synchronization techniques
according to the invention can also be used to synchronize various
transmissions at the central side. FIG. 12 is a flow diagram of a
synchronization processing 1200 for synchronizing adj acent transmitters to
compensate for small synchronization differences. If these small
synchronization differences were to go uncorrected) over time the degree of
the lack of synchronization worsens. The synchronization processing 1200
initially measures 1202 energy received from other transmitters at the
central side. Here) during quiet periods (or guard periods), energy being
received from other transmitters at the central side is measured by the
receivers associated with the transmitters (i.e.) tralisceivers). `fhe
transmissions from ~hc various transmitters all Collow the same superframa
format. Profe~ ably, the second quiet period (i.e.; after the upstream
transmission) is used to measure tl~c energy lecause there tends to be less
echo present. t~Icxt, a decision block l2.04 determines whether the
meastued energy is greater than a predetermined threshold amount. If the
measured clergy during the quiet period is determined to be greater than
the predatermined threshold amount, then the presence of NEXT interference
is detected. Since NEXT interfercncc is detected, it is known that the
transmitters at the central side are not synchronized. Hence, the timing
alignment at the transmitter is modified I202 in order to synchronize its
alignment with respect to the otter transmitters at the central side. For
example, tire timing alignment could be modified by altering an oscillator
frequency or eLanging (incl~ase or decrease) the length of the superframe.
On the other hand, wltcn the tpaasured energy is determined to be less than
the predetermined threshold amount, thin tile transmitters at the central
side are deemed to be   4 April 2002 22 sufficiently aligned and thus
6loclc 120G is bypassed. rollowing block 120G or following dock 1204 when
the predctcrniined threshold is not exceeded) the synchronization
processing 1200 is complete and ends, The synchronization processing 1200
is performed by all the transceivers at the central side. By repeating the
synchronization processing 1200, gradually the alignment will reach a more
less steady state) particularly if adjustments to alignment are made in
only one direction. Recall, as illustrated in FIG. 4, the super~frame
format lras two quiet periods 404 and 408. The syncluonization processing
1200 uses one of the two quiet periods 404 and 408. When a receiver at the
central side hears the NEXT interference during the quiet period 4Q8) it
means that this transceiver is late and should transmit earlier.
Alternatively, if the receiver a( the central side uses the quiet period
40Q and hears tl! ~ NEXT interference during the quiet period 404, it means
that this transceiver is early and should transmit later. However, before
the transceiver adjust its timing aliglunent at tile central side, it may
inform tl~e co~respoitdiilg remote unit of the cltal~ge eo that it also
modifies its timing alignment. 'this not~lication to the remote can, for
example, be performed ovor an overhead channel. The synchronization
technique needs to distinguish downstream NEXT interference from upstream
FEXT interference. This can be achieved a number of different ways. One way
to distinguish upstream lransrnissions froth downstream transmissions, in
the case of VDSL using DMT frames with ZSG tones, is to use tone l28 which
is NyquisU2 only with downstream transmissions. As noted above) the quiet
period is used to measure the interference from adjacent downstream
transmissions. if the downstream distinguishing feature is detected
(greater titan some threshold) it means that the clock in this unit is
running faster than the interfering transmitter's clock. The adjustment to
the sytrchronization can be to modify the clod; frequency of the particular
transceiver's clock, such as with a voltage controlled oscillator.
Alternatively) an exfira cycle ca.n 6e inserted into the superframe
structure. In VDSL, if the central side transceiver's clocks arc witlun 100
ppm of each other, then insertion of 1 sample Per superframc (I1,040
samples) will be sufficient to monitor synclu-onization. Tf the central
side transceivers can only insert, the central side transceivers will roach
a consensus at flit lowest clock frequency o f the broup (lh.at has
significant NEXT). 



For exanip(c, the energy of tone 128 can be measured with a special
style-tone DFT: 255 12 ~ 255 ~2 Y'128[2 '_ ~~JC2k~ 1)k ~ ~~~Y2k+1 (~'1)krl
k..0 `k.p   4 April 2002 23 If tltc measured energy is larScr than a
predetettTtincd threshold) then insert a sample (extra cycle) in the
subsequent downstream transmission. The advantages of the invention are
numerous. One advantage of the invention is that synchronization can be
achieved even in the presence of radio frequency (R'h) interference) such
as due to amateur radio signals. Another advantage of the invention is that
it is well suited for data transmission systems utilizing time division
duplexing such as sy~~chronized DMT or synchronized VDSL. Yet another
advantage of the invention is chat it is relatively insensitive to
backgrotmd or receiver noise. Thus, the present invention includes a method
far adjusting an aligtunent for a first tr;tnSCeiver to receive frames of
data transmitted from a second transceiver over a .' transmission medium to
the first transceiver, the first traa~sceivar and the second transcci~~cr
being associated with a data transmission systcni providing two-way data
comtnunicalion using time division duplexing the method comprising the acts
of: (a) measuring an energy amount for each of a plurality of consecutive
frames of received data; and (b) computing an alignment error estimate
based on the measured energy amounts. Also i.t~cludcd is the metliod as
raeited hereinabove, wherein the aligtu~.~et~t error estimate is an
estimated alignment error as a fraction of a frame Also uicluded is the
method as recited hereinabwre) wherein the data transmission system
transmits data using a super&atne structure having a plurality of frames, a
rust set of the Cranes in the superframe transmit data in a first
direction, and a second set of the frames irt the superfirame transmit data
in a second direction. Also included is the method as recited hereinabove)
wherein the first transceiver uses a Crane boundary pointer to identify a
beginning of a frame in the superframe being received, ~- and wherein the
method furihcr comprises: (c) adjusting the frame boundary pointer in
accordance with the aligtunent error estimate. Also included is the method
ns recited hercinabove, wherein the alignment error estimate is an
estimated alignment error as a fraction of a frame. Also included is the
method as recited liereitiab~ic, wherein the n~ctl~od further comprises:
(d) comparing the alignrucnt error estimate with a threshold amount; (c)
repeating steps (a) - (d) until the comparing (d) indicates that the
alignment error estimate is Less than the threshold amount. Also included
is the method as recited hereinabove) wherein the method further 



comprises: (f) outputting superframe identification information. Also
uic[udcd is the method as recited hcrcinabove) wherein the computing (b)
comprises: dctcctiug pct ccl~G in the piurality of consecutive francs of
the received data based   4 April 2002 24 on the measured energy amounts;
and determining the aligncncnt error estimate using the edge detected in
the plurality of consecutive frames. Also included is the method as recited
hereinabove, wherein the edge detected is a burst edge. Also included is
the method as recited hereinabove) wherein the detecting comprises:
computing successive energy differences.in the plurality of the measured
energy amounts; and identifying a largest one of the successive energy
differences) the largest one of the successive energy difference
corresponding to the burst edge. Also included is the method us recited
hereinabove, wherein the computing (b) comprises: identifying a prior
energy difference and a subsequent energy difference, the prior energy
difference being fhe one of the successive differences immediately
preceding the largest one of the successive energy differences, and the
subsequent energy difference being '  the one of the successive differences
immediately following the largest one of the successive energy differences;
and determining the aligcunent error estimate based on the prior energy
difference and the subsequent energy difference. Also included is the
method as recited hereinabove) wherein the determining of the aligtunent
error estimate computes a difference amount between the subsequent energy
differznce and tl~~ prior energy difference. Also included is the iuothod
as recited hereinabove, wherein the detern~iniug of the allglllllellt ecTOr
estimate cotnputcs a difference amount between the subsequent energy
difference and the prior energy difference, and then normalizes the
difference amount to produce the alignment error estimate. Also included is
a encthod as recited hereinabove, wherein the first o anscecver uses a
frame 6ouod~sy pointer fo identify a bzgittnirtg of a framz in the sup
crframe being received, ? and wherein the method further comprises: (c)
adjusting the frame boundary pointer in ' ~ accordance with the alignment
error estimate. Also included is a method as recited hereinabove, wherein
the alignment error estimate is att estimated alignment error as a fraction
of a frame. Also tncludcd is a toethod as recitcui hereinabove, wherein the
method further comprises: (d) comparing the alignment error estituate with
a threshold amount; (e) repeating (a) - (d) until the comparing (d)
indicates that the aligntent error estimate is less than the threshold
a.wount. Also included is a method as recited herainabove, wltcrein tlcc
titctltod furiltcr comprises: (f) outputting superfratne identification
information. 



Also included is a method as recited hereinabove) wherein the f first
transceiver is a remote unit and the second transceiver is a central unit.
4 April 2002 25 Also included is a method as rocited hereinabove, wherein
the second transceiver is a remote unit and the first transceiver is a
central unit. Also included is a method as recited hercinabove, wherein the
energy amount is a power amount. Also included is a method as recited
hereinabove, wherein the data transmission system transmits data using a
superframc structure having a plurality of frames) some of the frames
transmit data in a first direction) some of the frames transmit data in a
second direction) and some of the frames contain a cyclic prefix for the
superfratne stntcture) and wherein the measuring (a) of the energy amounts
comprises: measuring energy amounts of a first set of consecutive frames of
received data for the superframe stn~cturc; measuring energy amounts of a
second set of consecutivo frames of received data for tilt superframe
structure) the second set of the consecutive frames being offset from and
overlapped with the first set of the consecutive frames; and combining
together the energy amounts from respective consecutive frames from the
first and secc.nd sets of the consecutive frames to produce the energy
amounts for the computing (b). Also included is the method as recited
hereinabove) wherein the Number of frames in the first and second sots of
the consecutive frames is eQual to the length of tf~c superframc structure
less the length of the cyclic prefix. Also included is the method as
recited hereinabove, wherein the combining dctcnnines mean energy amounts
for each of the frames of the superframe stmctme including the cyclic
prefix. Also included is a computer readable nteditun containing program
mstt~~ctioiis for adjusting an alignment far a first transceiver to receive
frames of data transmitted from a second transceiver over a transmission
medium to the first transceiver, the first transc:civer ,. and the second
transceiver being associated with a data transmission system providing two'
- ~ ~~ay data communication using time division duplexing, the computer
readable medium comprising: first computer readable code devices far
measurutg an energy amount for each of a plurality of consecutive frames of
received data; and second computer readable code devices for computing an
alignment error estimate based on the measured energy amounts. Also
ntcluded is the consputer readable modium as recited hereinavove) wherein
the second computer readable medium comprises: computer readable code
devices for defecting an edge in the plurality of consecutive frames of the
received data hayed ~n the measured energy amounts; and computer readable
code devices for determining the alignment error estimate using the edge
detected in the plurality of consecutive frames. Also included is U~c
computer readable medium as recited hcreinabove, wherein the second
computer readable medium further comprises: computer readable code devices
Cor computing successive energy differences in the plurality of tile
nteasurcd energy amounts;   



4 April 2002 26 arid computer readable code devices for identifying a
largest one of the successive energy differences, the largest one of the
successive energy difference corresponding to a burst edge. Also included
is the computer readable medium as recited hereinabove) wherein the second
computer readable medium comprises: computer readable code devices for
identifying a prior energydifferencc and a subsequent energy difference,
the prior energy difference being the one of the successive differences
inunediately preceding the largest one of th successive energy differences,
and the subsequent energy difft;rence being the one of the successive
differences immediately following the largest one of the successive energy
differences; computer readable code devices for determining the alignment
error estimate based on the prior energy difference and the subsequent
energy difference. Also included is the computer readable medium as recited
hereinabove) wherein the data transmission system transm-its data using a
superframe structure having a plurality of frames, sonic of the frames
transnut data in a first direction, some of the Cremes transmit data in a
second direction, and some of the frames contain a cyclic prefix for the
superframe structure, and wherein the first computer readable code devices
for measuring of the energy amounts comprises: computer readable code for
measuring energy amounts of a first set of consecutive frames of received
data for the superframe structure; compt:~er readable code for measuring
energy amounts of a second set of consecutive frames of received data for
the superframe structure, the second set of the consecutive frames being
offset from and overlapped with the first set of the consecutive frames;
and computer readable code for combining together the; energy zmounts from
respective consecutive frames from the first and second sets of the
consecutive frames to produce the energy amounts for the second computer
readable code devices. Also included is the computer readable medium as
recited hereiuabove) wherern the combining determines mean energy amounts
for each of the frames of the superframe structure including the cyclic
prefix. Also included is the computer readable medium as recited
hcrcinabovc) wherein the number of fraities in the first and second sets of
the consecutive frames is cdual to the length oC the superGame structure
less the Length of the cyclic prefix. Also included is a recxiver for a
data transmissiAn system using nine division duplexing to alternate between
transmission and reception of data, the re~:eiver comprising: an
analog-to-digital converter, the analog-to-digital com~erter receives
analog data that has been transmitted over a channel to the receiver and
converts the received analog signals into received digital signals; an
input buffer for teenporarily storing the received digital signals; a
multica,t-rier doniodul~tion unit) the multicarricr demodulation unit
demodulates lhc rCCGi~ed digital signals from the input buffer to fxeQuency
domain data Tar a plurality of di fferent carrier frequencies; a frame
synchronization unit, the frz..me syncluonization unit synchronizes a
receive frame boundary for the multicairicr demodulation unit based on the
4 April 2002 27 time-varying nature of the energy of flit frequency domain
data produced by the multicarricr demodulation unit; a bit allocation
table) the allocation fable stores bit allocation information used in
transmitting data being received at the receiver; a data symbol decoder,
the data symbol decoder receives the frequency domain data and decodes bits
associated with the frequency domain data from the carrier frequencies
based on the bit allocation information stored in the bit allocation table;
and an output buffer for storing the decoded bits as recovered data. Also
included is lhc receiver as recited hereinabove, wherein the frame
syiieh.ronization unit determines an alignment adjustment amount) wherein
the receiver further comprises a controller for controlling overall
operation of the receiver, the controller rcceive~ the alignment adjustment
amount from the frame synchronization unit and y ~ accordingly adjusts a
receive frame boundary pointer for the input buffer. ' Also included is the
receiver as recited hereinabove, wherein at least one of the frame
synchronization unit and the controller are implemented by a processor.
Also included is the receiver as recited here'tnabove, wherein the frame 



synclwonization unit is a processor. Also included is the receiver as
recited hereinal :,ve, wherein the ~ecem2d data signals und~siral~ly
include radio frequency iriterfzrenoe, and whareicl the frame
synchranizntiov unit ignores the portion of the frequency domain data that
overlaps with freuucncy rwges of the radio frequency interference. Also
included is the receiver as recited hereinabove, wherein the data
transmission system is a synchronized DMT system) and wherein the
multicasrier demodulation unit includes a FFT unit. Also included is a
receiver for a data transmission system using time division ' duplexing to
alternate between transmission and reception of data, the receiver
eomprisinb: an analog-to-digital converter, the analog-to-digital converter
receives analog data that leas been transmitted over a channel to the
receiver and conrc:rts the received analog signals into received digital
signals; an input buffer for temporarily storing the received digital
signals, a multicarricr demodulation unit) the multicarrier demodulation
unit demodulates the received digital signals from flit input buffer to
freouency domain data for a plurality of different carrier frequencies;
frame synchronization mews for synchronizing a frame boundary for the
multicarrier demodulation unit based on the time-varying nature of the
energy of the Cregueney domain data produced by the multicarrier
demodulation unit; a bit allocation table, the allocation table stores bit
allocation inforniation used in transmitting data being rcc:ei ved at the
receiver; a data symbol decoder, the data symbol decoder receives the
frequency domain data and decodes bits associated with the frequency domain
data Croni the canter frequencies based on the bit allocation information
stored in the bit allocation table; and an output buffer for storing the
decoded bits as recovered data.   4 April 2002 28 Also included is, in a
data transmission systems having a plurality of trai~smittcrs at a central
site, the transmitters transmiting data in accordance with a superframc
format including at least one quiet period, a method for synchronizing data
transmissions by a given transmitter to other of the transmitters at the
central site, the method comprises the acts of: (a) n~casutZng the energy
in the quiet period associated with the given transmitter due to data
transnussions froth the other of the transmitters at the central site; (b)
comparing the measured energy with a threshold amount; and (e) modifying
the synchronization for the transmissions by the given transmitter when the
comparing (b) indicates that the measured energy exceeds tha threshold
amount. Also included is fhe method as recited hereinabove, wherein the
data transnvssion system transmits data using time division duplexing) and
wherein the transmitters are pazrt of transceivers at the central site.
Also included is the method as recited hereinabove, wherein the data
transmission system is a multicarrier data transmission system. Also
included is the method as recited hereinabove) wherein the modifying (c)
comprises adjusting timing alignment to reduce erosstalk interference. Also
included is the method as recited hereinabuuc, wherein the nsjusting
increases or decreases the length of the superrame format. Also included is
lhc method as recited hcreinabove, wherein the adjusting alters the
frequency of a local clock for the given transmitter. 



Also included is the method as recited hereinabove, wherein the data
transmission system is a multicarrier data transmission system, and
tvherein an external clod; signal is unavailable for synchronizing the
transmitters, and wherein the modifying (c) comprises adjusting timing
alignment to reduce crQSStalk interference. Also included is the method as
recited hereinabove, the measuring (a) of the energy in the quiet period
associated with the given transmitter due to the data transmissions from
the other of the tramsntitters at the central site operates to distinguish
bctwee;~ outgoing data transmissions from the other of the transmitters and
incoming data receptions, so that the measuring (a) measures the energy in
the quiet period due to the outgoing data transmissions from tl:e other of
the transmitters and not due to the incoming data receptions. Also included
is a computer readable medium containing program instntclions for
synchronizing data Transmissions itt a data transmission systems having a
plurality of transmitters at a central site where an external clock signal
is unavailable for synchronizing the transmitters, The lrunsniitters
transmit data in accordance with a supcrfranic fomlat including at Ieast
one quiet period) the computer readable medium comprising: first computer
readable code devices for measuring the energy in tltc quiet period
associ_nted with a given transmitter due to data transmissions Groin other
of the trai~smilters at the central site; second computer readable code
devices for comparing the measured energy with a threshold amount;   4
April 2002 29 and third computer readable code devices for modifying the
synchronization Cor the transmissions by the given transmitter when the
comparing indicates that the measured energy exceeds the threshold amount.
Also included is the computer readable medium as recited hercinabove,
wherein the data transmission system is a multicacTier data transmission
system that transmits data uses time division duplexing, and the
transmitters are part of transceivers at the central site) and wherein the
third computer readable code devices operates to adjust timing alignment to
reduce crosstalk interference. The many features and advantages of the
present invention axe 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 wi I I ~ readily occur to those skilled in the art, it is not
desired to limit the invention to the exact construction and operation as
illustrated and described. fence) a11 suitable modi fications and
equivalents may be resorted to as falling within tl:e scope of the
invention. What is claimed is: i   4 April 2002 30 CLAIMS A method for
adjusting an alignment for a first transceiver to receive Crames of data 



transmitted from a second transceiver over a transmission medium to the
first transceiver) ihc first transceiver and the second transceiver being
associated with a data transmission system providing two-way data
communication using time division duplexing) said method comprising the
acts of: (a) measuring an energy amount for each of a plurality of
consecutive Games of received data; (b) computing an alignment error
estimate based on the measured energy amounts. 2. A method as recited in
claim I) wherein the alignment error estimate is an estimated alignment
error as a fraction of a frame. 3. A method as recited in claim 1, tvherein
the data transmission system transmits data using a superframc structure
having a plut~ality of frames, a first sec of the frames in the supcrframe
transmit data in a first direction, 2atd a second set of the frames iii the
superframe transmit data in a second direction. 4. A method as recited in
claim 3, wherein the first transceiver uses a frame boundary pointer to
identify a beginning of a framo in the superframe being received) and ~;
herein said method fruitier comprises: (c) adjusting the frame boundary
pointer in accordance with the alignment en~or estimate. 5. A method as
recited in claim 4, where'ut tlic alignment error estimate is an estimated
alignment error as a fraction of a frame. A method as recited in claim 4,
wherein said method fui-thec comprises. (d) comparing the alignment error
estimate with a threshold amount; (e) repeating (a) - (d) until said
comparing (d) indicates that the alignment error estimate is less than the
tlueshold amount. A computer readable medium eontaiuing program
instructions for adjusting ail aligruttent for a first transceiver to rcc;
eive frames of data transmitted from a second transceiver over a
transmission medium to the first transceiver, the first transceiver and the
second transceiver being associated with a data transmission system
providing two-way data communication using time division duplexing) said
computer readable mediutn comprising:   4 April 2002 31 first computer
rcadabte code devices for measuring an energy amount for cacti oC a
plurality of consecutive fraiues of received data; and second computer
readable code devices for computing an alignment error estimate based on
the measured energy amounts. 8. A receiver for a data transmission system
using time division duplcxing to atternatc between transmission and
reception of data, said receiver comprising: 



an analog-to~igital converter) said analog-to-digital converter receives
analog data that has been transmitted over a channel to said receiver and
converts the received analog signals into received digital signals; an
input bufrer for temporarily storing the received digital signals; a
multicarrier demodulation unit, said multicarrier demodulation unit
demodulates the received digital signals from said input buffer to
freauency domain data for a plurality of different carrier frequencies; a
fraG~te synchroni~.ation unit, $aid frame syrtGhrAnizatton unit
syncltromzas a receive frame boundary for said multicarrier demodulation
unit based on the time-varying nature oC the energy of the fiequency domain
data produced by said mult:icarrier demodulation unit; a bit allocation
table, said allocation table stores bit allocation information used in
transmitting data being received at said receiver; a data symbol decoder,
said data symbol decoder receives the frequency domain data and de4odes
bits associated with the frequen Gy dpmain data ftvm the Garriar
frcquencias based on the bit allocation information stored in said bit
allocation table; and an output buffer for storing the decoded bits as
recovered data 9. In a data transmission systems having a plurality of
transmitters at a central site) the yICCa.IISIiIIttGrS transmit data is
accordance with a superframe format including at least one quiet period, a
method for synehroniziog data transmissions by a given transmitter to
oll~er of the transmitters at the central site, said ruethod comprises the
acts of: (a) measuring the energy in the quiet period associated with the
gwen transmitter due to data transmissions from the other of the
transmitters at the central site; (b) comparing the measured energy with a
t(u-ashold amount; and (c) modifying the syncluoritzation for the
transmissions by the given transmitter wlicn said comparing (b) indicates
that the measured energy exceeds the threshold amount. l0. A compute
readable medium containing program instructions for synchronizing data
transmissions in a data transmission systems having a plurality of
transmitters at a cc~it~~al site where an external clock signal is
unavailable for synchronizing fhe transmitters, the   4 Aprif 2002 32 



trmsmitters transmit data in accordance with a supcrframc format including
at least one quiet period) said computer Geadable medium comprising: first
computer readable code devices for measuring die energy in ttte quiet
period associated wish a given transmitter due to data transmissions from
other of the transmitters at the central site; second computer readable
code devices for comparing the measured energy with a threshold amount; and
third computer readable code devices for modifying tile synchronization for
the transmissions by the given transtuitter when said comparing indicates
that the measured energy exceeds the threshold amount.
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