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[57] ABSTRACT

A bi-directional data transmission system that facilitates
communications between a central unit and a plurality of
remote units using a frame based discrete multi-tone (DMT)
transmission scheme is disclosed. The discrete multi-tone
data transmission system has a multiplicity of discrete
subchannels including an overhead bus. In a method aspect
of the invention, frames transmitted from the plurality of
remote units are synchronized at the central unit. When a
selected remote desires to initiate communications, it loop
times it own clock to the clock of the central unit and
transmits a remote initiated synchronization signal to the
central unit over a dedicated overhead subchannel in the
overhead bus. The central unit responds with a centrally
initiated synchronization signal that contains information
indicative of a frame boundary phase shift required to
synchronize the selected first remote unit with other remote
units that are currently communicating with the central unit.
The remote responds by shifting the phase of the frames it
outputs by an amount indicated by the centrally initiated
synchronization signal. This synchronizes the frame bound-
aries of the frames outputted by the selected remote unit with
frame boundaries of frames output by the other remote units
that are currently communicating with the central unit. The
synchronization is arranged to occur such that the frame
boundaries from the various remotes substantially coincide
when they are received at the central unit. Specific central
and remote modem designs suitable for implementing such
a system are also described.

15 Claims, 7 Drawing Sheets
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MULTI-CARRIER DATA TRANSMISSIONS
SYSTEM USING AN OVERHEAD BUS FOR
SYNCHRONIZING MULTIPLE REMOTE
UNITS

CROSS REFERENCE TO RELATED
APPLICATION

The present invention is a continuation of U.S. Pat.
application Ser. No. 08/252,829, filed June 2, 1994, now
U.S. Pat. No. 5,625,651 issued Apr. 29, 1997, which is
incorporated herein by reference in it entirety.

BACKGROUND OF THE INVENTION

The present invention relates generally to systems for the
transmission and reception of high speed data signals
between a central station and a plurality of remote units
using a discrete multi-tone (DMT) multi-carrier approach.
More particularly, the use of a dedicated overhead bus for
synchronizing frames transmitted from the various remote
units is described.

At the time of this writing, the Alliance For Telecommu-
nications Information Solutions (ATIS), which is a group
accredited by the ANSI (American National Standard
Institute) Standard Group, is nearing finalization of a stan-
dard for the transmission of digital data over Asymmetric
Digital Subscriber Lines (ADSL). The standard is intended
primarily for transmitting video data over ordinary tele-
phone lines, although it may be used in a variety of other
applications as well. The standard is based on a discrete
multi-tone transmission system. The pending North Ameri-
can Standard is referred to as the T1E1.4 ATIS Standard, and
is presently set forth in Standard Contribution No. 94-007,
rev. 2, dated April of 1994, which is incorporated herein in
its entirety. Transmission rates are intended to facilitate the
transmission of information at rates of at least 6 million bits
per second (i.e., 6+ Mbps) over ordinary phones lines,
including twisted-pair phone lines. The standardized dis-
crete multi-tone (DMT) system uses 256 “tones” that are
each 4.3125 kHz wide in the forward (downstream) direc-
tion. That is, in the context of a phone system, 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).

The Asymmetric Digital Subscriber Lines standard also
contemplates the use of a duplexed reverse signal at a data
rate of 16800 Kbps. That is, transmission in an upstream
direction, as for example, from the remote location to the
central office. Thus, the term Asymmetric Digital Subscriber
Line comes from the fact that the data transmission rate is
substantially higher in the forward direction than in the
reverse direction. This is particularly useful in systems that
are intended to transmit video programming or video con-
ferencing information to a remote location over the tele-
phone lines. By way of example, one potential use for the
systems allows residential customers to obtain videos infor-
mation such as movies over the telephone lines rather than
having to rent video cassettes. Another potential use is in
video conferencing.

The discrete multi-tone (DMT) transmission scheme has
the potential for use in applications well beyond data trans-
missions over telephone lines. Indeed, DMT can be used in
a variety of other digital subscriber access systems as well.
For example, it may be used in cable based subscriber
systems (which typically use coaxial cable) and wireless
subscriber systems such as digital cellular TV. In cable
systems, a single central unit (central modem) is typically
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2

used to distribute digital signals to more than one customer
which means more than one remote unit (remote modem).
While all of the remote modems can reliably receive the
same digital signals, the upstream transmissions must be
coordinated to prevent confusion at the central modem as to
the source of the upstream signals. Presently, in cable
systems (which do not use discrete multi-tone transmission
schemes), each remote unit is given a dedicated frequency
band over which it is to communicate with the central
station. However, such an approach is inherently an ineffi-
cient use of transmission bandwidth and typically requires
the use of analog filters to separate transmissions from the
various remote units. Stationary digital cellular transmission
systems face similar obstacles.

ADSL applications have the potential for a similar
problem, although it is typically more limited in nature.
Specifically, a single line may service a plurality of drop
points at a particular billing address (which may typically be
a home or an office). That is, there may be several telephone
“jacks” through which the user may wish to receive signals.
To facilitate service to multiple locations (jacks) over a
single line, the use of a master modem has been proposed to
facilitate synchronization. However, this is perceived as
being a relatively expensive and undesirable solution.
Accordingly, it would be desirable to provide a mechanism
in discrete multi-tone data transmission systems which
facilitates the synchronization of signals from a plurality of
remotes so that a central unit can coordinate and reliably
interpret signals sent from the remotes.

SUMMARY OF THE INVENTION

To achieve the foregoing and other objects and in accor-
dance with the purpose of the present invention, a
bi-directional data transmission system that facilitates com-
munications between a central unit and a plurality of remote
units using a frame based discrete multi-tone (DMT) trans-
mission scheme is disclosed. The discrete multi-tone data
transmission system has a multiplicity of discrete subchan-
nels including an overhead bus. In one aspect of the
invention, frames transmitted from the plurality of remote
units are synchronized at the central unit. When a selected
remote desires to initiate communications, it loop times its
own clock with the clock of the central unit and then
transmits a remote initiated synchronization signal to the
central unit over a dedicated overhead subchannel in the
overhead bus. The central unit responds with a centrally
initiated synchronization signal that contains information
indicative of a frame boundary phase shift required to better
synchronize the selected first remote unit with other remote
units that are currently communicating with the central unit.
The remote responds by shifting the phase of the frames it
outputs as indicated by the centrally initiated synchroniza-
tion signal. The synchronization may be done in either an
iterative manner or as a single step. This synchronizes the
frame boundaries of the frames outputted by the selected
remote unit with frame boundaries of frames output by the
other remote units that are currently communicating with the
central unit. The synchronization is arranged to occur such
that the frame boundaries from the various remotes substan-
tially coincide when they are received at the central unit.

In one embodiment of the invention the overhead bus
includes two dedicated overhead subchannels and the
remote initiated synchronization signal and the centrally
initiated synchronization signal are transmitted over differ-
ent overhead subchannels. In other embodiments a single or
multiple dedicated overhead subchannels may be used. The
invention has application in a wide variety of data transmis-



5,933,454

3

sion schemes including Asymmetric Digital Subscriber Line
systems that includes the transmission of signals over
twisted pair, fiber and/or hybrid telephone lines, cable sys-
tems that includes the transmission of signals over a coaxial
cable, and digital cellular television systems that include the
transmission of radio signals.

In some embodiments, the number of subchannels avail-
able to the selected remote unit for transmission of data to
the central unit are dynamically allocated. Specific central
and remote modem designs suitable for implementing such
a system are also described.

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. 1 is a block diagram of a data transmission scheme
that uses a single transmission media to facilitate commu-
nications between a central station and a plurality of remote
units.

FIG. 2 is a graph illustrating a multi-tone transmission
band that includes a pair of dedicated overhead subchannels.

FIG. 3 is a block diagram of a central office modem
architecture suitable for implementing the synchronization
of the present invention.

FIG. 4 is a block diagram of a remote unit modem
architecture suitable for implementing the synchronization
of the present invention.

FIG. § is a block diagram illustrating a remote unit
synchronization arrangement suitable for implementing syn-
chronization and upstream symbol alignment.

FIG. 6 is a graph illustrating phase error versus frequency.
The slope is proportional to the timing error and the
y-intercept is proportional to phase error of the carrier.

FIG. 7 is a flow chart illustrating the synchronization of
a remote unit.

DETAILED DESCRIPTION OF THE
INVENTION

Discrete Multi-Tone (DMT) data transmission schemes
have been shown to facilitate high performance data trans-
mission. Among the benefits of DMT architectures is that
they have high spectral efficiencies and can adaptively avoid
various signal distortion and noise problems. Since they
have very high data transmission capabilities, in most appli-
cations selection of a DMT data transmission scheme will
provide plenty of room for the expansion of service as the
demands on the data transmission system increase. Discrete
Multi-tone technology has applications in a variety of data
transmission environments. For example, the presently pro-
posed ATIS Asymmetric Digital Subscriber Line North
American standard contemplates use of a Discrete Multi-
Tone data transmission scheme.

A detailed description of the protocols for ATIS Asym-
metric Digital Subscriber Line North American standard
Discrete Multi-Tone transmission scheme is described in
detail in the above referenced ATIS contribution, which is
incorporated herein by reference in its entirety. The stan-
dardized discrete multi-tone (DMT) system in North
America uses 256 “tones” which are each 4.3125 kHz wide
in the forward (downstream) direction. The frequency range
of the tones is from zero to 1.104 MHz. The lower 32 tones
may also be used for duplexed data transmission in the
upstream direction. An improvement in this system which
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4

contemplates doubling of the transmission bandwidth is
described in U.S. Pat. No. 5,519,781 issued May 21, 1996,
which is also incorporated herein by reference. In other
systems, the number of subchannels used may be widely
varied. However when IFFT modulation is done, typical
values for the number of available subchannels are powers
of two, as for example, 128, 256, 512, 1024 or 2048
subchannels.

As described in the background section of this
application, one limitation of the discrete multi-tone trans-
mission system is that in order to support a plurality of drop
points serviced by a single line (such as occurs with the
phone lines in many homes and offices), a master unit has
generally been considered necessary to synchronize all of
the units at that sight. This synchronization problem has
limited the attractiveness of Discrete Multi-tone data trans-
mission schemes in certain other applications such as cable
systems and wireless cellular television delivery applica-
tions since these systems use a single line to service a
relatively large number of independent remote units, which
would typically be owned by different subscribers.

Referring initially to FIG. 1, a schematic transmission
scheme for a typical multi-user subscriber network will be
described. A central unit 10 (which includes a central
modem) communicates with a plurality of remote units over
a common transmission line 17 which is split into a plurality
of feeds 18. Each feed 18 services an associated remote unit
which typically includes a remote modem 15 which receives
the signals and a remote device 22 which uses the data. A
service provider 19 would typically be arranged to provide
the data to the central modem for transmission to the remote
modems 15 and to handle the data received by the central
modem from the remote modems. The service provider 19
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. A variety of transmission mediums can
be used as the transmission line. By way of example twisted
pair phone lines, coaxial cables, fiber lines and hybrids that
incorporate two or more different mediums all work well.
This approach also works well in wireless systems.

As will be appreciated by those skilled in the art, one
requirement of discrete multi-tone data transmission sys-
tems such as those contemplated herein is that if two or more
units (typically two remote units) are attempting to inde-
pendently transmit information to a third unit (i.e. the central
unit), the signals from the remote units must by synchro-
nized or at least some of the signals will be incomprehen-
sible to the central unit. The problem with using discrete
multi-tone transmissions in such a system is that the length
of the feeds 18 will typically vary from remote to remote.
Therefore, even if the remotes synchronize with the clock of
the central unit, their communications back to the central
unit will be phase shifted by an amount that is dependent at
least in part on the length of the associated feed. In practice,
these types of phase shifts can make remotely initiated
communications unintelligible to the central modem.

DMT transmission inherently partitions a transmission
media into a number of subchannels that each carry data
independently. The data on each subchannel can correspond
to different signals or can be aggregated into higher data
rates that represent a single or fewer wider-bandwidth trans-
missions. These subchannels are implemented entirely with
digital signal processing in DMT, which eliminates the need
for analog separation filters and maximizes spectral effi-
ciency. However, the inherent multiplexing nature of DMT
was previously restricted to point-to-point transmission
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