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67 ABSTRACT

A variety of methods of initializing a connection between a
remote modem and a central unit in a communication system
that utilizes a multi-carrier modulation scheme are
described. In one aspect of the invention, a relatively long
duration single frequency activation signal that ramps up
and ramps down in intensity is utilized. In a preferred
embodiment, the activation signal is transmitted on a sub-
carrier that is outside a range of sub-channels used for data
transmission in the multi-carrier modulation scheme. In a
separate aspect of the invention, an initialization sequence
that includes central synchronization signal, a remote syn-
chronization signal, a central setup signal, a remote setup
signal, a central setup complete signal a remote message and
a central message. The central unit transmits a central setup
complete signal when it has completed a central setup
procedure. However, the remote message is only sent after
the remote unit has both completed the remote setup pro-
cedure and received the central setup complete signal. In one
preferred embodiment, during a first superframe of each of
the described signals, the transmitting unit sends only header
symbols which constitute a first predetermined pattern in
order to help clearly define a transition in signals. In some
embodiments, in the event that an error is detected, the unit
that detects the error transmits designated error symbols
which constitute a second predetermined pattern. In another
aspect of the invention, a plurality of header symbols having
a first predetermined pattern are transmitted during a first
superframe of the central setup signal. A sequence of train-
ing symbol sets are then transmitted during a plurality of
following superframes of the central setup signal. Further,
during the transmission of the central setup complete signal,
the sequence of training symbol sets continue to be retrans-
mitted and a designated symbol in each superframe that is
not to be used by the remote unit to obtain training infor-
mation is set to a state indicative of the completion of the
central setup procedure. With this arrangement a synchro-
nous setup of the central unit and the remote unit is facili-
tated since the remote unit may continue to receive the
training symbol set even after the central setup procedure
has been completed.

26 Claims, 9 Drawing Sheets
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INITIALIZING COMMUNICATIONS IN
SYSTEMS USING MULTI-CARRIER
MODULATION

This application claims the priority of provisional appli-
cation Serial No. 60/078,549, filed Mar. 19, 1998 and
entitled MULTI-CARRIER INITIALIZATION
PROCEDURE, which is incorporated herein by reference in
its entirety.

BACKGROUND OF THE INVENTION

The present invention relates generally to initialization
procedures for high speed bi-directional communication
systems. More particularly, it relates to initialization proce-
dures that are particularly well suited for communication
systems employing multi-carrier modulation schemes.

With the increasing popularity of the Internet, video
conferencing and other communications systems that
require the transmissions of relatively large quantities of
data to households and businesses, there have been corre-
sponding demands for higher speed modems for use in
bidirectional communications. Given the inherent limita-
tions of single carrier modulation schemes, there has been an
increasing interest in the use of multi-carrier modulation
schemes. Some of the more popular systems contemplate the
use of digital subscriber lines (e.g. telephone lines), cable
lines, and various radio interfaces. In many of the proposed
applications, point to multi-point transmission schemes are
contemplated. By way of example, at the time of this
writing, the Alliance For Telecommunications Industry
Solutions (ATIS), which is a group accredited by the ANSI
(American National Standard Institute) Standard Group is
working on the next generation subscriber line based trans-
mission system, which is referred to as the VDSL (Very
High-Speed Digital Subscriber Line) standard. The VDSL
standard is intended to facilitate transmission rates of up to
51.92 Mbit/s. Simultaneously, the Digital, Audio and Video
Council (DAVIC) is working on a short range system, which
is referred to as Fiber To The Curb (FTTC). A number of
multi-carrier modulation schemes have been proposed for
use in the VDSL and FTTC standards (hereinafter VDSL/
FTTC). One proposed multi-carrier solution utilizes discrete
multi-tone (DMT) signals in a system that is similar in
nature to the ADSL standard that was recently adopted by
ANSI for a slightly lower speed system. Other proposed
modulation schemes include carrierless amplitude and phase
modulated (CAP) signals; discrete wavelet multi-tone
modulation (DWMr); and OFDM which is a simplified
version of DMT.

A typical subscriber line based telecommunications local
loop is illustrated in FIG. 1a. As seen therein, a unit 10 at a
central location communicates with a remote units R; over
a discrete transmission line 18. Simultaneously, other units
at the central location communicate with other remote units
over different lines in the same cable. A variety of trans-
mission media can be used as the transmission line. By way
of example, coaxial cables, twisted pair phone lines, and
hybrids that incorporate two or more different media all
work well. This approach also works well in wireless
systems. The remote units 22 may be end user units that may
exist in a home, office or the like. Typically a number of
remote units 22 are serviced by a particular central office. In
currently installed systems, the remote units are often
telephones, however, they may be fax lines, computer
terminals, televisions or a wide variety of other devices
capable of connecting to the “phone lines”. The central unit
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10 may include a transceiver 32 for each line that is
functionally broken into a transmitter 34 and a receiver 36.

In some embodiments, the central unit is a master server
located at a central office that originates the communica-
tions. In other embodiments, the “central unit” may be a
lower level distribution component in the system architec-
ture that receives and retransmits signals. One embodiment
of such a distribution component is illustrated in FIG. 1. As
seen therein, a trunk line 52 terminates at a distribution unit
54. In the embodiment shown, the trunk line takes the form
of a fiber optic cable and the distribution unit takes the form
of an optical network unit (ONU). The distribution unit 54
communicates with a plurality of remote units R,—R,; over
discrete lines 18, which again, may take the form of con-
ventional twisted pair phone lines. As in the previously
described embodiment, the remote units may be end user
units that may exist in a home, office or the like. Typically
a number of remote units are serviced by a particular ONU.
By way of example, in North America, typical ONUs may
service on the order of 4 to 96 remote units. In this
embodiment, the ONU receives downstream source signals
over one or more trunk lines and transmits the information
embodied therein to the appropriate remote units as down-
stream communication signals. Similarly, the ONU receives
upstream communication signals from the remotes and
transmits the information embodied therein as upstream
source signals. The source signals may be passed to a central
office, another distribution unit or any other suitable loca-
tion. A service provider would typically be arranged to
provide the data to the central modem for transmission to the
remote units 22 and to handle the data received by the
central modem from the remote units. The service provider
can take any suitable form. By way of example, the service
provider can take the form of a network server. The network
server can take the form of a dedicated computer or a
distributed system.

The distance between the central unit 10, 54 and the
furthest remote may vary a fair amount. By way of example,
it is expected that in the VDSL/FTTC standards, twisted pair
loop lengths of up to 1000 feet (300 meters) will be
permitted for downstream communications at 51.92 MHz.
Similarly, loop lengths of up to 3000 feet (900 meters) may
be permitted for downstream communications at 25.96 MHz
and loop lengths of up to 5000 feet (1500 meters) may be
permitted for downstream communications at 12.97 MHz.
As will be appreciated by those skilled in the art, shorter
maximum loop lengths generally correspond to higher
achievable data rates.

With any of the proposed multi-carrier modulation
schemes, one problem that must be addressed is how to
initialize a communication between the modems. Although
a wide variety of initialization schemes have been proposed
for multi-carrier communication systems, there are contin-
ued needs for improved initialization schemes.

SUMMARY OF THE INVENTION

In accordance with the purpose of the present invention,
a variety of methods of initializing a connection between a
remote modem and a central unit in a communication system
that utilizes a multi-carrier modulation scheme are
described.

In one aspect of the invention, a relatively long duration
single frequency activation signal that ramps up and ramps
down in intensity is utilized. In a preferred embodiment, the
activation signal is transmitted on a sub-carrier that is
outside a range of sub-channels used for data transmission in
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the multi-carrier modulation scheme. The activation signal
may have a duration of a plurality of symbols, as for
example a superframe.

In a separate aspect of the invention, a central synchro-
nization signal is transmitted from the central unit to a
remote unit. The central synchronization signal may be
either in response to a remote activation signal, or initiated
at the central unit. The remote unit returns a remote syn-
chronization signal and the central unit replies with a central
setup signal from the central unit to the remote unit in
response to the remote synchronization signal. The remote
then transmits a remote setup signal. The central unit is
further arranged to transmit a central setup complete signal
when it has completed a central setup procedure. The remote
is also arranged to transmit a remote message after it has
completed a remote setup procedure. However, the remote
message is only sent after the remote unit has both com-
pleted the remote setup procedure and received the central
setup complete signal. A central message is sent by the
central unit after the remote message has been received by
the central unit. The remote transmits a remote ready signal
after the central message has been received and a central
ready signal is sent from the central unit in response to the
remote ready signal.

In one preferred embodiment, during a first superframe of
each of the described signals, the transmitting unit sends
only header symbols which constitute a first predetermined
pattern in order to help clearly define a transition in signals.
In some embodiments, in the event that an error is detected,
the unit that detects the error transmits designated error
symbols which constitute a second predetermined pattern.

In another aspect of the invention, a plurality of header
symbols having a first predetermined pattern are transmitted
during a first superframe of the central setup signal. A
sequence of training symbol sets are then transmitted during
a plurality of following superframes of the central setup
signal. Further, during the transmission of the central setup
complete signal, the sequence of training symbol sets con-
tinues to be retransmitted and a designated symbol in each
superframe that is not to be used by the remote unit to obtain
training information is set to a state indicative of the
completion of the central setup procedure. With this arrange-
ment a synchronous setup of the central unit and the remote
unit is facilitated since the remote unit may continue to
receive the training symbol set even after the central setup
procedure has been completed.

In some embodiments, the central setup signal includes
training signals. Sub-carrier line parameters are computed at
the remote unit based at least in part on an analysis of the
received training signals. The computed sub-carrier line
parameters are then transmitted to the central unit as part of
the remote message. The central unit then calculates a
desired sub-carrier bit distribution based at least in part upon
the received sub-carrier line parameters. The desired sub-
carrier bit distribution is then transmitted to the remote unit
as part of the central message.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further objects and advan-
tages thereof, may best be understood by reference to the
following description taken in conjunction with the accom-
panying drawings in which:

FIG. 1a is a block diagram of a subscriber line based
communication system having a plurality of twisted pair
phone lines that extend from a central unit to respective
remote units;
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FIG. 1b is a particular case of FIG. 1a in which the central
unit takes the form of an optical network unit that acts as a
junction between an optical fiber trunk line and a plurality of
twisted pair lines.

FIG. 2 is a frequency diagram illustrating the use of a
multiplicity of frequency delimited sub-channels in a multi-
carrier transmission scheme.

FIGS. 3a and 3b are each graphs illustrating a time
domain duplexed transmission scheme for a single commu-
nication line with FIG. 3a representing downstream com-
munication and FIG. 3b representing upstream communica-
tions.

FIG. 4 is a timeline illustrating a remotely initiated
activation signal in accordance with one embodiment of the
present invention.

FIG. 5 is an initialization timing diagram in accordance
with one embodiment of the present invention.

FIG. 6 is a timeline illustrating one embodiment of the
central set up signal illustrated in FIG. 5.

FIG. 7 is a timeline illustrating one embodiment of the set
up complete signal illustrated in FIG. 5.

FIG. 8 is a timeline illustrating one embodiment of the
remote message signal illustrated n FIG. 5.

FIG. 9 is a block diagram illustrating a central office
initializer suitable for implementing the present invention.

FIG. 10 is an initialization timing diagram in accordance
with an alternative embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In the following descriptions, a number of mechanisms
suitable for assisting with the initialization of a connection
between a remote unit and a central unit in communication
systems that uses a multi-carrier modulation scheme are
described. As will be appreciated by those skilled in the art,
in most proposed multi-carrier transmission schemes, there
are a number of sub-channels that are not used to transmit
data due to concerns about emitting and/or receiving signals
that interfere with other existing communication systems
such as POTS and ISDN lines as well as amateur radio. By
way of example, a VDSL proposal using DMF modulation
contemplates the use of 256 “tones” or “sub-channels™ that
are each 43.125 kHz wide as illustrated in FIG. 2. The lowest
subchannels of the spectrum are not used for data transmis-
sion due to concerns about interference with POTS and
ISDN signals present on the same lines as the VDSL signals.

The upstream and downstream communications in
bi-directional multi-carrier transmission schemes are typi-
cally separated using either time division multiplexing or
frequency division multiplexing. By way of example, in the
ADSL standard, frequency division multiplexing with echo
canceling is used, while in a proposed VDSL standard, time
division multiplexing is used. In other systems with appro-
priate echo canceling and filtering, simultaneous
bi-directional communications may be used. In the primary
embodiments described herein, time division duplexing is
used. However, it should be appreciated that the inventions
are equally applicable to other multiplexing schemes such as
frequency division multiplexing and code division multi-
plexing. Arepresentative time division duplexing data trans-
mission scheme is illustrated in FIGS. 3(a) and 3(b). As seen
therein, the downstream communications (illustrated in FIG.
3(a)), are transmitted during periodic downstream commu-
nication periods 111. The upstream communications
(illustrated in FIG. 3(b)), are transmitted during periodic
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upstream communication periods 113 that are interspersed
between associated downstream communication periods. In
the embodiment shown, quiet periods 115 are provided at
each transition between the downstream and upstream com-
munication periods. The combined time from the beginning
of a first downstream communication period to the begin-
ning of the next downstream communication period is
referred to herein as a “superframe”. The actual duration of
the upstream, downstream and quiet periods as well as the
superframe may generally all be varied in accordance with
the needs of a particular system. Most very high speed data
transmission schemes are frame based systems that have
discrete symbols. In such systems, the number of symbols
that constitute a “downstream communication period” and
an “upstream communication period” will be integer num-
bers of symbols. It is easiest for the quiet times to sum to an
integer number of, although this is not strictly required. In
very high speed systems, it is also generally preferable to
synchronize the downstream transmissions on all lines that
share a single binder to occur at the same time. This is
because if downstream transmissions on some lines occur at
the same time as upstream transmissions on other lines,
intra-binder interference can occur and degrade system
performance.

When a remote unit 22 desires to establish a connection,
it must activate the central unit 10 without disrupting any of
the other active connections. Thus, the remote unit typically
sends an activation signal to the central unit. Referring next
to FIG. 4, a remote activation signal in accordance with one
embodiment of the present invention will be described. In
the described embodiment, the remote activation signal 201
is a relatively long duration single frequency signal that
begins with a ramp-up and ends with a ramp-down. After the
remote activation signal is transmitted, the remote unit 22
listens for an appropriate response from the central unit. The
gradual ramping up and ramping down of the remote ini-
tialization signal insures that leakage into adjacent sub
channels (i.e. cross-channel interference) is reduced, thereby
minimizing its effect on established connections on neigh-
boring lines. Although the form of the remote activation
signal 201 is quite simple, its characteristics have been
chosen to facilitate a number of goals. One goal is to permit
a very simple detector to be used for detecting the remote
activation signals. This gives modem designers a great deal
of flexibility in their system design. For example, the
provision of a relatively simple remote activation signal
permits the central unit to employ a relatively simple “ana-
log ear” to detect the activation signal. Thus, in a system
where power consumption of various components in the
central unit is a concern, the “analog ear” can be used to
detect the remote initialization signal and any digital com-
ponents that may be required to handle normal communi-
cations may be turned off or put in a “sleep” state if they are
not otherwise in use. Of course, in systems which don’t care
to employ such an analog ear, the digital components could
readily be configured to detect remote activation signals.

The duration, the ramp up period and ramp down period
of the remote activation signal 201 illustrated in FIG. 4 may
be widely varied in accordance with the needs of any
particular system. By way of example, in the described
embodiment the duration of the remote activation signal is
one super-frame. However, in other embodiments, shorter or
longer signals may be provided as for example, a portion of
a super-frame or multiple super-frames. In a particular
example system having a twenty symbol super-frame, the
total duration of the remote activation signal may be the
entire super-frame with a ramp up portion 202 occupying
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two symbols, a constant intensity portion 204 constituting
16 symbols and a ramp down portion 206 constituting the
final two symbols. After the remote activation signal is
transmitted, nothing else is transmitted from the remote unit
for a period of time sufficient for the remote activation signal
to be transmitted to the central unit and an appropriate
response be formulated by the central unit and returned to
the remote unit. By way of example, in the described system
the wait period may be two super-frames, although again
significantly shorter or longer wait periods may be used. In
the event that no response is received from the central unit,
the remote initialization signal is periodically re-transmitted
until an appropriate response is received. Similarly, the
duration of the ramp up and ramp down portions of the
remote activation signal may be widely varied as well.

In some systems it may be desirable to begin by trans-
mitting the remote initialization signal at a relatively low
power level. Then, if the central unit does not detect the first
transmission of the remote initialization signal, the signal
would be sent at a somewhat higher power level the second
time and so on, until acknowledgment is received. Even in
such systems, it is contemplated that in most situations, (and
probably a vast majority of situations), only one remote
activation signal would be required to initiate a connection.
The remote initialization signal can be transmitted repeat-
edly until a connection is established. In some embodiments
it may be desired to time out the remote initialization signal
if no acknowledgment is received within a reasonable period
of time. Alternatively, no time-out could be associated with
the following remote signal which would effectively assume
that the remote user will eventually turn off the remote
modem if a connection is not established within a reasonable
period of time.

To minimize interference with established connections on
other lines, a low-index sub-channel that is outside the band
of sub-channels used to transmit data is preferably used to
carry the activation signal. In most applications, the lower
four subchannels of the spectrum are not used for data
transmission due to concerns about interference with POTS
and ISDN signals. The described remote activation signal
201 works well with such an approach. For example, in the
described embodiment, the remote initialization signal is
transmitted on tone 4, although of course it could be
transmitted on any appropriate subchannel. If a number of
subchannels are known to be available, the remote activation
signal could be transmitted redundantly on multiple sub-
channels.

Referring next to FIG. §, an initialization sequence timing
in accordance with one implementation of the present inven-
tion will be described. In the embodiment shown, when a
remote unit wants to initiate a connection, it begins by
sending a remote activation signal 210 to the central unit 10
as described above. The central unit then responds by
transmitting a central synchronization signal 233 to the
remote unit 22. Alternatively, when the central unit wants to
initiate a connection, it begins by sending the same central
synchronization signal 233 to the remote unit. An initializa-
tion sequence with extensive handshaking then follows
before data communication can begin. More specifically, in
the embodiment illustrated in FIG. §, the following sequence
includes a remote synchronization signal 235, a central setup
signal 237 a remote setup signal 239, a central setup
complete message 241, a remote message 243, a central
message 245, a remote ready signal 251, and a central ready
signal 253. When both the remote unit 22 and the central unit
10 are ready, data transmission may begin. In time division
duplexed embodiments, the various signals in the initializa-



US 6,434,119 B1

7

tion sequence (other then the remote initialization signal
210) are transmitted only during the appropriate upstream
and downstream communication periods.

As pointed out above, when the central unit 10 success-
fully detects the remote initialization signal 201 it returns a
central synchronization signal 233 to the requesting remote
unit. The central synchronization signal acknowledges
receipt of the remote activation signal and provides infor-
mation necessary to enable the remote unit to synchronize
with the central unit. In the event that a connection is being
initiated by the central unit, the central synchronization
signal serves to activate the remote unit and to instruct it to
synchronize. In an embodiment where the multi-carrier
modulation scheme utilized is a discrete multi-tone
modulation, the central synchronization signal may take the
form of a cyclic sequence that is the sum of QPSK signals
transmitted on a subset of the available subchannels. By way
of example, subchannels 5-39 and 64 are proposed in one
embodiment. The central synchronization signal is only
transmitted during the downstream communications period
111 of each superframe.

When a remote unit detects the central synchronization
signal it begins an appropriate synchronization procedure.
By way of example, a suitable synchronization procedure is
described in commonly assigned application Ser. No.
08/972,842 by Sands et al., which is incorporated herein by
reference. During transmission of the central synchroniza-
tion signal 233, the remote unit first determines the super-
frame boundaries. After the super-frames have been syn-
chronized the symbols and sample clocks are also
synchronized as described in the above referenced applica-
tion. The remote unit may also compute the desired transmit
power or transmit power cut back that is required based upon
energy measurements of the central synchronization signal
233. By way of example, the power cutback may be imple-
mented by providing rough adjustments to a variable gain
amplifier using an appropriate energy detection algorithm.

After the remote unit has acquired super-frame and sym-
bol synchronization, it is allowed to begin transmitting
signals back to the central unit that are in synchrony with the
super-frame structure. At this time the remote unit begins to
transmit the remote synchronization symbol 235 which in
turn is used by the central unit to perform symbol synchro-
nization and a variety of other functions. By way of example
the central unit may also perform calculations to facilitate
variable gain amplifier adjustments and appropriate adjust-
ments to the central unit transmit power level. The sub-
channels that are used to transmit the synchronization sym-
bols 233 and 235 may be widely varied in accordance with
the needs of any particular system. By way of example in
one DMT implementation tones 5-39 are used for the
synchronization signals.

After the central unit has received the remote synchroni-
zation signal it creates a central set-up signal 237 which is
then transmitted to the remote unit. In the embodiment
described, the central setup signal 237 contains a sequence
of training symbols that are monitored by the remote unit
which determines a set of channel characteristics for the
various subchannels. The channel characteristics may then
be used in determining the bit capacities of the various
sub-channels. Any suitable training symbols may be trans-
mitted. By way of example, the ADSL and VDSL standards
each discuss training sequences that are suitable for use in
multi-tone modulation schemes. In one embodiment the
set-up signal includes a pseudo-random binary sequence that
is transmitted only during the downstream communication
periods 111 on the various sub-channels that are to used for
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data transmission. This structure of a central set-up signal in
accordance with one embodiment of the invention will be
described in more detail below with reference to FIG. 6.

Referring next to FIG. 6, the first superframe 268 of the
central setup signal 237 takes the form of a plurality of
identical header symbols 270. The various training signals
are then sequentially transmitted in the following super-
frames. In the embodiment shown, the first symbol in each
training superframe is the same as the last symbol in the
previous superframe and the second and following symbols
are the appropriate training symbol(s) for that particular
superframe. Thus, the first symbol of the second superframe
273 is also a header symbol 270, while the remaining
symbols in the second superframe are the first training
symbol Xo 275. The first symbol of the third superframe 277
is the first training symbol Xo 275, while the remaining
symbols in the third superframe are the second training
symbol XI 279, and so on. This progression is then contin-
ued until all of the training symbols have been transmitted,
at which time the training sequence is repeated. The training
sequence is continuously repeated until the central unit has
completed its setup procedure.

The first symbol of each superframe of the central setup
signal 237 is described as being a repeat of the symbols from
the previous superframe in order to improve intersymbol
interference estimates. In systems where such intersymbol
interference is not considered a major issue, such repetition
would not be necessary.

The exact nature of the header symbols used in the central
setup signal 237 may be widely varied, but generally it is
desirable that the header symbols be readily identifiable as
header symbols. In one embodiment, the header symbol
takes the form of uniform tones on every other subchannel,
with the intermediate tones being turned off. This has the
advantage of being quickly and readily identifiable even
before the communicating units have knowledge about the
quality of the intervening transmission line. Of course a
wide variety of other readily recognizable patterns and/or bit
sequences can be used as well. In still other embodiments,
the header symbols can be used to transmit small amounts of
additional information as well.

In another embodiment, multiple header superframes are
transmitted at the beginning of the central setup signal. This
permits additional information to be transferred to the
remote unit. By way of example, it may be desirable to
transmit information that the remote unit may use to control
its transmit spectrum. This information may be as simple as
instructing the remote unit to notch the HAM radio bands to
reduce radio frequency interference. Alternatively, it may
involve sending a detailed power-cut-back table which
would require digital spectrum shaping at the remote unit.

When the central unit 10 has completed its own setup
procedures, the training sequence continues except that at
least one symbol in each superframe is converted to a signal
or symbol 286 that indicates that the central setup proce-
dures have been completed. The resulting signal is referred
to as the central setup complete message 241. By way of
example, as illustrated in FIG. 7, the third and following
symbols in each superframe of the central setup complete
message 241 may be setup complete symbols 286. In other
embodiments, a single signal can be used. Header symbols
270 or any other recognizable pattern may be used to
indicate completion of the central setup procedures. The
interesting point about the described embodiment is that the
setup complete signal 241 continues to send the training
sequence without any interruptions. This permits the remote



US 6,434,119 B1

9

unit to continue with any further training that is required,
thereby permitting the central and remote units to complete
their setup procedures asynchronously. When both are
completed, the initialization sequence can move to the next
step with the transmission of the remote message 243.

Of course, the pattern of the central setup and setup
complete signals may be varied a great deal while preserving
the described benefits. In the described embodiment, just
one symbol is looked at per superframe. Alternatively, rather
then having just one active training symbol in each
superframe, two or more active training symbols could be
transmitted and analyzed. By way of example, the second
and third symbols of each superframe could be the analyzed
symbols and the fourth symbol used to signify the comple-
tion of the setup. In many cases, the actual number of
symbols that are looked at will depend on a variety of factors
including the digital signal processing power that is pro-
vided for analyzing the received training signals, compat-
ibility issues, etc.

One of the functions of the remote setup procedures is to
compute the signal to noise ratios for each of the subchan-
nels based at least in part upon the received training sym-
bols. In modems compliant with the ADSL standard, the
remote unit is responsible for calculating appropriate bit
allocation tables indicative of the number of bits that can be
handled by each subchannel. However such an arrangement
requires a fair amount of additional intelligence in the
remote units. This disadvantage is overcome in the described
embodiment by the remote message 243 which transmits the
signal to noise ratios detected by the remote unit back to the
central unit 10. The central unit then calculates the bit
allocation tables and subchannel power distribution. The
calculated bit allocation tables are then transmitted back to
the remote unit as part of the central message 245. This has
been found to be a significant advantage.

Referring next to FIG. 8, a representative remote message
302 will be described. In the embodiment shown, the first
superframe of the remote message is all header symbols (H).
The remote message itself is then sent sequentially, one data
symbol at a time in the following superframes. That is, a
single data symbol M0, M1, M2 . . . is repeatedly transmitted
during each superframe. Again, in alternative embodiments,
multiple data symbols may be transmitted during each
superframe of the remote message. The remote message 302
may contain a variety of pieces of information including in
the described DMT embodiment, a vector of the remote’s
detected signal to noise ratios. The signal to noise ratios are
sent to the central unit to simplify the data rate negotiation
procedure that is used in DMT modulation schemes.

As with several of the signals that are transmitted during
the initialization sequence, the initial superframe of the
remote message is composed of a series of header symbols.
In the described embodiment, they are a series of identical
header symbols, although of course that is not a requirement.
However, the repetitive structure makes the header super-
frame extremely easy to detect without requiring any sig-
nificant decoding. Thus, the header superframes are well
suited for marking the transition between signals transmitted
by a particular modem, as for example: the transition
between the central synchronization and the central setup
signals 233, 237; the transition between the remote synchro-
nization and remote setup signals 235, 239; the transition
between the remote setup and remote message signal 239,

243, etc.

When the central unit receives the remote message 243, it
calculates the bit allocation tables and subchannel power
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distribution as previously described. During this time the
central unit continues to transmit the central setup complete
message 241 to maintain synchronization. The calculated bit
allocation tables and power distributions are then transmit-
ted back to the remote unit as part of the central message
245. A wide variety of other information, as for example
error correction, CRC and interleaving parameters may be
transmitted as part of the central message as well. As with
the remote message, the central message 245 may begin with
one superframe of header symbols to mark the transition.

After the remote message has been transmitted, the
remote unit waits for the receipt of the central message. It
will be appreciated that in most multi-carrier systems, it is
important that both the central and remote modems continu-
ally communicate. Thus, in one embodiment, after the
remote message has been transmitted, the remote unit trans-
mits a pseudo random bit sequence 247 that is effectively
used as a place holder until the central message is received
and processed. In alternative embodiments, the remote mes-
sage could be repeated or additional information transmitted
in the place of the pseudo random bit sequence. Similarly,
after the central message is transmitted, the central unit
transmits a pseudo random bit sequence 249 that is effec-
tively used as a place holder to maintain synchronization
until the remote ready signal 251 has been received and
processed.

When the remote unit 22 receives the central message, it
processes the received message and returns remote ready
signal 251 when it is ready to begin data transmission. By
way of example, in the DMF modulation example, the
remote may compute its FEQ taps and setup the interleaver
(if the interleaver is enabled). When the central unit receives
the remote ready signal 251, it returns a central ready signal
253. The central ready signal indicates either explicitly or
implicitly exactly when the first data frame will be sent. For
example, the central ready signal may designate the specific
superframe at which data transmission will begin, or data
transmission may begin a set number of superframes after
the central ready signal is sent. Once the central ready signal
is sent, both the central and remote units can count the
frames before data will be sent and initialize data transmis-
sion at the appropriate time. In the described initialization
sequence, the central ready signal is the first and only timing
critical signal.

As pointed out above, in one preferred embodiment,
several of the signals that are transmitted during the initial-
ization sequence are composed of a series of header sym-
bols. Such header superframes are well suited for marking
the transition between signals transmitted by a particular
modem, as for example: the transition between the central
synchronization and the central setup signals 233, 237; the
transition between the remote synchronization and remote
setup signals 235, 239; the transition between the remote
setup and remote message signal 239, 243; the transition
between the between the central setup complete and central
message signals; and the beginning of the remote and central
ready signals.

In the event that an error is detected at any point, rather
then sending the header superframe for the next signal, a
readily detectable error signal may be sent either in its place,
or (when appropriate) as soon as the error is detected. The
error signal may take any suitable form. By way of example
a superframe of symbols that are the inverse of the header
symbol may be used. For example, if the header symbol
contemplates turning on every even tone and turning off
every odd tone, the error symbol could be the reverse. When
an error superframe is sent and detected, both the sending
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and receiving modems may be reset to the most logical
starting point. For example, if the error message is received
by the remote unit instead of the central message 245, the
remote unit may be reset to retransmit the remote message
243.

In the embodiment described above with respect to FIG.
5, connections initiated by the central unit begin with the
transmission of a central synchronization signal 233 to the
remote unit. Although this works well in many instances, it
has been observed that in some implementations, cross-talk
between two telephone lines that share a binder may cause
the central synchronization signal to inadvertently activate a
neighboring remote unit in addition to the intended remote
unit. Referring next to FIG. 10, an alternative embodiment
that utilizes a central activation signal that is analogous to
the remote activation signal 210 will be described. In this
embodiment, when the central unit 10 initiates a connection,
it begins by sending a central activation signal 401 to the
remote unit 22. Like the remote activation signal 210, the
central activation signal 401 may take a wide variety of
forms, as for example the form illustrated in FIG. 4. That is,
arelatively long duration single frequency signal. Again, the
duration of the central activation signal may be widely
varied, and the single superframe duration as described
above with respect to the remote activation signal works
well. The central activation signal may have a uniform
intensity, or it may begin with a ramp-up and end with a
ramp-down as described with respect to the remote initial-
ization signal. Generally, the ramping is less important in the
central activation signal since it will always be synchro-
nized.

The central activation signal 210 can be transmitted on
any suitable carrier. In one preferred embodiment, the cen-
tral activation signal is transmitted on a different carrier then
the remote activation signal 210. By way of example, tone
eight (8) is suggested in one proposal. The manner in which
the central activation signal 401 is incorporated into the
initialization timing sequence can also be adjusted to meet
the needs of a particular system. In the embodiment shown
in FIG. 10, the central activation signal 401 causes the
remote unit to “wake-up” and transmit the remote activation
signal 210. The initialization sequence can then proceed as
described above with respect to FIG. 5. Alternatively, the
central activation signal can simply take the form of a prefix
for the central synchronization signal 233. That is, it may
immediately precedes the central synchronization signal
233. By way of example, in one embodiment, the first
superframe of the central synchronization signal takes the
form of the central activation signal 210 and the remaining
superframes of the central synchronization signal proceed as
described above with respect to FIG. 5. Again, the remainder
of the initialization sequence can then proceed as previously
discussed.

Referring next to FIG. 9, one embodiment of a central
office initializer suitable for implementing the present inven-
tion will be described. In the embodiment shown, the central
unit 10 includes a transformer 321 that is coupled to trans-
mission line 18. The transformer 321 is provided before the
heart of the central modem itself to facilitate DC isolation.
The transformer also feeds analog band pass filter 325 which
is arranged to detect the remote activation signal and send an
interrupt to initialization management controller 327 when a
remote activation signal is received. With such an
arrangement, the band pass filter 325 effectively acts as an
“analog ear” that listens for remote activation signals 201 on
the transmission line 18. When a remote activation signal is
detected, an interrupt is passed to the initialization manage-
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ment controller 327, which in turn begins and manages the
described initialization sequence from the standpoint of the
central unit. When the initialization sequence has been
completed, control is passed to a modem controller (not
shown) which may be substantially conventional in design.
The initialization management controller may be provided
as a separate chip, or it may be integrated into a larger unit.

The remote unit also includes a remote initialization
management controller that is capable of generating or
causing the generation of the remote activation signal, as
well as the rest of the initialization sequence from the
standpoint of the remote unit.

Although only a few embodiments have been described,
it should be understood that the present invention may be
embodied in many other specific forms without departing
from the spirit or scope of the invention. For example, most
of the examples have been described primarily in the context
of a communication system that uses discrete multi-tone
modulation since that is the modulation scheme that is most
familiar to the inventors. However the various described
features of the initialization scheme can be readily applied to
a wide variety of multi-carrier modulation schemes. Further,
in order to avoid unnecessary confusion, no effort has been
made to identify every bit of information that must be passed
back and forth for a particular multi-carrier modulation
scheme since that will vary a great deal based upon both the
modulation scheme chosen and a number of design choices.
However, more details about specific information that may
be passed back and forth for one DMr implementation is
described in parent provisional application No. 60/078,549,
filed Mar. 19, 1998 and entitled MULTI-CARRIER INI-
TIALIZATION PROCEDURE, which is incorporated
herein by reference in its entirety. Other details are provided
in the ADSL standard document.

Although a specific implementation of the remote activa-
tion signal has been described, it should be appreciated that
a wide variety of alternative structures may be used as well.
By way of example, in the described embodiment the
duration of the remote activation signal has been described
as being one super-frame. However it could be longer or
shorter then a superframe as desired for a particular imple-
mentation. The ramp up and ramp down portions of the
remote activation signal have been described as gradual,
however, in some implementations they could be zero while
in others the ramp down may begin where the ramp up ends.
Similarly, the structure of the header and error symbols and
superframes may be widely varied, as may the number of
symbols in each superframe that are interpreted by the
respective receiving units. In one embodiment, the central
setup signal includes information on how the remote unit
should control its transmit spectrum. Such information, can
alternatively be transferred at another point in the sequence.
Indeed several of the types of information transmitted may
be transmitted at different times. In the case of the remote
transmit spectrum control information, the important point is
that the information be transmitted before the remote unit
begins transmitting a full bandwidth signal.

The inventions have also been primarily described in the
context of a point-to-point transmission system that uses
subscriber lines as the transmission lines. However, the
inventions are equally applicable to point-to-multipoint sys-
tems and are generally independent of the transmission
medium used. Thus, coaxial cables, twisted pair phone lines,
wireless systems and hybrids that incorporate two or more
different media all work well. Additionally, the invention has
been described in the context of communications between
central and a remote units. Although the labels central and
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remote are useful in understanding the invention and are
appropriate for a large number of implementations, it should
be appreciated that the invention is not limited to central
office to remote unit type communication system. Rather, the
terms as used in both the specification and claims can
generally be considered synonymous with “first” and “sec-
ond” units wherein relative location is not important.
Therefore, the present examples are to be considered as
illustrative and not restrictive, and the invention is not to be
limited to the details given herein, but may be modified
within the scope of the appended claims.

What is claimed is:

1. Amethod of initializing a connection between a pair of
modems in a communications system arranged to utilize a
multi-carrier modulation scheme, the method comprising the
steps of:

transmitting an activation signal from a first modem unit,

the activation signal having a duration approximately
equal to a superframe which defines a plurality of
symbols, the activation signal being of a single fre-
quency and having a ramp up period that is at least the
duration of one of the symbols and a ramp down period
that is at least the duration of one of the symbols.

2. A method as recited in claim 1 wherein the activation
signal is transmitted on a sub-carrier that is outside a range
of sub-channels used for data transmission in the multi-
carrier modulation scheme.

3. A method as recited in claim 1 wherein after transmis-
sion of the activation signal, the first unit listens for a
synchronization signal transmitted from a second modem
unit and wherein if no synchronization signal is detected by
the first unit within a predetermined period of time, the
activation signal is retransmitted.

4. A method as recited in claim 3 wherein the activation
signal is transmitted at a higher power each time it is
retransmitted during a single initialization sequence.

5. Amethod as recited in claim 1 wherein the multi-carrier
modulation scheme is selected from the group consisting of:
discrete multi-tone modulation; discrete wavelet multi-tone
modulation; and OFDM.

6. Amethod as recited in claim 1 wherein the multi-carrier
modulation scheme is a 256 sub-channel discrete multi-tone
modulation scheme wherein the activation signal is trans-
mitted on tone four and tone five is the lowest data trans-
mission tone.

7. Amethod of initializing a connection between a remote
unit and a central unit in a bi-directional communication
system that uses a multi-carrier modulation scheme, the
method comprising the steps of:

transmitting a central synchronization signal from the

central unit to the remote unit;

transmitting a remote synchronization signal from the

remote unit to the central unit in response to the central
synchronization signal;

transmitting a central setup signal from the central unit to

the remote unit in response to the remote synchroniza-
tion signal;
transmitting a remote setup signal from the remote unit to
the central unit in response to the central setup signal;

transmitting a central setup complete signal from the
central unit to the remote unit when the central unit has
completed a central setup procedure;

transmitting a remote message from the remote unit to the

central unit after the remote unit has completed a
remote setup procedure and received the central setup
complete signal;

14

transmitting a central message from the central unit to the
remote unit, wherein the central message is transmitted
after the remote message has been received by the
central unit;

5 transmitting a remote ready signal from the remote unit to
the central unit after the central message has been
received by the remote unit; and

transmitting a central ready signal from the central unit to

the remote unit in response to the remote ready signal.
8. A method as recited in claim 7 further comprising the
step of transmitting a remote activation signal from the
remote unit, the remote activation signal being a single
frequency and having a ramp up period that is the duration
of at least one symbol of a superframe, and a ramp down
period that is at least the duration of the one symbol of the
superframe, and wherein the central synchronization signal
is transmitted in response to the activation signal.
9. A method as recited in claim 7 wherein the central setup
signal includes training signals, the method further compris-
ing the steps of:
computing sub-carrier line parameters at the remote unit
based at least in part on an analysis of the received
training signals, wherein the computed sub-carrier line
parameters are transmitted from the remote unit to the
central unit as part of the remote message; and

calculating a desired sub-carrier bit distribution at the
central unit based at least in part upon the sub-carrier
line parameters, wherein the desired sub-carrier bit
distribution is transmitted from the central unit to the
remote unit as part of the central message.

10. A method as recited in claim 9 wherein:
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the sub-carrier line parameters include sub-carrier signal
to noise ratios for each of a plurality of sub-carriers;

35 and

the sub-carrier bit distribution is presented in the form of
a bit allocation table that identifies the number of bits
that may be transmitted on each symbol for each
sub-carrier that is available to the remote unit for data
transmission.

11. A method as recited in claim 9 further comprising the
step of calculating a desired power distribution indicative of
the power level that the remote unit should use for each
sub-carrier that is available to the remote unit for data
transmission, the desired power distribution being calculated
at the central unit and transmitted from the central unit to the
remote unit as part of the central message.

12. A method as recited in claim 7 wherein:

45

during a first superframe of each of the recited signals, the
transmitting unit sends only header symbols which
constitute a first predetermined pattern; and

in the event that an error is detected, the unit that detects
the error transmits designated error symbols which
constitute a second predetermined pattern.

> 13. A method as recited in claim 7 wherein:

during a first superframe of the central setup signal, a
plurality of header symbols having a first predeter-
mined pattern are transmitted and during a plurality of
following superframes of the central setup signal, a
sequence of training symbol sets are transmitted; and

during the transmission of the central setup complete
signal, the sequence of training symbol sets continue to
be retransmitted and a designated symbol in each
superframe that is not to be used by the remote unit to
obtain training information is set to a state indicative of
the completion of the central setup procedure;
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